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Abstract

This manuscript is concerned with convergence analysis of first-order operator splitting methods that
are ubiquitous in modern non-smooth optimization. It consists of three main theoretical advances
on this class of methods, namely global convergence rates, novel operator splitting schemes and local
linear convergence. First, we propose global (sub-linear) and local (linear) convergence rates for the
inexact Krasnosel’skii-Mann iteration built from non-expansive operators, and its application to a va-
riety of monotone operator splitting schemes. Then we design two novel multi-step inertial operator
splitting algorithms, both in the convex and non-convex settings, and prove their global convergence.
Finally, building on the key concept of partial smoothness, we present a unified and sharp local linear
convergence analysis for the class of first-order proximal splitting methods for optimization. We show
that for all these algorithms, under appropriate non-degeneracy conditions, the iterates generated by
each of these methods will (i) identify the involved partial smooth manifolds in finite time, and then
(ii) enter a local linear convergence regime. The linear convergence rates are characterized precisely
based on the structure of the optimization problems, that of the proximal splitting scheme, and the
geometry of the identified active manifolds. Our theoretical findings are systematically illustrated on
applications arising from inverse problems, signal/image processing and machine learning.

Keywords: Monotone inclusion, non-smooth optimization, first-order operator splitting, partial
smoothness, (inertial) Forward-Backward /FISTA, Douglas-Rachford/ADMM, Primal-Dual splitting.

Résumé

manuscrit trai n nvergen mé u premier ordr é men érat-
Ce manuscrit traite de 'analyse de convergence des méthodes d emier ordre d’éclatement d’opérat
eurs qui sont omniprésents en optimisation non-lisse moderne. Il consiste en trois avancées théoriques
principales sur la caractérisation de cette classe de méthodes, & savoir: leur taux de convergence
globale, de nouveaux schémas d’éclatement et une analyse de leur convergence linéaire locale. Dans un
premier temps, nous proposons des taux de convergence globaux (sous-linéaires) et locaux (linéaires)
pour l'itération de Krasnosel’skii-Mann inexacte, et ses applications & un large éventail de schémas
d’éclatement d’opérateurs monotones. Ensuite, nous mettons au point deux algorithmes inertiels multi-
)

pas d’éclatement d’opérateurs, pour le cas convexe et non-convexe, et établissons leurs garanties de
convergence sur les itérées. Finalement, en s’appuyant sur le concept clé de la régularité partielle,
nous présentons une analyse unifiée et précise de la convergence linéaire locale pour les méthodes
d’optimisation proximales du premier ordre. Nous montrons que pour tous ces algorithmes, sous
des conditions de non-dégénérescence appropriées, les itérées qu'ils générent (i) identifient les variétés
actives de régularité partielle en temps finis, et ensuite (ii) entre dans un régime de convergence linéaire
locale. Les taux de convergence linéaire sont caractérisés précisément, notamment en mettant en jeu
la structure du probléme d’optimisation, celle du schéma proximal, et la géométrie des variétés actives
identifiées. Ces résultats théoriques sont systématiquement illustrés sur des applications issues des
problémes inverses, du traitement du signal et des images et de ’apprentissage.

Mots-clés: Inclusion monotone, optimisation non-lisse, éclatement d’oprateurs, régularité partielle,
Implicite-explicite (inertiel), FISTA, Douglas—Rachford/ADMM, algorithmes primaux-duaux.
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Chapter 1 1.1. Context, motivations and objectives

1.1 Context, motivations and objectives

1.1.1 Context

In various fields through science and engineering, such as inverse problems, signal/image processing
and machine learning, many problems to handle end up solving a structured optimization problem. A
classical example of these problems takes the form

min {®(x) = F(2) + R(x)}, (Popt)

where H is a real Hilbert space, and
(H.1) R:H —] — oo, +0o0] is proper convex and lower semi-continuous (Isc).
(H.2) F:H —] — 00,400 is convex and differentiable, and VF is (1/3)-Lipschitz continuous.
(H.3) Argmin(®) # (), i.e. the set of minimizers is non-empty.
More complex forms of problems (7P), such as composition with linear operator and/or involving
infimal convolutions will be considered in this manuscript.
Now let 2* € Argmin(®) be a global minimizer of (P,), then the first-order optimality condition

reads
0 € OR(z*) + VF(x™), (1.1.1)

where OR is the sub-differential of R which is maximal monotone (Definition 2.3.1), and VF is (-
cocoercive (Definition 2.3.3). In plain words, solving the optimization problem (P,p) is equivalent to
finding the zeros of R + VF. This equivalence can be abstracted into the following more general
monotone inclusion problem, that is finding the zeros of the sum of two maximal monotone operators,

find x € H suchthat 0 € A(z) + B(x), (Pinc)

where

(H.4) A:H = H is a set-valued maximal monotone operator.
(H.5) B :H — H is maximal monotone and (-cocoercive.

(H.6) zer(A+ B) # 0, i.e. the set of zeros of A+ B is non-empty.
More complex forms of problems (Pj,.), such as composition with linear operator and/or involving
parallel sums (corresponding to infimal convolutions in the monotone operators language) will also be
considered in this manuscript.

First-order operator splitting methods, for solving monotone inclusion problems as (Piy.), are it-
erative schemes which evaluate each individual operator separately at various points in the course of
iteration, rather than evaluating the whole summand in the same time. Taking (Pi,.) for example,
let B = 0, then a classical approach to solve the problem is the Proximal Point Algorithm (PPA)
[124, 151], which takes the form

Tl = 3%,4(961@),

where v, > 0 and g, 4 ] (Id + ;. A) ™! is called the resolvent of vz A. This algorithm is very easy to
implement if J,, 4 can be computed in closed form, or approximated up to high precision. Now suppose
B is non-trivial. In principle, PPA can still be applied. However, even if the resolvents of A and B can
be computed in closed form separately, the resolvent of A+ B in general is very difficult to compute. In
addition, the cocoercivity of B is not exploited. Therefore, a proper numerical scheme should take into
account the structure of the problem and the properties of the operators, i.e. operator splitting. By
doing so, one of the best-known algorithms to solve (Pi,c) is the Forward—Backward splitting method
(FB) [119, 140], whose non-relaxed iteration takes the form

Tp1 = Ty 4z — Blay)),

_9_



Chapter 1 1.1. Context, motivations and objectives

where 7y, €]0,203] is the step-size. As shown by the formulation, the calculations of the two operators
are split into two steps: a forward explicit step on B (gradient descent), and a backward implicit step
on A (proximal point).

In the literature, based on the structure and properties of the problems at hand, numerous operator
splitting algorithms have been proposed. Popular examples of them include, but not limited to,

e Proximal Point Algorithm [124, 151|, and its inertial variants [4, 5].

e Forward-Backward splitting [119, 140], and its variants (e.g. inertial FB [131, 120, 115], FISTA
24, 50, 12]).

e Douglas—Rachford splitting (DR) |76, 119], alternating direction method of multipliers (ADMM)
[80, 82, 83, 85|, Peaceman-Rachford splitting [141].

e The class of Primal-Dual splitting methods (PD) [7, 51, 92, 173, 66, 54, 62].

e Generalized Forward-Backward splitting (GFB) [148], and Forward—Douglas—Rachford splitting
(FDR) [40].

Most of the above methods will be studied in this manuscript.

1.1.2 Motivations

Before delving into the details, let us present two numerical experiments that motivated this work in
the first place. Consider the following problem
min R(z) + 5Kz — £, (1.1.2)

z€R™

where X : R" — R™ is a linear operator with m < n, f = Kz, + w is the observation of an object
ZTob € R™ contaminated by additive noise w. (1.1.2) is a standard formulation for regularized linear
inverse problems, where R is the regularization function which is designed/chosen to promote objects
resembling x,,. Under the given setting, the Forward-Backward splitting is a natural candidate to
solve (1.1.2).

Let us consider two examples where R is either the £;-norm (that promotes sparse vectors [122, 159)),
or the nuclear norm (which promotes low-rank matrices [45]). For these two examples, the iteration
profiles of the Forward—Backward splitting are shown below in Figure 1.1. For both plots of Figure 1.1,

|

the red solid lines stand for ||z — 2*||. For the ¢;-norm, the black line shows the cardinality of the
support of x (denoted as |[supp(xg)|), while for the nuclear norm, the black line denotes the rank of
x. We can draw the following observations from the plots (keep in mind that the objective of (1.1.2)

not strongly convex since X is underdetermined):
(i) ||z —x*| shows two distinct convergence regimes: sub-linear regime from the beginning (left side
of the blue line of each figure), and then a local linear regime after certain point (right side of

the blue line of each figure).

(ii) For the ¢;-norm, the change of |supp(zx)| also shows two distinct regimes: a regime where it
varies (left side of the blue line) and then stabilizes after finite number of iterations (right side
of the blue line). Moreover, the locations of supp(zy) also become stabilized which was verified
for many runs of the experiments.

(iii) For the nuclear norm, a similar behaviour is observed on the rank of xj: a regime where the rank
varies (left side of the blue line) and then stabilizes after finitely many iterations (right side of
the blue line).

(iv) This phase transition phenomenon between the sub-linear to the local linear convergence rates
coincides with the points at which the support and the rank become constant.

It should be pointed out that these observations (global sub-linear — local linear convergence, sup-

-3 -



Chapter 1 1.1. Context, motivations and objectives

|[supp(z)| rank(zy)
WN lo—al {207} i — o)
107 1 107t
10° 1 10°
10—10 L L L L L ! ! L 10—10 L L L L L ! ! !
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
k k
(a) ¢1-norm (b) Nuclear norm

Figure 1.1: Convergence profiles of FB solving (1.1.2) with R being (a) ¢;-norm, and (b) nuclear norm.

port/rank stabilization) are not limited to the presented two functions and the FB method, and turn
out to hold true for a large class of functions (e.g. ¢ 2,fsc-norms, total variation, and even the non-
convex £y pseudo-norm, rank function) and a wide range of operator splitting methods (e.g. FB/FISTA,
Douglas—-Rachford/ADMM, Primal-Dual splitting).

Besides first-order operator splitting methods, in the past few years, an increasing attention has been
drawn to the Riemannian manifold based optimization methods. The main advantage of Riemannian
geometry based methods, is that they may converge much faster than the operator splitting ones.
However, the key premise of these Riemannian manifold based methods is that the underlying manifold
should be known a prior. For instance, for the fixed rank manifold, Riemannian geometry based
optimization methods have been proposed for low-rank matrix recovery [34, 127, 172, 35|, with excellent
numerical results. However, in order to apply these methods, the rank of x,, should be known, which
is barely possible in general.

However, our observations from Figure 1.1 yield a hybrid practical way to overcome this difficulty:
apply operator splitting methods first, and turn to the Riemannian manifold based methods whence
the rank of the matrix becomes constant. However, another problem raises: how can we make sure
that the applied operator splitting scheme will correctly identify the rank, and moreover in finite time?
Otherwise one cannot turn to the Riemannian based optimization methods.

In summary, from our discussion above, the following legitimate questions have to be answered:
(Q1) How fast is the global sub-linear convergence rates (i.e. O(1/k) or O(1/k?), and in which

sense)?

(Q2) Why supp(z) (or more generally the activity of xj) becomes stable after a finite number of
iterations? What are the possible mechanisms underlying this transition, and is this a general
phenomenon that can be guaranteed for a large class of functions?

(Q3) Why ||zx — x*|| shows two convergence regimes, and what is the relation between local linear
convergence of ||z — z*|| and the stabilization of supp(zy) (or rank(xg))?

(Q4) How can we detect such an activity stabilization/identification? Can we exploit this to get
faster identification and/or accelerate the local convergence behaviour?

In the literature, numerous works have been carried out in the recent years attempting to answer some
of these questions. However most of them focus only on certain specific problems. As a consequent,
their results are rather limited and cannot be extended to complicated general cases.

4



Chapter 1 1.2. Main contributions
1.1.3 Objectives

The main objectives of this work is to answer all the questions above. In Chapter3, we present
global convergence rates for those operator splitting methods which can be cast into the form of
the Krasnosel’skii-Mann iteration and answer question Q1. A local linear convergence result under
metric sub-regularity is also proposed which partly answers Q3. In Chapter 4, we also design two new
and provably convergent operator splitting algorithms which numerically shows faster stabilization of
activity, and also better local linear convergence speed. From Chapter6 to 8, based on the notion
of “partial smoothness”, we build a unified analysis framework, under which we are able to answer
questions Q2-Q4 theoretically for a wide spectrum of proximal splitting algorithms.

1.2 Main contributions

1.2.1 Convergence rates of inexact Krasnosel’skii-Mann iteration

Our first main result, which is at the heart of Chapter 3, establishes global sub-linear and local linear
convergence of the inexact Krasnosel’skil-Mann iteration [101, 123]. This allows to cover many operator
splitting methods as special cases and to answer Q1 and part of Q3.

A single-valued operator is called non-expansive operator if it is 1-Lipschitz continuous.

Definition 1.2.1 (Inexact Krasnosel’skii-Mann iteration). Let ¥ : H — H be a non-expansive

operator whose set of fixed points fix(F) B {z € H : 2z = F(2)} is non-empty. Let A\ €]0,1], and

denote F = A\F + (1 — A\g)Id. Then the inexact Krasnosel’skii-Mann iteration of F is defined by
k11 = 2k + Ak (?(zk) + e — Zk) = Frzi + Apep, (1.2.1)

where ¢, is the error of approximating F(zj). The residual of the iteration is defined as

e = (Id — F)(z) = % + ek

Various first-order operator splitting methods in the literature can be cast as (1.2.1), see those
reviewed in page 3 for examples.

1.2.1.1 Main results

For the inexact Krasnosel’skii-Mann iteration (1.2.1), we prove the following results:

(i) Global pointwise and ergodic convergence rates.
(ii) Local linear convergence under metric sub-regularity of Id — F (Definition 1.2.3).

(iii) Convergence rates of the non-stationary version of the Krasnosel’skii-Mann iteration.

I - Global convergence rates The global convergence rate of the inexact Krasnosel’skii-Mann
iteration (1.2.1) consists of two aspects: pointwise and ergodic.

Define @F as the set of non-negative summable sequences, and Ay = Z?:o Ajand e = Aik Z?:o Aje;.
We prove the following theorem.
Theorem 1.2.2 (Global convergence rate). For the inezact Krasnosel’skii-Mann iteration (1.2.1),
Pointwise if 0 < infreny Ay < supgeny M < 1 and {(k + 1)||ex|| }ren € €4, then |ex]| = O(1/VE).
Ergodic Suppose that {\i|ekl|}ren € €1, then |ex| = O(1/Ay).

In Chapter 3, we apply the above result to analyze the convergence rates of several operator splitting
methods, including GFB, DR/ADMM and several Primal-Dual splitting methods.

- 5=



Chapter 1 1.2. Main contributions

IT - Local linear convergence under metric sub-regularity Define ' “d-7.

Definition 1.2.3 (Metric sub-regularity [75]). A set-valued mapping A : H == H is called met-
rically sub-regular at Z for @ € A(Z) if there exists k > 0 along with neighbourhood Z of Z such
that

dist(z, A7}(22)) < kdist(a, A(2)), Vz € Z. (1.2.2)

The infimum of x such that (1.2.2) holds is called the modulus of metric sub-regularity, and denoted
by subreg(A; Z|@). The absence of metric regularity is signalled by subreg(A; z|a) = +o0.

Denote dj, = dist(zg, fix(F)), we prove the following theorem in Section 3.3.

Theorem 1.2.4 (Local linear convergence). Let z* € fix(F), suppose that F' is locally metric sub-
regular at z*, let k > subreg(J'; 2*|0) and A, €]0,1]. Assume moreover that Y, .y M ||ex| is sufficiently
small and \g|leg|| decays fast enough. Then there exists a neighbourhood Z of z*, such that for any
starting point zg € Z, there exists p €]0, 1[ such that for all k € N,

di1 = O(p").
Two concrete illustrations of this theorem are provided in Chapter 3.

IIT - The non-stationary case The Krasnosel’skii-Mann iteration considered in Definition 1.2.1
is stationary, namely the operator F is fixed along the iterations. In fact, F usually depends on
certain parameters, and when these parameters change along iterations, we obtain the non-stationary
Krasnosel’skii-Mann iteration.

Definition 1.2.5 (Non-stationary Krasnosel’skii-Mann iteration). Let F. : H — #H be a non-
expansive operator depending on a parameter I'. Let A\; €]0, 1]. Then the non-stationary Krasnosel’skii-
Mann iteration is defined by

Zk+1 = Zk + /\k (S:Fk (Zk) + &€ — Zk) = ?Fk)\k (Zk) + >\k5k7 (1.2.3)
with 5, = My, + (1 - Ap)ld.

We prove the following theorem.

Theorem 1.2.6 (Convergence of (1.2.3)). Assume the following holds:
(i) fix(F.) # 0.
(i) Vk €N, F. . is (14 Bg)-Lipschitz with Br > 0, and {By}ren € 0.
(iii) A €]0,1[ such that 0 < infren A < Suppey A < 1.
(iv) {Allexl}ren € €4
(v) Vp € [0,+00], the sequence {\Ag p}tren € £ where Ay, = Sup|.|<, [Fr, (2) = Fr ()|l

Then {zx}ren converges weakly to a point z* € fix(F.). Moreover, the convergence rates of Theorem
1.2.2 and Theorem 1.2.4 remain valid for (1.2.3) if {(k + 1)|lex| }ren and {(k+ 1)Ay p}ren € €1

1.2.1.2 Relation to previous work

Global convergence rates After the appearance of our work, the O(1/ \/E) pointwise convergence
rate was improved to o(1/v/k) by the authors of [72].

The convergence rate of the exact Douglas—Rachford is studied in [91], where the authors show
that [lex| converges to 0 at the rate of O(1/v/k). Their result relies heavily on the structure of the
fixed-point of DR iteration (e.g. the fixed-point operator of DR is firmly-non-expansive, see Definition
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2.3.6). Our result goes much beyond this work by considering a more general iterative scheme with an
operator that is only non-expansive and that can be evaluated approximately.

In [65], the authors consider the exact Krasnosel’skil-Mann iteration and showed that ||z* — 2F=1|| =
O(1/Vk). Our work differs from [65] in three main aspects: (i) we consider the inexact scheme without
any compactness assumption on the domain of F; (ii) we provide a shaper monotonicity property
compared to |65, Proposition 11]; (iii) we establish global pointwise and ergodic convergence rates as
well as local linear convergence.

Based on the enlargement of maximal monotone operators, in [157], a hybrid proximal extra-gradient
method (HPE) is introduced to solve (Piyc) with B = 0. The HPE framework encompasses some
splitting algorithms of the literature, see [128]. Convergence of HPE is established in [157| and in [42]
for its inexact version. The pointwise and ergodic convergence rate of the exact HPE on a similar error
criterion as in our work were established in [128].

Local linear convergence In [107], local linear convergence of the distance to the set of zeros of
a maximal monotone operator using the exact PPA is established by assuming metric sub-regularity
to the maximal operator A of (Pj,). Local convergence rate analysis of PPA under a higher-order
extension of metric sub-regularity, namely metric g-sub-regularity ¢ €]0, 1], is conducted in [113]|. For
our result, metric sub-regularity is assumed on Id — F, where J is the fixed point operator, i.e. the
resolvent, rather than the maximal monotone operator in the case of PPA. Note also that the work of
[107, 113] considers PPA only in its classical form, i.e. without errors nor relaxation.

Based on strong regularity, [109] proved local linear convergence of the Method of Alternating
Projections (MAP) in the non-convex setting, where the sets are closed and one of which is suitably
regular. The linear rate is associated with a modulus of regularity. This is refined later in [20]. In
[95], the authors develop local linear convergence results for the MAP and DR to solve non-convex
feasibility problems. Their analysis relies on a local version of firm non-expansiveness together with
a coercivity condition. It turns out that this coercivity condition holds for mapping &F for which the
fixed points are isolated and Id — JF is metrically regular [94, Lemma 25]. The linear rate they establish,
however, imposes a bound on the metric regularity modulus.

1.2.2 Multi-step inertial operator splitting algorithms

In Chapter 4, we partly answer question Q4 by proposing two novel operator splitting methods, and
proving their global convergence. We numerically show that they have faster activity identification
and better local linear convergence rates. However, the tools applied in this chapter are not enough to
theoretically justify this local behaviour, and this work is the core of the chapters in the second part
of this manuscript.

1.2.2.1 Main results

In Chapter 4, we propose two multi-step inertial operator splitting methods:
(i) For the monotone inclusion problem (Pi,.), we propose a wvariable metric multi-step inertial
operator splitting method, coined “MUSTARD”;

(ii) In the context of non-convex optimization, we propose a multi-step inertial Forward—Backward
splitting method, dubbed “ncvx-MiFB”.

I - Variable metric multi-step inertial operator splitting Let v €]0, 4+00[ be a positive constant,
define M, & {\7 tH = H|V=V7 = VId}, i.e. the set of self-adjoint positive definite operators
whose spectrum is bounded from below by v. The details of MUSTARD for solving (Piy.) are described
in Algorithm 1.

7
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Algorithm 1: The MUSTARD algorithm

Initial: let s > 0 be an positive integer and § & {0,...,s =1} 2p € H, x_; = x0,i € S.
repeat
Let {air}ies, {bikties €] = 1,2, Vi € M, and 7 €]0,26v[:

Yak = Tk + 2 ies@ik(Th—i — Thi—1),
Yok = Tk + 2 iesbik(Thoi — Th_i 1), (1.2.4)
Tyl = H,ka;lA(ya,k — V5 ' B(yk))-
k=k+1;

until convergence;

We prove the global convergence results for the MUSTARD algorithm, that we describe here infor-
mally as follows:

(i) s > 2: We prove in Theorem 4.2.3 conditional convergence of {xy}ren for a fixed metric V. The
terminology “conditional convergence” means that the inertial parameters {a; y }ics, {0 }ics need
to be chosen depending on {zf }ren.

(ii) For the inertial steps s =1 :
(a) In Theorem 4.2.5, we establish conditional convergence of {xy }ren for a variable metric V.

(b) Moreover, in Theorem 4.2.9, we provide proper choices of the inertial parameters {a;x}:cs,
{b;i}ics and operators {Vj }ren for which {z}}ren is guaranteed to be convergent.
The formal statements and their proofs are in Section 4.2.

Since the MUSTARD algorithm solves (Piyc), it can be readily applied to schemes that solve opti-
mization problems and which can also be cast as an equivalent monotone inclusion problem. One can
think for instance to DR, GFB and several Primal-Dual splitting methods. The corresponding results
are detailed in Section 4.3.

IT - Multi-step inertial FB for non-convex optimization Now consider problem (P,p), and
remove the convexity assumption, i.e.

(H.7) R:H —] — oo, +0o0] is proper lsc.
(H.8) F: H —] — 0o, +0o0] is finite-valued, differentiable, and VF' is (1/3)-Lipschitz continuous.

We propose the following multi-step inertial FB splitting method for solving this problem in Section
4.4. Given v > 0 is a descent step-size, and

def . 1 2
PTOXWR(‘) = Argming ey R(z) + g”x -5

denotes the proximity operator of R, which is assumed to be non-empty.

Algorithm 2: The ncvx-MiFB algorithm

Initial: let s > 0 be an positive integer and § & {0,...;s =1} 2g € H, x—; = x0,i € S.
repeat
Let {a;x}ies, {bikties €] —1,2]" and y €]0, B[:
Yak = Tk + 2 ies@ik(Th—i — Th—i—1),
Ynk = Tk + 2 iesbik(Th—i — Tp_iz1),
Trt1 € Prox,, p(Yak — VE (Ypk)).

k=k+1;

until convergence;
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With the help of Kurdyka-Lojasiewicz property (KL, see Definition 4.4.2), we prove the following
global convergence result for ncvx-MiFB.

Theorem 1.2.7 (Convergence of ncvx-MiFB). For problem (Popt), suppose that (H.7)-(H.8)
hold, ® is proper lsc and satisfies the KL property, and R is bounded from below. For Algorithm 2, if
we choose properly the values of Yk, a; k, bk, then each bounded sequence {xy}ren satisfies

(i) {zr}tren has finite length, i.e. Y |Tk — Tp—1] < +o0.

(ii) There exists a critical point x* € crit(P) such that limy_,o v = z*.

1.2.2.2 Relation to previous work

The MUSTARD algorithm By form, the proposed MUSTARD Algorithm 1 is the most general
Forward—Backward splitting method we are aware of. When s > 2, our proposed Algorithm 1 is new
to the literature.

When s = 0, Algorithm 1 recovers the variable metric Forward—Backward splitting method proposed
in [62]. If further Vi = Id, then it becomes the classical Forward-Backward splitting method [119, 140].
Moreover for optimization problem (P, ), Algorithm 1 recovers the gradient descent method when
R =0, and the PPA [151] when F' = 0.

When s = 1 and V;, = Id, based on the choice of the inertial parameters ap and by, Algorithm 1
recovers the following special cases:

e a; € [0,a],b, = 0: this is the case studied in [131] for (Pinc). In the context of optimization with
R =0, Algorithm 1 recovers the heavy ball method by Polyak [146].

e aj, € [0,a], by, = ay: this corresponds to the work of [120] for solving (Pinc). If moreover restrict
vk €]0, B] and let ar, — 1, then Algorithm 1 recovers the FISTA schemes [24, 50, 13, 12| developed
for optimization.

e When ay, € [0,al, by €]0,b], ax, # by, Algorithm 1 recovers the general inertial Forward-Backward
splitting method we proposed in [115].

The ncvx-MiFB algorithm In the context of non-convex optimization, the convergence property
of Forward-Backward for solving (P,p:) was first established in [10] under the assumption that the
objective ® satisfies the Kurdyka-F.ojasiewicz property. Following their footprints, |33, 136] established
convergence of the special inertial schemes of [131] in the non-convex setting.

1.2.3 Local linear convergence under partial smoothness

From the local linear convergence analysis in Chapter 3, we observe the following drawbacks of metric
sub-regularity:
(i) In general, the modulus of metric sub-regularity is difficult to compute;

(ii) It requires that the fixed-point operator of the operators splitting methods should be non-
expansive. For instance, this is not valid for the MUSTARD algorithm or FISTA;

(iii) It does not take advantage of the structure of the underlying composite problem (e.g. (Popt)),
and thus does not allow to explain and exploit the activity identification, e.g. support/rank
stabilization of ¢1-norm and nuclear norm.

As a result, a more powerful tool is needed to answer questions Q2-Q4. This tool relies on the
key concept of “partial smoothness” that has been developed for optimization in finite-dimensional
Euclidean spaces R™.
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1.2.3.1 Partial smoothness

The notion of partial smoothness was first introduced in [108]. This concept, as well as that of
identifiable surfaces [174], captures the essential features of the geometry of non-smoothness which
are along the so-called active/identifiable manifold. For convex functions, a closely related idea is
developed in [106]. Loosely speaking, a partly smooth function behaves smoothly if we move along the
identifiable submanifold, and sharply if we move normal to the manifold. In fact, the behaviour of the
function and of its minimizers depend essentially on its restrictions to this manifold, hence offering a
powerful framework for algorithmic and sensitivity analysis theory.

Given a set S C R", define par(S) is smallest subspace in R™ which is parallel to S. For simplicity,
the definition below is adapted from [108] to the case of convex functions.

Definition 1.2.8 (Partly smooth function). Let R : R" —] — 00, +00] be proper convex lsc. R is
said to be partly smooth at x relative to a set M containing z if OR(x) # @), and moreover

Smoothness M is a C?-manifold around z, R restricted to M is C? around z.
Sharpness The tangent space Tp(x) = par(OR(x))*.
Continuity The set-valued mapping OR is continuous at x relative to M.

Many popular regularization functionals, including ¢y, 1 2, {sc-norms, nuclear norm and total varia-
tion, are partly smooth.

1.2.3.2 Main results

From Chapter 6 to 8, we present finite identification and local linear convergence analysis for the class of
Forward-Backward-type splitting methods, Douglas—Rachford/ADMM, and the class of Primal-Dual
splitting methods respectively.

The outcomes of our proposed analysis framework in these three chapters can be summarized in
the following abstract result. Let the composite objective function ® such that each of its individual
component functions is partly smooth relative to an active manifold. Let {xj}reny be the sequence
generated by a proximal splitting method applied to minimize ®. Suppose that {xj}ren is convergent
to z* € Argmin(®), and an appropriate non-degeneracy condition holds. Then,

(i) finite activity identification (answers Q2): there exists K large enough such that for all k£ > K,

xj belongs to an active manifold M.

(ii) The identification iteration can be bounded and increases as the non-degeneracy condition be-
comes more demanding (answers Q4);

(iii) Local linearization: the proximal splitting method locally linearizes, and the matrix M in this
linearization depends on the structure of the active manifolds;

(iv) Local linear convergence (answers Q3): the iterates {xj}ren enter a local linear convergence
regime whose rate is precisely determined by the spectral properties of M

(v) Locally, the parameters of the proximal splitting method can be optimized to attain the fastest
convergence rate (answers Q4).
Specializing the above result to each class of proximal splitting methods, we obtain additional key
results:
Forward—-Backward-type methods We explain why FISTA (with convergent sequences) locally

oscillates and is eventually locally slower than FB (Section 6.4). In addition, we provide clues on how
to avoid these oscillations.

Douglas—Rachford/ADMM We provide conditions under which finite convergence of the sequence
generated by DR (or ADMM) can by obtained. This is a striking new result (Section 7.5).

~10 -
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1.2.3.3 Relation to previous work

In [89, 90, 88|, the authors have shown finite identification of active manifolds associated to partly
smooth functions for a few algorithms, namely the (sub)gradient projection method, Newton-like meth-
ods, the proximal point algorithm and the algorithm in [167]. Their work extends that of e.g. [174]
on identifiable surfaces . The algorithmic framework we consider encompasses all the aforementioned
methods as special cases. Moreover, in all these works, the local convergence behaviour was not studied.

Forward—Backward-type methods Finite support identification and local linear convergence of
FB for solving a special instance of (P,p¢) where F'is quadratic and R the ¢;-norm, though in infinite-
dimensional setting, is established in [36]. A similar result is proved in [87], for F' being a smooth
convex and locally C? function and R the ¢;-norm, under restricted injectivity and non-degeneracy
assumptions. The £1-norm is polyhedral, hence partly smooth function, and is therefore covered by our
results. [3] proved local linear convergence of FB to solve (Py¢) for F' satisfying restricted smoothness
and strong convexity assumptions, and R being a so-called convex decomposable regularizer which is a
subclass of partly smooth functions. Local linear convergence rate of FB for nuclear norm regularization
is studied in [98] under local strong convexity assumption. Local linear convergence of FISTA for the
Lasso problem (i.e. (Popt) for F' quadratic and R the ¢; norm) has been recently addressed, for instance
in [165], and also [99] under some additional constraints on the inertial parameters.

Douglas—Rachford/ADMM There are problem instances in the literature where the (stationary)
DR and ADMM algorithms are proved to converge linearly either globally or locally. For instance,
in [119, Proposition 4], it is assumed that the “internal” function is strongly convex with a Lipschitz
continuous gradient. This local linear convergence result is further investigated in [72, 84| under
smoothness and strong convexity assumptions. The special case of basis pursuit, i.e. £; minimization
with an affine constraint, is considered in [73] and an eventual local linear convergence is shown in the
absence of strong convexity. In [26], the author analyses the local convergence behaviour of ADMM for
quadratic or linear programs, and shows local linear convergence if the optimal solution is unique and
strict complementarity holds. A similar result is reported recently in [8]. For the case of two subspaces
(though in general real Hilbert space), linear convergence of DR with the optimal rate being the cosine
of the Friedrichs angle between the subspaces is proved in [17]. It turns out that [73, 26, 17| are special
cases of our framework, and our results generalize theirs to a larger class of problems.

Our finite convergence result complements and extends that of [19] who established finite conver-
gence of (unrelaxed stationary) DR in the presence of Slater’s condition, for solving convex feasibility
problems where one set is an affine subspace and the other is a polyhedron.

Primal-Dual splitting Recently in [161], a local linear convergence result is presented for a Primal-
Dual splitting method applied to the problem of minimizing the sum of a convex quadratic function
and a convex gauge under a linear constraint. However, this structure is far too restrictive (for instance
sublinearity is irrelevant). This result is a very special case of those we develop in Chapter 8.

1.3 Organisation of the manuscript
This manuscript consists of two parts and nine chapters.

Chapter 2: this chapter collects the necessary mathematical material used throughout the manuscript.

Chapter 3: in this chapter, we present the global convergence rates of the inexact Krasnosel’skii-Mann
iteration built from non-expansive operators. Our results include two main parts: global pointwise
and ergodic convergence rates (Theorem 3.2.1 and 3.2.4), and then, under a metric sub-regularity
assumption, we establish a local linear convergence result (Theorem 3.3.3).

- 11 —
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Chapter 4: this chapter is devoted to the following two novel multi-step inertial operator splitting
methods:
(i) A variable metric multi-step inertial operator splitting method, dubbed as “MUSTARD”, for
general monotone inclusion problems.

(ii) A multi-step inertial Forward-Backward splitting method, which is called “ncvx-MiFB”, for non-
convex optimization.

Detailed convergence properties of the two algorithms are discussed in Section 4.2 and 4.4 respectively.

Chapter 5: in this chapter we introduce the notion of partial smoothness which lays the ground for
finite identification and local linear convergence of proximal splitting methods.

Chapter 6: in this chapter, we present our results on finite activity identification and local linear
convergence for a wide class of Forward-Backward-type splitting methods (e.g. FB, (multi-step) inertial
schemes, and sequence convergent FISTA), under the assumption that the non-smooth part of the
optimization problem is partly smooth. Our local convergence analysis allows us to establish and
explain why FISTA locally oscillates and is actually locally slower than FB (Section 6.4). Extension
to the non-convex case is also presented.

Chapter 7: this chapter is dedicated to understanding the local linear convergence behaviour of
DR/ADMM when the involved functions are partly smooth. When both functions are locally poly-
hedral, we show that the optimal convergence rate is given in terms of the cosine of the Friedrichs
angle (Definition 7.4.2) between the tangent spaces of the identified manifolds. We also characterize
situations where finite convergence of DR occurs.

Chapter 8: in this chapter, we consider the class of Primal-Dual splitting methods for minimizing
composite structured non-smooth optimization problems involving smooth terms, partly smooth ones,
infimal convolutions and composition by linear operators. We establish finite identification and char-
acterize the linear convergence regime. Under special scenarios, we also draw connections between
Primal-Dual splitting on the one hand, and the FB and DR/ADMM on the other hand.

Chapter 9: this last chapter summarizes our contributions, and draws important conclusions. It also
discusses several interesting perspectives and open problems.

- 12 —



Chapter 2

Mathematical Background
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In this chapter, we collect the necessary mathematical material used in the manuscript.

Denote H the real Hilbert space equipped with scalar inner product (-, -) and the associated norm
| - || Id denotes the identity operator on H. Denote R™ the n-dimensional real Euclidean space,
R =]0, +o0[ the set of positive values and R = R U {400} the extended real value, ¢} denotes the
set of summable sequences in [0, +00[. N denotes the set of non-negative integers, N denotes the set
of positive integers. Let S C H be a nonempty subset of H, we denote ri(S) and rbd(S) its relative
interior and boundary respectively. The smallest linear subspace of H that contains S is denoted by
span(S). The smallest affine subspace that contains S is denoted by aff(S) which is also called the
affine hull of S, then par(S) = R (S — S) denotes the subspace parallel to aff(S).

2.1 Convex analysis

We recall some important concepts and results that will be crucial to our exposition. The proofs are
classical and can be found for instance in [16], which is comprehensive account on convex analysis in
Hilbert spaces.
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2.1.1 Convex sets and functions

Definition 2.1.1 (Convex set). A set S of H is convez if,
Vo, o' € S, Vt €]0,1], tv + (1 —t)2’ € S.

Let S C H be a nonempty set and function F : S — R, the domain of F is
dom(F) = {z € S: F(z) < +o0},
and its epigraph is
epi(F) = {(z,u) e S xR : F(z) <u}.
Function F is called proper if —oco ¢ F(S) and dom(F) # 0.
Definition 2.1.2 (Convex function). A function F : H — R is convex if dom(F) is convex and
Va,2' € dom(F),Vt € [0,1], F(tx + (1 —t)2') <tF(z)+ (1 —t)F(a').

It is moreover strongly convex with modulus 9, if 6 > 0 and

Fltz + (1 —t)2)) <tF(x)+ (1 - t)F(2) — gt(l —t)||lz — 2/||*.

Convexity can be preserved by various operations, such as pointwise maximum and supremum, sum
by non-negative weights, composition with an affine operator, etc.

Definition 2.1.3 (Lower semi-continuity). Given a function F' : H — R and a point x € H. F is

lower semi-continuous (lsc) at x if,
liminf F(z') > F(z).
' —x

The class of proper, convex and lsc functions on H is denoted as I'o(H).

Example 2.1.4 (Indicator function). Let S C H be a convex non-empty closed set, the indicator
function of S, 1s € To(H), is defined by
0, ifzxes,
ts(x) = (2.1.1)

400, otherwise.

2.1.2 Infimal convolution and proximal mapping

Definition 2.1.5 (Infimal convolution). Let functions F, G € I'o(H), the infimal convolution of F
and G is defined by

(F v G)@) ™ inf (F(u) +Gle ), (2.12)
which is convex.
The infimal convolution of indicator function ts(-) and the quadratic function | - || leads to the

distance function, which finds the points in S closest to a given point x.

Example 2.1.6 (Distance function). Let S C H be a convex set and a point x € H, define dist(x, S)
the distance of x to S by the function

dist(z,S) & inf ||z — y]|.
ist(z,S) ;gSHx yl

Then we have,

dist?(z,S) & inf [z — y|?
yeS

= Inf (1s(v) + o = yl*) = (s v || ") ().

— 14 —
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One very important instance of infimal convolution is the Moreau envelope (or Moreau-Yosida reg-
ularization).

Definition 2.1.7. Let function F' € I'g(H), and v > 0. The Moreau envelope of F parameterised by
v is the infimal convolution

TF@) = (P (g 7)) @) = inf (F) + gz~ ull). (2.1.3)

It is obvious that the distance function is the Moreau envelope of the indicator function parameterised
by v =1/2.

The Moreau envelope is continuous and strongly convex, given any x € H, the infimum of (2.1.3) is
uniquely attained. The unique minimizer determined by (2.1.3) is called the prozimal point of x, and
the evaluation to get such point is called the prozimity operator, see the definition below.

Definition 2.1.8 (Proximity operator). Let function F' € T'g(H), parameter v > 0 and a point
x € H, the prozimity operator (or prozimal mapping) of F' parameterised by - is defined by

ef . 1
prox, p(z) = Argmingeqy F(y) + 21y = z|%,

where Argmin(F') the set of minimizers of F', and it is a singleton for this case.

A very simple and widely used example of proximity operator is the projection operator.

Example 2.1.9 (Projection operator). Let S be a non-empty closed convex set, define its projection
operator as, Vx € H
def .
Ps(x) = Argmin,cs ||z — yl|,

then we have prox,, = Ps, and Vis(v) = dist?(z,S),Vy > 0.

The Moreau envelope is not only as mentioned continuous, but moreover has Lipschitz continuous
gradient.

Lemma 2.1.10. Let F € To(H), and v > 0, then VF is differentiable with gradient reading
def 1
V(F) = ;(Id — Prox,p),
which is (1/v)-Lipschitz continuous.

2.1.3 Differentiability

Definition 2.1.11. Let function J € I'g(H), the sub-differential of .J is a set-valued operator, Vo € H
dJ(x) = {geH: (' —x, g)+ J(x) < J(2), Va' € H}.

J is sub-differentiable at x if 0J(x) # (), and an element of 9.J(z) is called a sub-gradient.

The sub-differential is a generalization of derivative to non-differentiable functions, and it is always
a convex closed set.

Example 2.1.12 (Normal cone). Let S C be a non-empty closed convex set, the sub-differential of
the indicator function of S is define by

Pus(e) Ns(z) = {geH: (' —x,g) <0, Va' €8}, ifx €S,
LS\T) =
S (),  otherwise,

where Ng(-) denotes the normal cone operator, see e.g. [152, Section 23|.

~15 —
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Given a function, the Fermat’s theorem adequately characterises its extrema. For convex functions,
we have the following.

Theorem 2.1.13 (Fermat’s theorem). Let J : H — R be proper convex, then x* is a minimizer of
J if, and only if
0€aJ(z¥). (2.1.4)

Condition (2.1.4) is also called the first-order (necessary and sufficient) optimality condition.

2.1.4 Conjugacy and duality

Definition 2.1.14 (Conjugate). Let F : H — R, the Fenchel conjugate of F is defined by

F*(v) = :g};((% v) — F(z)).

Fenchel conjugate, or simply conjugate, is also called Legendre transform or Legendre-Fenchel trans-

form. For indicator function ts(x), the conjugate turns out to be the support function of S.

Example 2.1.15 (Support function). Let S C H be a non-empty convex set, the support function
of S is defined by

os(v) = sup (2, v) = 15 (y).
zeS

The biconjugate of F is defined by F** % (F*)* and by Definition 2.1.14 there holds F** < F,
moreover we have the following Fenchel-Moreau theorem [152, Corollary 12.2.1].

Theorem 2.1.16 (Fenchel-Moreau). Let F : H — R be a proper function, then F = F** if and
only if F' is conver and lower semi-continuous.

The proximity operators of a I'g(H) function and its conjugate are related by the Moreau’s identity.

Theorem 2.1.17 (Moreau’s identity). Let function F € T'o(H) and v > 0, then

Id = prox., p(-) + fyproxF*/v<;). (2.1.5)

2.1.4.1 Fenchel-Rockafellar duality

Definition 2.1.18 (Primal and dual problems). Let #,G be two real Hilbert spaces, F' €
Io(H),J € T'o(G) and L : H — G be a bounded linear operator. The primal problem is defined
by

mi{ﬁ F(x)+ J(Lx), (2.1.6)
S
and the Fenchel-Rockafellar dual problem is
miélF*(—L*v) + J*(v), (2.1.7)
ve

where L* is the adjoint of L. Let 2*, v* be the minimizers of the primal and dual problems respectively,
then the duality gap is defined by

D(z*, v*) ¥ (F(z*) + J(La*)) — (—F*(=L*v*) — J*(v")).
Theorem 2.1.19 (Fenchel-Rockafellar). For the primal and dual problems defined in Definition
2.1.18, we have
F(z)+ J(Lx) > —F*(—L*v) — J*(v), Ye € H and Vv eQG.

If G is finite dimensional and ri(dom(F)) N Lri(dom(J)) # 0, then

inf (F J(Lz)) = —min (F*(—-L* J* .

inf (F(z) + J(La)) = —min (F"(=L") + J*(v))
Proof. A result of combining Proposition 15.24(viii) and Theorem 15.23 in [16]. O
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2.2 Variational analysis

We here collect some important results from variational analysis which will be used in Chapter 4 and
Chapter 6.

Let J : H — R be a lower semi-continuous function. Given x € dom(.J), the Fréchet subdifferential

oF J(x) of J at z, is the set of vectors v € H that satisfies
lim inf ”( (z) = J(z) — (v, z—x)) > 0.

z—x, 2F#T ||3j
If z ¢ dom(J), then & J(z) = (). The limiting-subdifferential (or simply subdifferential) of J at z,
written as 0J(x), is defined as,
aJ(x) < {veH: oy =z, J(zp) = J(2),0 € oF J(xy) — v} (2.2.1)

Both 0f'J(x) and C'?J(:r) are closed, with 0 .J(z) convex and 9¥.J(z) C 0J(x) [153, Proposition 8.5|.
Since J is lsc, it is (sub-differentially) regular at z if and only if 0F.J(z) = 0.J(x) [153, Corollary 8.11].
These generalized notions of differentiation allow us to define the critical point. A necessary (but not
sufficient) condition for z to be a minimizer of J is 0 € dJ(z). The set of critical points of J is defined
as crit(J) = {z e H: 0 € 8J(x)}.

Definition 2.2.1 (Prox-regularity [143]). An Isc function J is r-prox-regular at z € dom(J) for
v € 8J(z) if Ir > 0 such that

J(a) > T(@) + (v, 2 —2) — oz — o),

whenever = and z’ are near z, with J(z) near J(z) and v € 9J(z) is near v. J is prox-regular at Z if
it is prox-regular for every v € 9.J(Z).

2.3 Monotone and non-expansive operators

Given 2 non-empty sets X',U/ C H, an operator (or mapping) A : X = U is called set-valued operator
if A maps every point in X to a subset of U, i.e.

A‘X:;Ll zeX > Alz) CU.

The gmph of A is defined by gra(A) = { (x,u) e ¥ xU :u € Az } The domain and range of A are
dom(A £ {x e X A ) # @} and ran(A) £ A(X) respectively. The inverse of A defined through
its graph gra(A~1) = { u,z) EUX X :u € Az } The set of zeros of A are the points such that

zer(A) £ A71(0) = {x €X:0€ Ax)}.

2.3.1 Monotone operators

Definition 2.3.1 (Monotone operator). Let X',/ C H be two non-empty convex sets, a set-valued
operator A : X = U is monotone if

(x—2',u—u) >0, V(z,u), (2 u) € gra(A).

It is moreover mazximal monotone if gra(A) is not strictly contained in the graph of any other monotone
operators.

If there exists a constant § > 0 such that
(x—a', u—u') > 8| — 2|
Then A is called strongly monotone.

A very important source of maximal monotone operators is the sub-differential of I'o(H) functions
[152], and we have the following lemma.
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Lemma 2.3.2. Let function J € To(H), then dJ is mazimal monotone.

Definition 2.3.3 (Cocoercive operator). An operator B : H — H is called S-cocoercive if there
exists B > 0 such that

BIB(z) — B()|* < (B(z) — B('), z —a'), Va,2’ € H.
The above equation implies that B is (1/8)-Lipschitz continuous.

Owing to the [15, Baillon-Haddad theorem|, the Lipschitz continuous gradient of a convex function
is cocoercive.

Theorem 2.3.4 (Baillon-Haddad [15]). Let function F' € T'o(H) be a convex differentiable function
whose gradient VF is (1/8)-Lipschitz continuous, then VF' is (3-cocoercive.

The next lemma shows the connection between strong monotonicity and cocoercivity.

Lemma 2.3.5. Let C : H = H be a strongly monotone operator for some 8 > 0, then its inverse C~!
s [B-cocoercive.

2.3.2 Non-expansive operators

Definition 2.3.6 (Non-expansive operator). An operator T : H — H is called non-expansive if it
is 1-Lipschitz continuous, i.e.

[T(x) — T(@")| < ||lw — 2’|, Va,2’ € H.
For any « €]0,1[, T is a-averaged if there exists a non-expansive operator J’ such that

T =0T + (1 -a)ld.

A(a) denotes the class of a-averaged operators on H, in particular A(%) is the class of firmly non-
expansive operators. The following lemmas collect some properties of the a-averaged non-expansive
operators and the firmly non-expansive operators.

Lemma 2.3.7. Let T : H — H be a non-expansive operator and o €]0,1[. The following statements
are equivalent:

(i) T is a-averaged non-expansive.
(ii)) (1 —=1/a)Id+ (1/)T is non-expansive.
(i) 7(@) — T@)? < 2 — /|2 — 52 (1d - ) (@) — (1d - T)(@)|%, Var,a’ € H.
Lemma 2.3.8. Let T:H — H be a non-expansive operator. The following statements are equivalent:
(i) T is firmly non-expansive.
(ii) 2T — Id is non-expansive.
(iii) |T(z) — T(@)|? < (T(z) — T (@), z — &), Yz, 2’ € H.
Lemma 2.3.9. Let operator B : H — H be B-cocoercive for some 5 > 0. Then
(i) BB € A(%), i.e. 1s firmly non-expansive.
(ii) Id —vB € A(gg) for v €]0,28].

The following lemmas collect some properties of the class of a-averaged non-expansive operators,
that it is closed under relaxations, convex combinations and compositions.

Lemma 2.3.10. Let T : H — H be an a-averaged operator, then
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Chapter 2 2.3. Monotone and non-expansive operators
(i) Id+ AT —1d) € A(\a), A €]0, é[
(ii) =(Id—T) € A(3).

Lemma 2.3.11. Let m € Ny, (Ti)iequ,...,my be a finite family of non-expansive operators from H to H,
(wi)i €]0,1]™ and >, w; =1, and let (o;); €]0,1]™ such that, for each i € {1,...,m},T; € A(cy). Then,
(i) >, wiT; € A(a) with a = max; «;.
(i) T1-- T € A() with a =

AAAAA

Remark 2.3.12. A sharper bound of « can be obtained for m = 2 |64, Proposition 2.4|,

o= Qo= 20100 €0, 1].
1 — 10

See also [138, Theorem 3|.

2.3.2.1 Fixed-point iteration

Definition 2.3.13 (Fixed point). Let 7 : H — H be a non-expansive operator, x € H is called the
fized point of T if
x=T(x).

We denote the set of fixed points of T as fix(7T).

The set of fixed point of a non-expansive operator may be empty, such as translation by a non-zero
vector. The existence of the fixed point is guaranteed by the theorem below.

Theorem 2.3.14. Let X be a non-empty bounded closed convex subset of H and T : X — X be a
non-expansive operator, then fix(T) # (.

Lemma 2.3.15. Let X be a non-empty closed convexr subset of H and T : X — H be a non-expansive
operator, then fix(7T) is closed and conver.

The fixed points of non-expansive operators, in most cases, cannot be computed in closed form, and
one has to apply certain recursive procedures to find them, from which one of the most-known is the
Krasnosel’skii-Mann iteration [101, 123| is an important example.

Definition 2.3.16 (Krasnosel’skii-Mann iteration). Let T : H — #H be a non-expansive operator
such that fix(T) # 0. Let A\; € [0,1] and choose x( arbitrarily from #, then the Krasnosel’skii-Mann
iteration of 7 is

Tyl = Tk + /\k(T<$k> — .%'k) (2.3.1)

Conditions for the convergence of the above iteration can be found in the next subsection.

2.3.2.2 Fejér monotonicity

Definition 2.3.17 (Fejér monotonicity). Let S C H be a non-empty set and {zj }ren be a sequence
in ‘H. Then

(1) {xk}ren is Fejérmonotone with respect to S if
[Tk1 — 2| < ||z — 2|, Vo €8, VkeN.

(i) {zk}ren is quasi-Fejér monotone with respect to S, if there exists a summable sequence {e }ren €
E}r such that
Vk eN, |xgt1 —z| <|zx — || + €, Vz e S.
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Quasi-Fejér monotonicity is a weaker condition than Fejér monotonicity, and it allows to analyze the
convergence of the inexact version of Krasnosel’skii-Mann iteration which is the main topic of Chapter 3.

Example 2.3.18. Let X C H be a non-empty convex set, and T : X — X be a non-expansive operator
such that fix(T) # 0. The sequence {xj }ren generated by x1 = T(xg) is Fejér monotone with respect
to fix(7).

Lemma 2.3.19. Let S C H be a non-empty set and {xy}ren be a sequence in H. Assume the {xk}ren
18 quasi-Fejérmonotone with respect to S, then the following holds

(1) {x}ren is bounded.
(ii) ||z — x| is bounded for any x € S.
(iii) {dist(zg,S)}ren is decreasing and convergent.

If every weak sequential cluster point of {zk}ren belongs to S, then {xy}ren converges weakly to a
point in S.

The next theorem shows the convergence of Krasnosel’skii-Mann iteration.

Theorem 2.3.20. Let T : H — H be a non-expansive operator such that fix(T) # 0. Consider the
Krasnosel’skii-Mann iteration of T, and choose A\, € [0,1] such that ),y A(1 — Ap) = +00, then the
following holds

(i) {xk}tren is Fejérmonotone with respect to fix(7T).
(i) {zr — T(xk) }ken converges strongly to 0.
(iii) {x}ren converges weakly to a point in fix(7T).
When 7 is a-averaged, then the condition for {A;}reny becomes
Aw € [0,1/a] suchthat D, o Ai(1/a— Ag) = +00. (2.3.2)

The convergence of the inexact Krasnosel’skii-Mann iteration will be developed Chapter 3.

2.4 Operator splitting methods

The Krasnosel’skii-Mann iteration (2.3.1) is of paramount importance to the design and analysis of
first-order operator splitting methods. In this section, we provide a brief overview of several classical
operator splitting methods which can be cast as special cases of (2.3.1). These methods include
the Proximal Point Algorithm, Forward—Backward splitting, Douglas—Rachford splitting and several
Primal-Dual splitting methods.

2.4.1 Resolvents of monotone operators

Definition 2.4.1 (Resolvent [38]). Let A : X = H be a maximal monotone operator and v > 0,
the resolvent of A is defined by

Jya = (Id +~A)~L (2.4.1)
The reflection of g4 is defined by

Roa = 20,4 — 1d. (2.4.2)

Given a function J € I'g(H) and its sub-differential 0.J, combining together (2.4.1), Definition 2.1.8,
and Lemma 2.3.2, we have

ProxX,y = H'yaJv
where v > 0. See also [130]. Then in terms of the set of fixed points, we have
fix(prox.,, ;) = fix(d,9.5) = zer(9J).
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Lemma 2.4.2. Let A : H = H be a mazximal monotone operator, and T : H — H be firmly non-
expansive. Then

(i) da is firmly non-expansive.

(ii) There exists a mazimal monotone operator A’ : H = H such that T = J .

The next theorem shows the relation between the resolvents of a maximal monotone operator A and
its inverse A~!, which thus generalises Theorem 2.1.17.

Theorem 2.4.3 (Yosida approximation). Let A : H = H be a mazximal monotone operator and
~v > 0, the Yosida approximation of A with -y is

TAE (1 = 35a) = (A + AT =001 (/7): (24.3)
Moreover, we have from Moreau’s identity that

[=0,40) + 204 (2)

2.4.2 Proximal point algorithm

The Fermat’s theorem 2.1.13 indicates that, minimizing a convex function J € T'g(H) is equivalent to
finding the zeros of its sub-differential operator 0.J. Therefore, a minimizer of J is a fixed point of Jg .

In general, given a maximal monotone operator A such that zer(A) # ), the problem
find = € H such that 0 € A(z). (2.4.4)

i.e. finding an element of zer(A), is called a monotone inclusion problem. The best-known method for
solving (2.4.4) is the Proximal Point Algorithm (PPA) [124, 151].

Algorithm 2.4.4 (Proximal Point Algorithm). Let A: 7 = A be a maximal monotone operator
such that zer(A) # 0, {vk}ken in ]0,+00] and {A}ren in [0,2]. Choose xg € H arbitrarily and for
k € N, compute xx11 based on the following rule,

Tkl = Tk + Mg (HWkA(mk) — .%'k) (2.4.5)

2.4.3 Operator splitting methods

In practice, we often encounter with problems which have more structures than (2.4.4), for instance
finding the zeros of the sum of monotone operators.

Problem 2.4.5. Let B : H — H be -cocoercive for some 8 > 0, m > 1 be a positive integer, and for
every i € {1,...,m}, let A; : H = H be maximal monotone. Consider the problem

find = € H such that 0 € B(x) + Z;Ai(az). (2.4.6)

There are also situations where A; is composed with linear operators, or even parallel sum of maximal
monotone operators are involved (e.g. Problem (2.4.13)). In principal, PPA can still be applied to
solving such problems, however, even if the resolvent of B and each A; can be computed , the resolvent
of B+ ), A; in most cases is not accessible.

To circumvent this difficulty, a wise strategy is to design iterative schemes such that the resolvents
of A;’s are computed separately, and use the cocoercivity of B. This is the reason that these schemes
are dubbed operator splitting methods.
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2.4.3.1 Forward—Backward splitting

For Problem 2.4.5, let m = 1.

Problem 2.4.6. Consider finding the zeros of the sum of two maximal monotone operators
find = € H such that 0 € (A + B)(x). (2.4.7)
where
(i) A:H = H is maximal monotone.
(ii) B :H — H be S-cocoercive for some 5 > 0.
(iii) zer(A+ B) # 0.

Consider the following operator composed with A and B.

Lemma 2.4.7. Let A : H = H be maximal monotone and B : H — H be B-cocoercive for some B > 0.
Choose v €]0,20[, and define
Fpp = dya(Ild —yB).
Then
(1) Fpp s %—avemged non-expansive.

(i) zer(A+ B) = fix(F,y)-
Proof. Lemma 2.3.9, 2.4.2 and Remark 2.3.12. O
The Forward-Backward splitting (FB) [119, 140] for solving (2.4.7) is described below.

Algorithm 2.4.8 (Forward—Backward splitting). For Problem (2.4.6), let v €]0, 28] and {\g }xen

in [0, 4@57] such that ), )\k(wg% — Ag) = +oo. Choose zy € H arbitrarily and for k£ € N apply the

following iteration,

Tpy1 = T+ A (Fpog (1) — 1) (2.4.8)

The step-size v can be varying along iterations, and this results in the non-stationary version of FB
which is studied in [57, 63]. Problem (2.4.6) with m > 2 is considered in [148], in which the authors
develop a Generalized Forward-Backward splitting (GFB), see Section 3.4 for more details about GFB.

2.4.3.2 Douglas—Rachford splitting
For Problem 2.4.5, now let B =0 and m = 2.

Problem 2.4.9. Consider finding the zeros of the sum of two maximal monotone operators
find x € H such that 0 € (41 + Az)(x). (2.4.9)

where

(i) A1, Az : H = H are maximal monotone.

(11) zer(A1 =+ Ag) 7é Q)

The Douglas—Rachford splitting (DR) is an efficient algorithm to solve (2.4.9). Originally, the DR
was proposed in [76] to solve a system of linear equations arising from the discretization of a partial
differential equation. The extension of DR to maximal monotone operators is due to Lions and Mercier
[119]. The relaxed form of DR is considered in |78, 55, 57]. Before describing the DR, we first consider
the following non-expansive operator.
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Lemma 2.4.10. Let Ay, Ao : H = H be two mazimal monotone operators, v > 0, and define
SI’DR = %(R AIR’YAQ + Id)'
Then
(i) Rya,Rya, is non-expansive.
(ii) EFDR = g"/Al (23’YA2 - Id) - H’YAQ +1d € A(%)
(iil) zer(A; + A2) = dyas (ix(Fpp))-
Algorithm 2.4.11 (Douglas—Rachford splitting). For Problem (2.4.9), let v > 0 and {\x}ren in
[0,2] such that ), Ax(2 — A\x) = +oo. Choose zy € H arbitrarily and let g = Jy4,(20), for k € N
apply the following iteration,
Uk 1 = ya, (221 — 28),
21 = (1 = M)z + Ae(2r + wpgr — x1), (2.4.10)
Tr+1 = 37A2 (2k+1)-
The DR iteration (2.4.10) can be written as the fixed-point iteration of z; and the operator ¥,
which reads

Zk11 = 2k + Ak (?DR (z) — Zk).

When A\, = 2, the corresponding scheme is called Peaceman-Rachford splitting [141].

By using a product space trick (|[158], see also Section 3.4), the DR can be extended to the case
m > 2. In the context of convex optimization, DR is closely related to the alternating direction method
of multipliers (ADMM), see Chapter 7 for more details about ADMM.

2.4.3.3 A Primal-Dual splitting algorithm

We finish this section by introducing a Primal-Dual splitting algorithm.

Definition 2.4.12 (Parallel sum). Let C, D : H = H be two set-valued operators, the parallel sum
of C'and D is defined by

def

cOoD = (Cc™'+ D H™L (2.4.11)
Problem 2.4.13. Let G, H be two real Hilbert spaces, and
(i) A:H = H is maximal monotone, B : H — H is 3,-cocoercive for some 3, > 0.
(ii) C,D : G = G are maximal monotone, moreover D is /3, -strongly monotone for some 3, > 0.
(iii) L :H — G is a bounded linear operator.
Consider the primal monotone inclusion problem,
find # € H such that 0 € (A+ B)(z) + L*((COD)(Lx)), (2.4.12)
the corresponding dual problem reads,
0€ (A+ B)(x)+ L*v,
0e(C™'+D ") (v) - La.
denote by X and V the solution sets of (2.4.12) and (2.4.13) respectively.
(iv) The set of minimizers of (2.4.12) and (2.4.13), i.e. X and V, are both non-empty.

find v € G such that (3z € H) { (2.4.13)

The study of Primal-Dual splitting dates back to the late 1950s, since then, various Primal-Dual
splitting methods have been proposed in the literature. Below we introduce a Primal-Dual splitting
algorithm proposed in [62], which covers [51, 66] as special cases.
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Algorithm 2.4.14 (Primal-Dual splitting). For the Problem (2.4.13). Choose v,,v., > 0 such

that
2min {5, 8, }min {== =} (1 = \/ 7,70 1 ]*) > 1.

Choose zg € H and vy € G arbitrarily, for k¥ € N apply the following iteration,

Th+1 = H'VAA('wk - ’YAB('wk) - VAL*Uk)v
Tht1 = 2Tpy1 — Tk, (2.4.14)

Uk+1 = Jy 01 (vk =YD~ (k) + 7o LEpr1)-

Fixed-point formulation For the Primal-Dual iteration (2.4.14), from the definition of the resol-
vent, we have that (2.4.14) is equivalent to

%(L’Bk — Tpt1) — Blayg) — Lo, = A(zp41),

Tpy1 = 2xp41 — Tk,

%(vk — vps1) — D7Hwp) 4+ Lagyr = C (1),

which can be further written as
B 0 T A L* T Id —L* x —x
B k c k+1 n 1/ k+1 k ’ (2.4.15)
0 D! Vk -L Cc! V41 —L Idg/’yc V+1 — Uk
where Idy;, Idg are the identity operators on H and G respectively. Define the product space K = H x G,
and let Id be the identity operator on K. Define the following variable and operators

T
def def
Zk = 5 A=

Vk -L c!

A L* B 0 Id L
B Ly #/ Y . (2.4.16)
0 D! L ldg/v,

il

We have A is maximal monotone [41], B is min{3,, 3, }-cocoercive, and 'V is self-adjoint and v-positive

definite for v = (1 — /v, 7. ILI?) min{i, %} [173, 62].
Define KCy the Hilbert space induced by V. Substitute the notions of (2.4.16) into (2.4.15) we get,

—B(z) € A(zk+1) + V(Zkt1 — 21),
which can be further written as
2ii1=(V+A) TV -B)(z,) = Id+V 1A 1d -V IB)(z). (2.4.17)
It can be seen that, (2.4.17) is the Forward—Backward splitting in KCy [62, 58|.

2.5 Matrix analysis

In this section, we turn to linear algebra and present results on convergent matrices and their spectral
properties. These results will be used in our local linear convergence analysis of first-order proximal
splitting methods.

Let M € R™" be a square matrix, M is said to be symmetric if M = MT, skew symmetric if
M = —MT, normal if MM™T = MT M, positive definite if there exists § > 0 such that

Vo e R", (z, Mz) > 8||z|?,
and positive semidefinite if § = 0. The kernel and range of M are defined respectively by
ker(M) = {z € R" : Mz = 0},

ran(M) &' vector space spanned by the columns of M.
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Let Oy & {n:i}i,i=1,...,n be the set of eigenvalues of M, then the spectral radius of M is given by
M)YE  max i
p(M) = max [,

The operator (spectral) norm of M is defined as

def

|M|[ = sup [[Mz].

lzl=1

Let ¥y & (0i)iyi =1,...,n be the singular values of M sorted in descending order, then we have

IM]| = o1 = \/IIMTM].

In general, p(M) < |M]|, moreover we have the spectral radius formula [125]
p(M) < [MF|VFand p(M) = Tim [[MF]VE. (2.5.1)
—+00
If M is normal, then p(M) = || M]|.

Convergent matrices The definition of convergent matrices is adopted from [125], denote M* the
k™ power of M.

Definition 2.5.1 (Convergent matrices). A matrix M € R"*" is convergent to M*>° € R™*" if,
and only if,
lim ||M* — M°°|| = 0.
k—+o00

M is said to be linearly convergent if there exists p € [0,1[, a constant C > 0 and K € N such that
Vk > K, there holds
IME — M) < cp

If the infimum of all convergence rates p above is also a convergence rate, then this minimum is called
the optimal convergence rate.

Definition 2.5.2. For M € R™ " n € ©) is called semisimple if and only if ker(M — nld) =
ker((M — nld)?).

The definition of semisimplicity is equivalent to say that rank(M — nld) = rank((M — nld)?). The
following characterization of a convergent matrix is taken from [125].

Theorem 2.5.3 (Limits of powers). For M € R" " the power of M is convergent to M if and
only if

p(M) <1,
or else
(2.5.2)
p(M) =1, and 1 is the only eigenvalue on the complex
unit circle, which is also semisimple.
When M®° exists,
M = the projector onto ker(Id — M) along ran(Id — M). (2.5.3)
Lemma 2.5.4. Suppose M € R"™™" is a convergent matriz, if p(M) < 1, then M> = 0.
Lemma 2.5.5. Suppose M € R™ ™ js convergent to some M € R™"  then
(i) M = Pueary if and only if fix(M) = fix(M7T).
(ii) If M is non-expansive or normal, then M = Pgy(rr).
Proof. Corollary 2.7 of [18]. O
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Whenever M is convergent, it converges linearly to M, and we have the following lemma.

Lemma 2.5.6 (Convergence rate). Suppose M € R™™" is convergent to some M € R"*™,
(i) for any k € N,
MF — M>® = (M — M>®)* and |MF—M>®| < ||M — M>®|*.
The equality holds only when M 4s normal.
(ii) We have p(M — M) < 1, and M is linearly convergent for any p €]p(M — M), 1].
(i) p(M — M) is the optimal convergence rate if one of the following holds
(a) M is normal.

(b) All the eigenvalues n € Oy such that |n| = p(M — M) are semisimple.
Proof. See Theorems 2.12, 2.13, 2.15 and 2.16 of [18]. O

Convergence and non-expansiveness In general, there is no direction correspondence between the
convergence of a matrix and its non-expansiveness, i.e. a matrix M can be convergent but expansive,
or non-expansive but not convergent. For example, let a €]0, 1] and consider a 2 x 2 matrix
[T R (2.5.4)
1 0

It can be shown that the two eigenvalues of M are 1 and a, hence M is convergent. However M is not
non-expansive, since |[M| > 1+ a > 1. Another examples is the matrix —Id, which is non-expansive,
yet not convergent.

The situation changes however, if the matrix is a-averaged. For the sake of simplicity, let M be
a non-expansive matrix, and consider its relaxed version with fixed relaxation parameter A\ such that
A(1 = A) > 0. Then the iteration is convergent thanks to Theorem 2.3.20. Moreover, owing to the
definition of averaged non-expansive operators, we have that matrix Id + A\(M — Id) is A-averaged.
This implies that the class of a-averaged matrices is also convergent.

2.6 Riemannian geometry

In this section, we collect some basic results on Riemannian geometry, and we refer to [103, 52| for
comprehensive accounts on differential and Riemannian manifolds.

2.6.1 A glimpse of Riemannian geometry

We say that a set M C R" is a C?-smooth manifold of codimension m around a point z € R™ if
T € M, and there is an open set V' C R” such that

MﬂV:{CCEVZ(I)Z'(l’):O,i:]_,...,m}

where ®; are C2-smooth functions with ®;() linearly independent.

Let M be a C?-smooth embedded submanifold of R” around a point z. The natural embedding of
a submanifold M into R" permits to define a Riemannian structure and to introduce geodesics on M.
Denote Ny (x) and Tp(z) the normal space and tangent space of M at x € M respectively.

Exponential map Geodesics generalize the concept of straight lines in R"™, preserving the zero
acceleration characteristic, to manifolds. Roughly speaking, a geodesic is locally the shortest path
between two points on M. We denote by g(t;z,h) the value at ¢ € R of the geodesic starting at
9(0; z, h) = x € M with velocity g(¢t;z,h) = %(t;x, h) = h € Tm(z) (which is uniquely defined). For
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every h € Ty(x), there exists an interval I around 0 and a unique geodesic g(¢;x,h) : I — M such
that g(0;x,h) = z and §(0; 2, h) = h. The mapping

Exp, : Tm(x) — M, h Exp,(h) = g(1; 2, h),
is called Ezponential map. Given x, 2’ € M, the direction h € Tr(x) we are interested in is such that
Exp,(h) =2’ = g(1;2,h).
Parallel translation Given two points x, 2’ € M, let Ty(z), Tam(x') be their corresponding tangent

spaces. Define

T TM(QU) — TM(x/),

the parallel translation along the unique geodesic joining z to x’, which is isomorphism and isometry
w.r.t. the Riemannian metric.

Lemma 2.6.1. Let M be a C?*-smooth manifold around x. Then for any ' € M NN, where N is a
neighbourhood of x, the projection operator P (') is uniquely valued and C' around x, and thus

o' — 1 =P, (@ — ) + o]z’ — ).
If moreover M = x + Tp(x) is an affine subspace, then x’' —x = Pr, () (2" — z).

Proof. As M is a C%? manifold around =, then P (') is uniquely valued [145] and moreover C'! near
x [110, Lemma 4]. Thus, continuous differentiability shows

o' =z =Pp(") = Pule) = DPp(x)(z — 2) + o[l — 2))-
where DP () is the derivative of P at x. By virtue of [110, Lemma 4], this derivative is given by
DPm(z) = Priy(a)s

The case where M is an affine subspace is immediate. We conclude the proof. O

Lemma 2.6.2. Let M be a C%-smooth manifold, a point x € M, and {x}ren a sequence converging
to x in M. Define 1 : Tam(x) = Tam(xg) be the parallel translation along the unique geodesic joining
x to xi. Then, for any bounded vector u € R™, we have

(T ' Pra(an) = PTa@))e = o(|lul).
Proof. From [1, Chapter 5|, we deduce that for k sufficiently large,
Tl = Pry) + ollzx — ).
In addition, locally near x along M, the mapping = — P, () (z) is C! [110, Lemma 4], hence,

—1
lim 17" PTaaen) = PTaa@) @I lim P71 () (PTa @) — Prac@)llu]
o ] ~ koo [l

< Hm (1P7 @) = P |+ ol — 2) = 0.

+ o([|zx — =])

2.6.2 Riemannian gradient and Hessian

Let M be a C?-smooth manifold, and suppose that function R € I'o(R") is C%-smooth along the
manifold M. In the following, we present the expressions of the Riemannian gradient and Hessian for
R along M.
For a vector v € Np(z), the Weingarten map of M at x is the operator 2, (-, v) : Tpm(z) = Tam(x)
defined by
QH,E(-,U) = _?TM(x)dV[hL (2.6.1)
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where V' is any local extension of v to a normal vector field on M. The definition is independent of
the choice of the extension V', and 20, (-, v) is a symmetric linear operator which is closely tied to the
second fundamental form of M, see [52, Proposition 11.2.1].

Let R be a real-valued function which is C? along the M around z. The covariant gradient of R at
z’ € M is the vector VyR(2') € Tpm(2') defined by

(VmR(2'), h) = %R(?M (@ +th))|_,, Yh € Tam(a),

=0
where P4 is the projection operator onto M. The covariant Hessian of R at 2’ is the symmetric linear
mapping V4, R(z') from Tr(z') to itself which is defined as

(VR ), h) = L RO + )|,y VR € Taala). (2.6.2)

li=o-
This definition agrees with the usual definition using geodesics or connections [126]. Now assume that
M is a Riemannian embedded submanifold of R?, and that a function R has a C?-smooth restriction
on M. This can be characterized by the existence of a C?-smooth extension (representative) of R,
i.e. a C2-smooth function R on R™ such that R agrees with R on M. Thus, the Riemannian gradient
VmR(2) is also given by
VmR(z') = Pr, ) VR('), (2.6.3)

and Vh € Ty(2'), the Riemannian Hessian reads

VR )h = Py, oy d(VmR) (@) [A] = Pry@ond (2’ = Proy@n) VmR) [R] (26.4)
= Py VR (R) + 2 (P, (i V),

where the last equality comes from [2, Theorem 1]. When M is an affine/linear subspace of R", then
obviously M = & + Ta(x) and W (h, Py, @) VR(2")) = 0, hence (2.6.4) reduces to

V%R(w’) = ?TM (x/)Vzﬁ(x')(PTM (x)-

Lemma 2.6.3 (Riemannian Taylor expansion). Let R be C%-smooth at z relative to manifold M,
and ¥’ € M be a point close to . Denote T : Tap(x) — Tam(a') the parallel translation along the unique
geodesic joining x to x'. The Riemannian Taylor expansion of R € C*(M) around x reads,

T IVMR(2) = VMR(z) + V%R(x)?TM(x)(a:’ — ) +o(|z' — x||).

Proof. Since z,2’ € M are close, we have ' = Exp,(h) for some h € Trq(z) small enough, and thus,
the Taylor expansion [156, Remark 4.2| of V(R around x reads

7 W MmR(z) = VMR(x) + Vi R(2)h + o(|h]). (2.6.5)
Moreover, form the proof of [126, Theorem 4.9], one can show that

Pru@) (@) = Pry(o) (Bxp, (R) = Py o) () + h+ o(|[A]%).
Substituting back into (2.6.5) we get the claimed result. O
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Chapter 3

Convergence Rates of Inexact
Krasnosel’skii-Mann Iteration

Main contributions of this chapter

» Global sub-linear convergence rates of inexact Krasnosel’skil-Mann iteration (Theorem
3.2.1 and 3.2.4).

» Local linear convergence of the inexact Krasnosel’skii-Mann iteration under metric sub-
regularity (Theorem 3.3.3).

» Convergence of the non-stationary and inexact Krasnosel’skii-Mann iteration (Theorem
3.5.2)).

The content of this chapter appeared in [116].
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We have seen from Section 2.4, that the PPA, DR/ADMM, FB and the Primal-Dual splitting methods
can be cast as special instances of the Krasnosel’skii-Mann iteration. In fact, the class of operator
splitting methods that can be formulated into Krasnosel’skii-Mann iteration is quite large, it includes
for instance the methods proposed in [53, 166, 163, 41, 51, 148, 60, 66, 173] to name a few.

In this chapter, we present a convergence rate analysis for the inexact Krasnosel’skii-Mann iteration
built from non-expansive operators. Our results include two main parts: global pointwise and ergodic
sub-linear convergence rates, and local linear convergence under a metric sub-regularity assumption.
The obtained convergence rates can be applied to analyze the convergence rate of various operator
splitting methods, including FB/GFB, DR/ADMM and Primal-Dual splitting to name a few. For
these methods, we also develop easily verifiable termination criteria for finding an approximate solu-
tion, which can be seen as a generalization of the termination criterion for the classical gradient descent
method. We finally develop a parallel analysis for the non-stationary and inexact Krasnosel’skii-Mann
iteration. The usefulness of our results is illustrated by applying them to a large class of structured
monotone inclusion and convex optimization problems. Experiments on some large scale inverse prob-
lems in signal and image processing problems are shown.

3.1 Introduction

3.1.1 Problem statement

Let us now recall the Krasnosel’skil-Mann iteration (2.3.1) defined in Section 2.3.2.1, and consider the
inexact version of it, i.e. the computation of F(z) is carried out approximately.

Definition 3.1.1 (Inexact Krasnosel’skii-Mann iteration). Let ¥ : H — H be a non-expansive
operator whose set of fixed points fix(F) is non-empty. Let A €]0, 1], and denote Fj, = A\ F+(1—Ag)Id.
Then the inexact Krasnosel’skii-Mann iteration of F is defined by

Zk+1 :zk—l—)\k(&"(zk)—i—sk—zk) = Frzp + Miep, (3.1.1)
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where ¢, is the error of approximating F(zx). The residual of the iteration is defined as

e = (Id = F)(zx) = % + &k (3.1.2)

3.1.2 Preliminary results

Before presenting the convergence rates of inexact Krasnosel’skii-Mann iteration, we collect some useful
properties of it. Define the following two important notions

FEM-F and 7 & A(1— ). (3.1.3)
Apparently, we have e, = F'(2).

Proposition 3.1.2. The following statements hold,
(i) Fr € A(\k) for A\ €]0,1[, and if T € A(), then Fi, € A(A\pcv).

(ii) For any z* € fix(¥),
2% € fix(F) & 2* € fix(Fy) < 2* € zer(F).

(i) If Y pen T = +00 and {N\g|lek|}ren € £y, then,
(a) {ex}tren converges strongly to 0.

(b) {zk}ren is quasi-Fejér monotone with respect to fix(F), and converges weakly to a point z* €
fix(F).

Proof. (i) A result of combining Definition 2.3.6 and Lemma 2.3.10. (ii) Straightforward. (iii) See
[57, Lemma5.1]. O

Let’s now turn to the properties of e;. Denote 7 = infren7g, T = suppey 7k Since {zg}ren is
bounded, so is {eg }ren, we define the following two constants

v1 = 2sup | F(2x) — 2*|| +sup Axllexll, v2 = 2suplley — exal|-
keN keN keN
Lemma 3.1.3. For the error term ey, the following inequality holds
s ller = enal’ < ek — 2, en = ens).
Proof. By Lemma 2.3.10, 15 € A(3
115 (p) = 17 (@)I” < (o — q, 35 (0) — 37 (a)-

Letting p = zx,q = zx11 and using the definition of e; yield the desired result. O

). It then follows from Lemma 2.3.8(iii) that Vp,q € H,

Corollary 3.1.4. If F is a-averaged, the inequality of Lemma 3.1.3 becomes

1
204)\/@

Lemma 3.1.5. For z* € fix(F), A\, €]0, 1], we have

lex — exs1ll” < (ex — ek, ex — eri1)-

lzk+1 — 2*)1* < llzk — 2*)1° — Tellexl® + viXellel-

Proof. By virtue of [16, Corollary 2.14| we get
lzks = 2217 = 1Fkzn — 2% + el
<N = M) 2k — 2%) 4 A(F k) — FEDI + videlex]
= (1= M)z = 217 + MillF (zi) = FEOI? = 7allz — F(z) 1 + vadellexl]
* (12
I

<z = 2517 = mellexll” + virpllexl)-

The non-expansiveness of F is used for the last inequality. O
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This lemma indicates that {zj }ren is quasi-Fejér monotone with respect to fix(F) as stated in Propo-
sition 3.1.2. Hence, {2 }ken is bounded, and the constant v, makes sense.

Corollary 3.1.6. If F is a-averaged, the inequality of Lemma 3.1.5 holds with
M €]0,1/a] and T, = Ak(i — )
Lemma 3.1.7. For \; € [0,1], {ex}ren obeys |lensil> — valler]| < |lex|*.
Proof. We have
lexal® = llenss —ex + exl* = llex® — 2{ex, ex — ensa) + llex — exsa |
< Jlerl® = 2(1 = Ax)(ex — ek ex — eny1) — 2(ek, €x — €xt1)
< llewl® = 152 llew = ersall® + vellexll < lexll® + vollex

where Lemma 3.1.3 is used twice in the second and third lines. O

3.2 Global convergence rates

In this section, we present the global convergence rate of the inexact Krasnosel’skii-Mann iteration
(3.1.1), the result consist of two aspects, piecewise and ergodic. Define dy as the distance of initial
point zp to the set of fixed points, i.e. dy = dist(zp, fix(F)).

3.2.1 Pointwise convergence rates

Theorem 3.2.1 (Pointwise convergence rate). For the inexact Krasnosel’skii-Mann iteration (3.1.1),
if there holds

0< mIf\I A <supAp <1 and {(k+1)|ex|}ren € 6. (3.2.1)
keN

Denote C1 = v1 ) ey Akllerl| + 12T D pen(k + 1)||ex]| < 400, then we have

dg +C4
leall <\ 1)

Proof. Condition (3.2.1) implies 7 > 0, {Tx}ren € ¢} and {Ai|leg|}ren € ¢1. Therefore, sequence
{2k }ken is quasi-Fejér monotone with respect to fix(F) ((iii) of Proposition 3.1.2). Thus, {||ex| }ren and

(3.2.2)

{llzx — 2*||}xen are bounded for any z* € fix(F). Hence v1, 5 and C; are bounded constants.
Choose z* € fix(F) such that dy = ||z0 — 2*||. From Lemma3.1.5, we have Vk € N,

Trllerl® < Nz — 2*1 = lze1 — 217 + i dlenl.
Summing up from j =0 to k,
k 2 2 2 k
> o millesl® < llzo = 241 = llzwra — 2*1 + 1 Do Aillesl- (3.2.3)
Owing to Lemma 3.1.7, we have Vj < k,

2 k-1 2
lewll” —ve D 2o lleell < llesl”.
Substituting this back into (3.2.3) yields,

(8 o) lel® < X2 omilleslP + 2 Do 75 Doy lleel

3.2.4
OJVVlz Ajllesll +ve Zj 0T Ze i leell | )
Finally, since (k + 1)7 < Z?:o 7, we get,
(k4 Dzlleal® < d+ 01 3o Ajllesll + 7 3oy (€4 Dllee]
< dg+v1 Y gen Mellenll + o7 Dy (B + 1)llexll,
which leads to the desired result (3.2.2). O
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Remark 3.2.2.
(i) After our work appeared, the O(1/vk) rate was improved to o(1/v'k) by the authors of [72].

(i) Since finding z* € fix(F) is equivalent to finding a zero of F ((ii) of Proposition3.1.2), Theo-
rem 3.2.1 tells us that O(1/e) iterations are needed for (3.1.1) to reach an e-accurate in terms of
the error criterion ||F(z)|* < e.

(iii) For the case of first-order methods for solving smooth optimization problems, i.e. the gradient
descent where F’ is just the gradient, the obtained pointwise convergence rate is the best-known
complexity bound [133].

(iv) If the iteration (3.1.1) is exact, then the sequence {||eg||}ren is non-increasing (Lemma 3.1.7),

hence we get |lex| < do/ Z?:o 7;, which recovers the result of [65, Proposition 11|. Note that
we provide a sharper monotonicity property compared to them.

(v) Obviously, our results hold true if we endow H with the following inner product and norm,

Ve, y € H
<xa y>V = <.1‘, Vy), Hva = <xv V.l’>,

where V is a bounded symmetric positive definite operator on H.

When F is a-averaged, then Theorem 3.2.1 holds with an adjustment on the relaxation parameter Ag.

Corollary 3.2.3. If F is a-averaged, then condition (3.2.1) changes to

0 < inf A\ <sup A\ < l,
keN keN @

and Theorem 3.2.1 still holds with 7, = Ag(£ — Ag).

3.2.2 Ergodic convergence rates

We now turn to the ergodic convergence rate of (3.1.1). For this, let us define
k _ 1 k
Ak = Zj:O)\j and €L = Tk Zj:[) )\jej.

Theorem 3.2.4 (Ergodic convergence rate). Suppose that Co = Y . Aklex| < +oo, then,

_ 2(d0 +C2)
Joel < 2o Ca)

In particular, if infpeny A > 0, then |lex]| = O(1/k).
Proof. Again, let z* € fix(F) such that dy = ||zo — 2*|. Since Fj is non-expansive, we have
Izk41 = 271 = 1Tk (zk) = Fn(2") + Meerll < llz — 27l + Aellex]
<ot — 2+ e Al < 20— 2+ oAl
This together with the definition of € yields
el = Il 3= S5m0 Aseill = 21 o (25 = 23401) + Thoodse|

y k 2(do +C
< /Tk(”ZO — 2% + |lze1 — 2| + Zj:OAjHEj”) < (OTQ)’

and we conclude the proof. O

Remark 3.2.5.
(i) As in the pointwise case, Theorem 3.2.4 holds when F is a-averaged, where Ay can be allowed to
vary in [0,1/a].
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(i) When & is firmly non-expansive, i.e. the resolvent of a maximal monotone operator ((iv) of
Lemma2.3.8), an O(1/k) ergodic convergence rate is also established in [128] with summable
enlargement errors. For the methods which can also be cast in the HPE framework, our result
coincides with the one in [128]. Note that in that work, they handled the non-stationary case
(i.e. the parameter of the resolvent varies), see also our extension to the non-stationary case in
Section 3.5. For the case without errors, we recover also the result in [14].

From Theorem 3.2.1 and 3.2.4, it is immediate to get the convergence rate bounds on the sequence
{llzx — zk+1|}ken in the exact case. To lighten the notation, let vy, = 2z — 2541 and v = k%&—l Z?:o vj.

Corollary 3.2.6. Assume that e, = 0 for all k € N.

. . dz?
(i) If 0 < infreny Mg < suppen A < 1, then |vg| < T
(ii) If A =infreny A > 0, then ”T)k” < I%?l'
Proof.
i) By definition v, = Agey, then from (3.2.2) we h = [wer]l < ) —kd </
(i) By definition vy = Ageg, then from (3.2.2) we have ||vg| = || Arer| < 0 <\ T
(ii) A direct result of Theorem 3.2.4 by replacing Ay with k + 1. O]

3.3 Local linear convergence under metric sub-regularity

In the literature, for various splitting algorithms applied to a wide range of optimization problems, the
following typical convergence profile has been observed in practice: globally the algorithm converges
sub-linearly, and after a sufficiently large number of iterations, the algorithm turns to another regime
where a linear convergence takes over. This has been for instance observed (and sometimes proved)
for DR or FB when solving sparsity-enforcing minimization problems, see e.g. [73, 114].

In this section, we study the rationale underlying this local linear convergence behaviour. Our
analysis relies on a metric sub-regularity assumption on the operator ¥ in (3.1.3).

Definition 3.3.1 (Metric sub-regularity [75]). A set-valued mapping A : H = H is called met-
rically sub-regular at Z for @ € A(Z) if there exists k > 0 along with neighbourhood Z of Z such
that

dist(z, A7} (20)) < kdist(a, A(2)), Vz € Z. (3.3.1)
The infimum of s such that (3.3.1) holds is called the modulus of metric sub-regularity, and denoted
by subreg(A;Z|a). The absence of metric regularity is signalled by subreg(A; Z|a) = +oc.

Metric sub-regularity implies that, for any z € Z, dist(a, A(z)) is bounded from below. The metric
(sub-)regularity of multifunctions plays a crucial role in modern variational analysis and optimization.
These properties are a key to study the stability of solutions of generalized equations, see the dedicated
monograph [75].

Let us now specialize this notion to F and 4 = 0. Since JF’ is single-valued and zer(F') = fix(F),
from (3.3.1), metric sub-regularity of ¥ at some z* € fix(F) for 0 is equivalent to

dist(z, ix(F)) < s[|F'(2)|, Vz € Z. (3.3.2)

There are several concrete examples of operators F where F” fulfills (3.3.2).

Example 3.3.2 (Projection operator). Let S C H be a non-empty closed convex set and F = Pg
be the projection operator. Then fix(F) = S, and

dist(z,8) = ||z — Ps(2)[| = [F(2)].-
Thus F is metrically sub-regular at any 2z* € S for 0 with Z = H and modulus 1.
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Using the relation between metric sub-regularity of ¥ and bounded linear regularity of F as defined in
[22], other examples can be deduced for instance from |22, Examples 2.3 and 2.5|. Two other instructive
examples, one on DR with two subspaces and the second on gradient descent will be discussed at the
end of the section.

Another interesting situation is when F is firmly non-expansive, that is F = J 4 for some maximal
monotone operator A ((iv) of Lemma2.3.8), for which case (3.1.1) is the relaxed inexact PPA. Let
z* € fix(F) = zer(A) and suppose that 0 € zer(A). If A is metrically sub-regular at z* for 0 with
modulus -y, then

dist(z, fix(F)) = dist(z, zer(A)) < ~dist(0, A(z))

= qdist(0,F 1 (2) —2) = inf |v—z|, Vze€ Z.
veF~1(2)

Thus for all w such that z = F(w) € Z, applying the previous inequality and using the triangle
inequality, we get

dist(F(w), fix(F)) < v[|F(w)[| and  dist(w, fix(F)) < (1 +7)[|F' (w)].

Clearly, this is closely related, though not equivalent, to metric sub-regularity of F’.

3.3.1 Main result

Metric sub-regularity implies that (3.3.2) gives an estimate for how far a point z is away from being the
fixed-point of F in terms of the residual ||z — F(z)||. This is the rationale behind using such a regularity
assumption on the operator ¥’ to quantify the convergence rate on dist(zg, fix(F)). Thus, starting
from zy € H, and by virtue of Theorem 3.2.1, one can recover a o(1/vVk) rate on dist(zy, fix(F)).
In fact, we can do even better as shown in the following theorem. We use the shorthand notation
dp = dist(zk, ﬁX(?))

Theorem 3.3.3 (Local convergence rate). Let z* € fix(F), suppose that F' is metrically sub-reqular
at z* with neighbourhood Z of z*, let k > subreg(F'; 2*|0), A\ € [0,1]. Choose r > 0 and define the
ball around z* as B,(z*) & {zeH: |z—2<r} CZ, assume Ca = Yoy Mkllex| is small enough
such that

B(T+Cz)(z*) g Z.
Then for any starting point zg € B,(z*), we have for all k € N,
1— I, if 7 /k* €]0,1]
diyy < Cedi + hy, where ¢, = { s e [0,1], (3.3.3)

Hfim, otherwise
and hy, = viAg|leg||. Moreover,
(1) di converges to 0 if {7 }ren ¢ £1+.
(ii) Let xx = H?:o G, ifx = lllcrgig) ¥/xk <1, then {dz}keN € €fr. When e, = 0, then kEIJPoo Y, <1,
which is linear convergence.

(iii) If 0 < infren Ap < suppey Ak < 1, then there exists ¢ €]0, 1] such that
k o
iy < CM(dg+ )0 oCTT T hy).
Proof. Choose " > r > 0, and make r smaller if necessary so that B,(z*) C B, (z*) C Z and there

holds
r4+Cy < 7.

Pick arbitrarily zp € B,(2*) (20 = z* will make no difference since we are considering the inezact case).
Owing to Lemma 3.1.5, for any Z € fix(5), we have

~ ~ ~ k
2k = 21 < llzk = 2l + Aellenll < - < llzo = 2l + D _oAjlleill < v +C2 <,
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which implies that starting from any point zg € B,(2*), zx € B,+(2*) holds for all k£ € N, hence z;, € Z.
For Vk € N, let Z € fix(F) be the fixed point such that di = ||z — Z||, and denote hy = 11 Ag||ek|, then
owing to the metric sub-regularity of ¥ and Lemma 3.1.5,

@241 < Do — 212 < Nl — 2P = el (o) — F O + hoe < d — T3 + by, (3.3.4)
< df— D(diy — he) + b = df = T+ e (3:3.5)

If 7,/k% €]0,1[, then from (3.3.4) we have di,; < (1 — Z)d; + hy, or if 1 < 7/k?, (3.3.5) yields
di,, < Nfijmdi + hg, A €]0,1] ensures k2 /(k? + 71,) €]0,1]. Therefore, we have

- T, if /K% €]0, 1]

k= €0, 1].
¢ HQ’ka, if 1 <7p/K? 10.1]
Furthermore,
k k
diy < Gedi+hi < - < e dd 4 Do br—jhy < xaedd + Dby (3.3.6)

where yi = H?:o ¢ and ¢p—; = H?:j+1 .
(i) From (3.3.6) we have d;_, < d3 + hy, then the dj — d > 0 ([147, Lemma 2.2.2]). If {7 }ren & £},
then ||ex| — 0 (Theorem 3.2.1), and by metric sub-regularity we have dj < kl|ex|, therefore d = 0.

(i) If x = limsup & < 1, then khrf Xt = 0 and {x%}ren, {Pk fren € 6#. Since also {hy}ren € K}F,
—+00

k——+o0
hence the convolution {Zfzo Gr—jhjtren € ﬁ}r, as a result, {xx d% + Z?:o k—jhjtken € E}s_ and
so is {d?} e
If e = 0, then from (3.3.6) we have klim Vdy, < limsup ¥/xr < 1.
—+00 k

—+o00
(iii) If 0 < infreny A\ < Supgeny Ak < 1, then there exists ¢ = supyey £2/ (k% + 7%) < 1 which concludes
the result. O

Remark 3.3.4.
(i) If the iteration is exact, i.e. ex = 0, then we have di1 < (v/C)*do .
(ii) When the fixed point is a singleton, Theorem 3.3.3 holds replacing dj by ||zx — 2*||.
(iii) For simplicity, suppose the iteration is exact, and let z* € fix(F) such that di = ||z — 2*|. Then
we have
lexl” = llzx — 2* + F2* — Fal|” < 4d3,
which means locally, |ley|| also converges linearly to 0 given that ), 7 = +o00.

(iv) As far as the claim in (iii) of Theorem 3.3.3 is concerned, if 3¢ €]0, 1 such that hy = O(&¥), then
(a) If £ < (¢, then di | = O(¢k).

(b) If ¢ = ¢, then di, , = O(kC*) = o((¢C + 6)F), 6 > 0.
(c) If £ > ¢, then df, | = o(&F).

Theorem 3.3.3 extends readily to the a-averaged case.

Corollary 3.3.5. If F is a-averaged, then Theorem 3.5.3 holds by substituting Apa for A\, and ko for
Kk, and moreover \, €]0,1/a].

Remark 3.3.6.
(i) When A\; = X and ¢, = 0, our second rate estimate in (3.3.3) encompasses that of 22, Lemma 3.8§].

(ii) Equivalent characterizations of metric sub-regularity can be given, for instance in terms of deriva-
tive criteria. In particular, as F' is single-valued, metric sub-regularity of ¥ holds if ¥ is differ-
entiable on a neighbourhood of z* with non-singular derivatives at z around z*, and the operator

— 38 —



Chapter 3 3.3. Local linear convergence under metric sub-regularity

norms of their inverses are uniformly bounded [74, Theorem 1.2]. Computing the metric regularity
modulus k is however far from obvious in general even for the differentiable case.

3.3.2 Two examples

To make the above result easier to grasp, we now discuss two illustrating examples.

Douglas—Rachford with two subspaces in R? Let 7} and 7T, two subspaces in R? forming an
angle of 6 €]0,7/2[. Consider the problem of finding 77 N T5 = {0} using Douglas—Rachford splitting.
Following |22, Example 2.3 and 2.5|, the fixed-point operator of DR for this case reads

cos?(6) — sin(6) cos(6)
sin(f) cos(0) cos?()

DR

It is then easy to check that J7 = Id — J, is such that |[|F7] _(z)|| = sin(f)||z|, hence metrically
sub-regular with modulus 1/sin(6). It then follows from (3.3.3) that the rate estimate is

Ge=1—(2= M) esin?(0) = (1 — X\e)? + Me(2 — \g) cos?(0) €]0,1], (3.3.7)

for A €]0,2[. This is exactly the optimal rate estimate provided in [118, 18] (see also Chapter 7).
Observe that as remarked in [118], the best rate ( = cos?() is obtained for Ay = 1 (i.e. no relaxation).

N Practical observation
N N — — Theoretical estimation
N P 2 N
U = - 10 N
25 . / J N
= N
o ® o N
- N
N
/24 10_6 X
N
. 21 ~
N
<3 N
42 -10 N
10 ;
0 10 20 30 40 50 60 70
k

(a) (b)

Figure 3.1: Example of finding the intersection of two subspace in R? using DR method. (a) two lines
intersect with the angle /4. (b) convergence profile of {||zx — zk+1/|}ken-

Figure 3.1 shows an example of the above problem, where the angle between the two lines is § = 7/4.
The non-relaxed DR iteration is applied, and the dots in (a) of Figure 3.1 is the sequence {z}ren.
The convergence profile of {||zx — zx+1||}rxen is shown in figure (b), where the solid line stands for
the practical observation and dashed line for the theoretically predicted profile using (3.3.3). From
(3.3.7) and (i) of Remark 3.3.4, we have ¢ = cos?(f), hence our rate estimate of {||zx — zr11| }ren is

VT =V3/2.

Gradient descent The second example is the gradient descent. Consider minimizing a smooth
convex function F' : R™ — R whose gradient VF' is Lipschitz continuous, and moreover F' is locally
C?-smooth and strongly convex on a closed convex neighbourhood S C R” a minimizer. F admits
a unique minimizer, and without loss of generality, we assume it is 0. Let 7,7 be the local strong
convexity modulus of F' and the Lipschitz constant of VI respectively. Then n > 0 is equivalent
metric sub-regularity of VI at 0 for 0 with modulus 1/7 [6, Theorem 3.5|.
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Chapter 3 3.4. Applications to operator splitting methods

For simplicity, consider the non-relaxed gradient descent [147| for minimizing F' with constant step-
size, i.e. Tpy1 = (Id —yVF)(xy) where v €]0,2/7[. Define F,,, = Id — vV F which is (v7/2)-averaged
(Lemma 2.3.9), then it is easy to see that the above iteration is a special case of (3.1.1) without error.
Define

F._ =1d—F,, =qVF.

By virtue of [75, Theorem 4B.1], FE}D is metrically regular, hence sub-regular, and the metric regularity
modulus £ = 1/(yn). In fact, we could have anticipated this directly from the local strong monotonicity
of VF. Specializing the rate of Theorem 3.3.3, we get

(=1-22-D e,

where we set t = v7) €]0,2[, and cnd = 7/n can be seen as the condition number of the Hessian of F
along S. It is obvious that the smallest ¢ is attained for t = 1, i.e. v =1/7.

An experiment is demonstrated in Figure 3.2, where the step-size is chosen as v = 1/(27). The
convergence profiles of |ex| = ||zx —xk+1] is plotted. For the legends of the plots, “T” means theoretical
predictions while “P” for practical observation. As predicted by our result, the convergence profile
exhibits two regimes, a global sub-linear one, and a local linear one.

102 |
102 }
-
N
6
10 Global T
Global P
———— Local T
——— Local P
10710 N 1 1
10° 10t 100 120 140

k

Figure 3.2: Global and local convergence profiles of gradient descent minimizing F' with (,7) = (0.8,1).
The step-size is chosen as v = 1/(27).

3.4 Applications to operator splitting methods

In this section, we apply the obtained results to conduct quantitative convergence analysis for a class
of operator splitting methods in the literature, and mainly focus on the global convergence rates. For
the methods introduced in Section 2.4 (PPA, FB, DR/ADMM, Primal-Dual splitting), out results can
be adapted to them readily. In to following, we focus on mainly 3 operator splitting methods, the
GFB, DR/ADMM and a Primal-Dual splitting method.

3.4.1 Generalized Forward—Backward splitting

The generalized Forward—Backward splitting method [148] considers solving the following monotone

inclusion problem, let m > 1 be an integer,
find 2 € H such that 0 € (B+ Y. A;)(x), (3.4.1)

where B : H — H still is S-cocoercive for some 5 > 0, and
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(i) A; :'H = H is maximal monotone for each i € {1, ..., m}.

(ii) zer(B+ >, A;) # 0.
By lifting problem (3.4.1) into a product space, GFB achieves full splitting by applying the resolvent
of each A;’s implicitly and B explicitly. The inexact form of GFB method is described in Algorithm 3.

Algorithm 3: Inexact generalized Forward-Backward splitting
Initial: Let (w;); €]0, 1[" such that Y w; =1, v €]0,25].
repeat

Let A\ €]0, 4627;7[, €1k, E2,ik € H:

Forie {1,---,m}
{Zi,kﬂ =Zik+ Ak (3%Ai(2xk — 2z — ¥B(zk) +e1k) + €2,k — Tk, (3.4.2)
Th+1 = sz;lwizi,k—i—l-

k=k+1;
until convergence;

GFB recovers FB when m = 1. If B = 0, then GFB recovers DR in the product space.

Product space of GFB Let (w;); €]0,+00]™, let H = H™ be the product space endowed with the
scalar product and norm defined by

Va,al € H, (@, a') = 3 wilws @), el = 0wl
Define Id the identity operator on .
Let S = {& = (2;); € H|z1 = -+ = z,} and its orthogonal complement S+ = {z = (z;); €
H|> " wiw; =0} C H. We also define the canonical isometry C : H — 8, x — (z,--- ,x). We have

Vz € H,
Ps(z) E C(Xr wizi).

Clearly Pg is self-adjoint, and its reflection operator is Rg 4 2Ps — Id.
Let v = (v:): € ]0,4+o00[". For maximal monotone operators A;,i € {1,...,m} on H, define the
operator YA : H 3 H,x = (x;); — X v;Ai(x;), i.e. its graph is

gra(’yA) = >< izlgra(’yiAi) = {(.’B,U) € 7‘{,2’113 = (.T,')i, u = (Ui>i; u; € ’YlAl(.fl)}
For a single-valued maximal monotone operator B, denote B : H — H, x = (x;); — (B(x;));. It
is immediate to check that both vA and B are maximal monotone. We also define the operators
Bs = B?s, Jya = (Jy.4,)i and Rya = 2d,4 — Id.
3.4.1.1 Fixed point formulation of GFB
Follow the product space, define the following 2 operators that act on H,

1
3:1’.7 = i(R'YARS + Id), EFQ;y =1Id — vBs. (3.4.3)

Lemma 3.4.1. For the two operators defined in (3.4.3), the following statements hold:
(i) The composed operator F oy = F14Fo, is %—avemged.

(ii) Vo €]0, +oo[™, there exists a mazimal monotone operator AL : H = H such that Fy = da,-
Proof. (i) Lemma 2.4.10 and 2.4.7. (ii) Lemma 2.3.8, or see [148, Proposition 4.15]. O
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Define u; 11 < J2 =y (2xy, — —vB(zy)),i € {1,...,m}, then the iterates of Algorithm 3 can be
reformulated to the followmg

Fori=1,---,m
Uj o1 = H%Ai(z%'k — 2 — vB(x)),
Zik+1 = Zik + Me(Uigt1 + €0k — Tk)s

m

L Lk+1 = =1 Wiik+1,

where € = (31 4,(2xk — i — YB(wk) + €18) + €2,ik) — Uik+1- Let €1 = Cler), €20 = (E2,i0)i;
then we can obtaln the fixed point iteration of GFB.

Lemma 3.4.2 (Fixed point formulation of GFB). Let v = ( ) then Algorithm 3 is equivalent

to the following inexact relaxed fixed point iteration,
Zk+1 = 2k + A (3’"1’7(9"277(20 + sl,k) +eo ) — zk), (3 A 4)
Th+1 = z:nzlwizi,k—l—l-

Proof. Start from Algorithm 3, we have
Zit1 = 2k + Mo (Jya ((2Ps — 2yBs — Id + vBs)(zi) + €1)
~ 3((2Ps = 2yBs — Id + yBs)(z) + e1x) + 3(2k — vBs(z1) + €1) + €2, — 2k)
=z + Mo (I4aPs(Fo(21) +E14) — %98(372,7(214) +e1 k)
+ %(3”2,7(%) +e1k) +ean — 2k)
= 2 + i (52074 — Id)Ps(Fary (1) + €1k) + 5(For(20) + €18) + €24 — 2)
= 2k + M (3RyaRs (Far (20) + 1) + 5(Far(21) + €14) + €25 — 21)
= 2z + M (F14(Foq(2k) +€18) + €28 — 21).-
Equivalence Ps(Fa2(2zk) +€11) = Rs(Fa,4(2k) +€1,1) is applied above since Fo(2;) +e1p € S. O

To lighten the notation, let F ., = F1 4F2,, then (3.4.4) can be written as
Zit1 = 2k + Ak(Faps (21) + 86 — 20), (3.4.5)

where e = (F1~(Fo(2zk)+e1k)+€2.k) —Fopp (21). Obviously, (3.4.4) is exactly in the form of (3.1.1).
Therefore, the GFB iterates converge weakly [148, Theorem 4.1|, and obey the convergence rates in
Theorem 3.2.1 and 3.2.4. Moreover, we can establish certain convergence rates for the structured
monotone inclusion (3.4.1).

3.4.1.2 Convergence rates of GFB
Define the following variables
Jkt1 = %1% — B(xy,) — % D Witli k1, Gepl = %Ek — B(71) — i i Willi ki 1,
Tp = %_’_1 25:0 Tj, Ujft1 = %_’_1 25:0 Wij+1, 1 € {1,...,m}.

Proposition 3.4.3. We have gx+1 € Y, Aiu; gy1. Moreover,
(1) If 0 < infren Mg < Suppeny M < 4257; {(k + Dlerslltren € €4 and Vi € {1,...,m}, {(k
Dllea,i k|l ven € €4, then

d(0> > AU g1+ B(Ziwiui,k—f—l)) <
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(i) If A = infren Ay > 0, {\iller il ren € €4 and {Xi)le2,ik

Yren € 01, Vi€ {1,...,m}, then

_ - 2(do +C2)
11+ B witisnr)| < S50y

C1,Co are the constants in Theorem 3.2.1 and 3.2.4 respectively.
Remark 3.4.4. The rate in (i) above in fact is o(1/vk) ((i) of Remark 3.2.2).

Proof.
(i) From the definition of u; ;41 and the resolvent equation (2.4.1), we have
20y, — 2 — YB(2g) — Uip1 € %Ai(ui,k—f—l)
= “’; (22 — 2zip — YB(x) — wipy1 + YB(Cwitti k1)) € Ai(wigr1) + wiB(X witti p41)-

Then sum up over ¢ to get

%xk — B(xr) — % > witti o1 + B(Cwittigg1) € Y Ai(t 1) + B(C witti 1)

For the summability of the errors, we have
D ken(E+ Dllexll < D04k + Dllersll + D2, ek + Dllezl]

< ien(k+F Dllerill + Dm0 Y pen (b + Dllea,igll < +oo,

hence Theorem 3.2.1 applies. Combining this with the fact that Id — vB is non-expansive
(Lemma 2.3.9), we obtain

d(0, 3 Ai (i jr1) + B(X wittikr1))
1
<|lgk+1 +vB(Ewitti k1) = §||(Id —B)zp — (Id — vB) (3 witti g+1) ||

1 1 1 1 [d2+C
= — ST Wil < = — < = < = 0 .
Sl = Zwittipn | < iz — wpall < Zllerll < 24/ 2675

(ii) Again, one can check that indeed (Agx|leg||) € £1. Thus, owing to Theorem 3.2.4 and the non-
expansiveness of Id — vB, we have

_ _ 1 _ _
[Gr41 + B withigy1)ll = ;H(Id —B)(7g) — (Id — yB) (X withi kv1) |

IN

IN

1, -~ 1,
g”fﬂk = D willy 1] < ;Hwk — Upy1 ||

IN

1
Sl S0 (i1 — 25 = Aseg) /Al

1 . k ] ] 2(d0 +Cg)
”YA(]‘? T+ 1) (HZO zk+1” + Zj:())‘j”sJ“) < ”YA(]‘? T+ 1) .

IN

Where xp, = C(xy), ur, = (u;); and &y, Uk are defined accordingly. O

Remark 3.4.5.

(i) Proposition 3.4.3 indicates that GFB provides an e-accurate solution in at most O(1/¢) iterations
for the criterion d(0,Y;A;(u;x) + B(X,wiuix))? < €, which also recovers the sub-differential
stopping criterion of the FB method when m = 1. This can then be viewed as a generalization of
the best-known complexity bounds of the gradient descent method [133].

(i) In [40], the following problem is considered
find = € H such that 0 € (A+ B+ Ns)(x), (3.4.6)

where
(a) A:H = H is maximal monotone, B : H — H be [-cocoercive with 5 > 0.

(b) S is a closed vector subspace of H.
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(c) zer(A+ B+ Ng) # 0.
A so-called Forward-Douglas—Rachford splitting (FDR) is proposed to solve the above problem

whose iteration is, with proper choice of parameters

Zk+1 = (1 — A\i)Zk —l— (Id + fRWARNS)(Id ’y?ngPs)(Zk)

(3.4.7)
Tpp1 = Ps(2kt1)-

By form, FDR shares the same structure as GFB. Therefore, FDR also obeys the convergence
rate established in Section 3.2.

(iii) Using the transportation formula of the cocoercive operators in [162, Lemma 2.8], one can write the
non-relazed and ezact GFB into the HPE framework introduced there, and derive the convergence
rate [128] as discussed in the related work. However, it should be pointed out that, to establish the
convergence rates for GFB under the HPE framework, neither relaxation nor errors can handle,
and the convergence rate is non-uniform [128]'.

3.4.2 Douglas—Rachford splitting and ADMM

For the monotone inclusion problem (3.4.1), let B = 0, m = 2, then (3.4.1) becomes the problem we
presented in Section 2.4.3.2 for the Douglas—Rachford splitting. Different from the DR iteration in
(2.4.10), let us consider the inexact version of it, which is described below.

Algorithm 4: Inexact Douglas—Rachford splitting
Initial: v > 0, 2o € H and x¢ = J4,(20).
repeat

Let \g G}O, 2], let €1k E2k+1 € H:

zip1 = (1= Xe)zi + M (26 + Jya, Qar — 26) + €16 — o),

(3.4.8)
Tht1 = Iy Ao (Zht1) + €2, k41

k=Fk+1;
until convergence;

If we compose A1 with some bounded linear operator L : H — G, then the problem would become
find € H such that 0 € (L*A1L + Ag)(x). (3.4.9)

One well-known method to solve the above problem is the ADMM which is DR method applied to the
dual of (3.4.9) [78], see Section 7.6 for more details. Therefore, in the following we discuss only the
DR method.

DR (3.4.8) takes exactly the form (3.1.1) with
1
For = 5( vA Rya, +1d),
= (3Rt Rty (1) + 2228) + 28) = T (1)) + €1k

see e.g. [57]. Moreover, we have ¥, € A(3) and (ex)pen € ¢4 owing to the summability of
{e1k ke, {e2.k tken. There if {M\(2 — A\g)}ren ¢ €4, the DR iterates then obey the convergence
rates in Section 3.2.

(3.4.10)

Let (zk,vr) € gra(A) be a sequence generated by an iterative method for solving the monotone inclusion problem
0 € A(z), then the non-uniform convergence rate means that for every k € N, there exists a j < k such that |Jv;| =

O(1/Vk).
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Next, we turn to the corresponding monotone inclusion problem (2.4.9), and develop a criterion
similar to Proposition 3.4.3. Define

Uk+1 = 3"/141 (ka - zk)’ Vi+1 = 37142 (zk+1)7
Gkt1 = %(2% — 2k — Upt1 + Zht1 — Vkt1)-

Proposition 3.4.6. We have gi11 € Ai(ups1) + A2(vgy1). Moreover, if 0 < infreny A < suppey Ak <
2, {(k + DllerklIren, {(k + 1)]le2 il ren € €4, then

A(0, Ar (1) + An(wng) < 2E2 S BG4 o1/ 4 1), (3.4.11)

wheredy and C1 are those defined in Theorem 3.2.1.
Remark 3.4.7. The rate can be improved to o(1/vk) as pointed in (i) of Remark 3.2.2.
Proof. From (3.4.8), we have

2z, — 2 — U1 € YA (up+1) and  zpgp — vpg1 € YA2(Vkg1)s

whose sum leads to

Gk+1 = %(2»’% — Zp — Uk 41 + Zkr1 — Vka1)
= %(2% — %k~ (Ak (k41— 26) + Tk — E1k) + Zht1 — Vkt1)
= %(ﬂfk — 2k — Zk+1 —2K) +e1 kT 2Zpr1 — ka)
= %( Ok — 2k) — (Vg1 — Zk41) + E(Zk — 2k41) + €1,2,%) € Ar(ups1) + A2 (vkt1),

where €191, = €11 +€2. Note that v, — 2z = (Id — Jy4,)(2,) and (Id — J44,) is firmly non-expansive
(Lemma 2.3.10), whence we get

d(0, A1 (wrs1) + A2 (vit1)) < [|gr+1l]

= %”(Uk = zi) = 3 (V1 = 2r41) + (2 — 2041) + e + €128 — €

(3.4.12)
< 2l = 2l + llewl + llevzn = exl) < S (12 = zken + Mk = Averll + flex])
< %()‘k”€k+1” + Aellerll + llewll 4 ller,ze —exll) < %llekll + %(Akllé‘kll + llerzr — exl)-
For the error ||ex|, we have
1
lerll < S1Rya (Ryas (zk) + 262.8) = Ryay Ry, (z) | + llevell < llevill + llezll, (3.4.13)
and similarly
lek — 12,6l < 2[le2,ll- (3.4.14)

Denote ¢ = %((2 + ) lleakl + lerel), since {(k+1)|er il een, {(k+1)|eokl}ren € €4, then we have
ler k| = o(1/(k+ 1)) and [leg k| = o(1/(k + 1)), which means ¢ = o(1/(k + 1)). Combining this with
(3.4.12) leads to the first claim of the proposition. O

Remark 3.4.8. The obtained convergence rate can be readily adapted to the ADMM method, by
exploiting the fact that ADMM is nothing but DR applied to the Fenchel dual of the problem. In
particular, one can then show that the pointwise convergence rate of ADMM is indeed O(1/Vk). A
similar result in the exact case is presented in [93].

3.4.3 A Primal-Dual splitting method

In [173], a more general monotone problem which involves parallel sums is considered. Let m be a
strictly positive integer and index i € {1,...,m}, and (w;); €]0, 1[" such that ) . w; = 1. Consider the
following primal monotone inclusion problem,

find 2 € H such that 0 € (A+ B)(x) + ZiwiLf((CiDDi)(Lix - 7)), (3.4.15)
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where

(i) A:H = H is maximal monotone, B : H — H is ,-cocoercive for some 3, > 0.
(ii) L;: H — G; is a non-zero bounded linear operator.

(iii) Cy, D; : G; = G; are maximal monotone, D; is Di—strongly monotone for some [ p, > 0.
The dual problem of (3.4.15) reads,
0 € (A+B)@)+ X wilio,
0€ (Gt + DY (i) = Liw + 14,
denote by P and D the solution sets of (3.4.15) and (3.4.16) respectively.
(iv) The set of minimizers of (3.4.15) and (3.4.16), i.e. P and D, are both non-empty.
In [173], the author proposed a Primal-Dual splitting method described in Algorithm 5 to solve the

find (v1 € G1,...,v € G,) such that (3z € H) { (3.4.16)

above problem, whose inexact iteration is given below. Given v, ('yci)l > 0, define

ﬁ:min{ﬂB,ﬁDl ,BD }mln{ 1 L ,’%}(1*\/’714 Zi’yciwiHLiH?).

Va’ 'Ycl

Algorithm 5: An inexact Primal-Dual splitting

Initial: Choose v,, (’Yci)i > 0 such that 28 > 1, and z9 € H,vio € Gj;
repeat

Let A\ E}O, %], (51,k752,k) € H and (53,i,k754,i,k) e€g; forie {1, ey m}:
Pyt = 3y a(wr — v (Cwilivi g + B(ag) + €14)) + €2,k

Tpy1 = 241 — Tk,

Thi1 = T + A (Prr1 — Tk),

Fori=1,---,m (3.4.17)

qik+1 = H’Yc.cfl (Ui,k + Ve, (LiZpq1 — Di_l(vi,k) — €3,k — Ti)) +€4,i ks

Vikt1 = Vik + Me(Qik+1 — Vik)-

k=k+1;
until convergence;

A very similar problem to (3.4.15) is considered in [62], where the authors consider the same problem
but without the weight parameter w;. The main difference of the two algorithms is the product space
which will be introduced shortly, and they are the same when m = 1, see Chapter 8 for the method
proposed in [62]. Algorithm 5 recovers the method in [66] when m = 1,7 = 0, D = 0, and the method
proposed in [51] if moreover B = 0 and A\; = 1.

Fixed point formulation In this part, we recall briefly the fixed-point formulation corresponding to
(5) whose detailed derivation can be found in [173, Section 3|. Define the product space G = Gy x---xG,,
endowed with the scalar product (vi,v2)g = D> 1, wi{v1,, v2,)g, and associated norm || - ||g. Let
IC = H®G be the Hilbert direct sum with the scalar product {(x1,v1), (x2,v2))1c = (x1, x2)+{v1,v2)g
and norm || - ||xc.

Define the following operators on IC,

C: K=K, (z,v) — (A@) x (r1 + C7 1)) X -+ X (1 + CHom)),
D: K- K, (z,v) = (XC,wLiv,—Liz,--- ,—Lyx),

E:K—-K, (r,v)— (B(z),D (vl) -, D1 (v,)),

V: K-> K, (m,v)H(%x—zwlL*vlw vy — Lyz, - ’VCMU”‘_me)'
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It can be shown that C' and D are maximal monotone, E is -cocoercive, and V is self-adjoint and
n-strongly positive. Then the fixed point equation of (5) is [173]

Zptr1 = 2k + Mg (HA(Zk - B(Zk) - 627k) + ek — Zk)7 (3.4.18)
where A=V Y(C+ D), B=V'E, z, = (Tks V1 ks s Umk), and the errors are

€1k = (52,]6; €41,k " a54,m,k’); €3k = (Sl,k‘a €3,1,ky" " a63,n,k’)a

Lcynp), €26 =V ' ((D+E)(e1x) + €35 — €a)-

1 1
Eqk = (* E2ks 3o Eh Lk 5

Iteration (3.4.18) has the structure of FB, and by Remark 2.3.12, the fixed-point operator
Fop =da(ld-B) € A(45 1)

Thus, (3.4.18) is a special instance of (3.1.1). In addition, since ;1 and e, (resp. €35 and €4, 1)
are summable in M (resp. in G;), so are €1 and €2, in IC. Therefore, the iterates (3.4.17) obey the
convergence rates in Section 3.2.
Observing that fix(F,,) = zer(A + B) = zer(C + D + E) we also have the following bounds. We
will denote § = max{7 , ,Yé e %}, T = infgen )‘k(W — A\), and
Gkt1 = )le(zk+l — (1= Aw)zk) — e,
where e, = (Ja(zx — B(zk) — €2) + €1,%) — da(z, — B(zy)).

Proposition 3.4.9. Suppose 0 < infrey A\p < Supgeny Ax < 45 =, {(k+1)|ejrlltren € €4, § = 1,2,
and {(k +1)|lg; ikl ren € €1, 5 =3,4. Then

20 [ d:+Cy

where C1 < +o00 and dy = infeqx(s, ) 120 — 2|lxc-

The proof is similar to that of Proposition 3.4.3 and will not be included here, moreover it can be
improved to o(1/vk). Again, Proposition 3.4.9 can serve as a stopping criterion for the primal-dual
monotone inclusion (3.4.15)-(3.4.16). An ergodic bound can also be derived. However, for the sake of
brevity, we choose to omit the presentation of the result.

3.5 The non-stationary case

The fixed-point iteration discussed in Section 3.2 is stationary, namely, the fixed-point operator F of
(3.1.1) is fixed along the iterations. In this section, we study the non-stationary version of it, and
show that, the non-stationary case can be seen as a perturbation of the stationary one. Moreover the
iterates are convergent if the extra perturbation error is absolutely summable.

3.5.1 General convergence analysis
The definition of non-stationary Krasnosel’skii-Mann iteration is given below.

Definition 3.5.1 (Non-stationary Krasnosel’skii-Mann iteration). Let . : H — #H be a non-
expansive operator depending on a parameter I'. Let A\, €]0, 1]. Then the non-stationary Krasnosel’skii-
Mann iteration is defined by

Zk+1 = Zk + Ak (EFrk (Zk) + & — Zk) = EFFk»‘k (Zk) + ApEk, (3.5.1)

with F. = AFy + (1= A)Id. If we define e, = (F, — F)(2k), 7 = &1, + €, then (3.5.1) can
be rewritten as
Zk+1 = ()\k.rfr + (1 — )\k)Id) (Zk) + AT = ?F,Ak 2k + AT, (3.5.2)
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where F,, = MeFL + (1 — Ag)Id. The corresponding residual ey, of (3.5.1) becomes

e = b Zktl —>\Zk+1 + 7.
k
Comparing (3.5.2) to Definition 3.1.1, a new error sequence 7y, is introduced. To obtain convergence
of the non-stationary iteration, we adapt arguments from [104] (Banach spaces endowed with an

appropriate compatible topology) and [105] (real Hilbert spaces). For convenience, we recall that
T = infkeN )\k(l — >\k)

Theorem 3.5.2 (Convergence of (3.5.1)). Assume the following holds:
(A1) fix(Fy.) # 0.

(A.2) Vk e N, From, 8 (1 + Bg)-Lipschitz with By, > 0, and {By}ren € .
(A.3) A €]0,1[ such that T > 0.
(A4) {Nellerll}ren € €4
(A.5) Vp € [0,400], the sequence {\ Ay ,}ren € L}, where
Agp = Sup 19y, (2) = Fr () (3.5.3)
<p

Then {ex}ren converges strongly to 0, and {zx}ren converges weakly to a point z* € fix(F.).

Proof. For the sequence {zj}ren generated by (3.5.1), and z* € fix(F.), we have
kst — 20 = 1T, (26) + Ak — T, ()]
< H oMk (2k) — EFFk,)\k( N+ 15 ThoAg (%) = Str,xk )+ Axllexll
S ( + /Bk)HZk — Z*H + )‘kAk,Hz*” + )\k”gk”

As {Brken, {Aklleklfren and {AkAy |2+ b ren are summable by assumptions (A.2), (A.4) and (A.5), it
follows from [147, Lemma 2.2.2] that the sequence {||z; —2*| }xen converges, hence bounded. Therefore,
zj is bounded in norm by some p € [0, +oo[. This implies that

loter = Fen, (Gl = 1T 1 () + et — Ty )l <MDy + il

In other words, the (inexact) non-stationary iteration (3.5.1) can be seen as a perturbed version of the
(inexact) stationary one with an extra-error term which is summable owing to (A.5). The rest of the
proof follows by applying [104, Proposition 2.1 and Remark 2.2| (see also [39, Remark 14]) using (A.1)
and (A.3). O

If fr"Fk were non-expansive, then obviously (A.2) is in force, and in turn, Theorem 3.5.2 holds. In the
specific scenario where Vk € N, ff‘"rk is a-averaged, oy €]0, 1], we can further refine the choice of Ag.
Here we take a different route from the one in [57]. By definition, Vk € N, there exists a non-expansive
operator F. : M — H such that J. = opF + (1 — ag)Id. Let F,. be a non-expansive operator, and
N, = apAg. We have the following corollary.

Corollary 3.5.3. Assume that
(A'.1) fix(F,.) # 0.
(A’.2) Vk € N, Fy, is ax-averaged, ay €]0, 1].
(A’.3) A\ €]0, a—k] Such that infren A (1 — X)) > 0.
(A"4) {Nekllewl}ren € €4
(A’5) Vp € [0,+00[, {N,Akp}ren € £}, where Ay, = sup|, <, 155, (2) = Fp ()]
Then {er}ren converges strongly to 0, and {z}ren converges weakly to a point z* € fix(F.).
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Assumptions (A.4)-(A.5) of Theorem 3.5.2 imply that

> e Melmell < D e ller, |+ lerll) < +oo.

Therefore, if we can further impose a stronger summability assumption on {7 }ren as in Theorem 3.2.1,
then we can obtain the iteration-complexity bounds for the non-stationary iteration (3.5.1) as well. This

is stated in the following result. Recall Ay, = Z?:o)‘j’ € = A%Zj:o)‘jej’ and do = infex(s,.) 20— 2]

Proposition 3.5.4. Assume that (A.1) holds, and that Yk € N, Strk 18 MON-expansive.
(i) Suppose that (A.3) is verified, {(k + 1)|lex|}ren € €4 and {(k 4+ 1)Ag p}rent’, Vp € [0, +0c],

where Ay, , is given by (3.5.3). Then,
d? +Cy
Jewl </ B,

where Cq is a bounded constant (see Theorem 3.2.1).
(ii) Suppose that N\, €]0,1] such that (A.4)-(A.5) are verified. Then
do +C2)
Ay

_ 2
lew] < &

where Co is a bounded constant (see Theorem 3.2.4). In particular, if infren A\, > 0, we get O(1/k)
ergodic convergence rate.

Proof.

(i) By assumption, we have ), (k + 1)||mx| < 4+o00. All assumptions of Theorem 3.2.1 are then
fulfilled and the result follows.

(ii) Similarly all required assumptions to apply Theorem 3.2.4 are in force. O

Remark 3.5.5.
(i) The convergence rate of ||ex|| can be improved to o(1/v/k) as pointed out in (i) of Remark 3.2.2.

(i) If metric sub-regularity assumption is imposed on Id — J ., a result similar to Theorem 3.3.3 can
be stated. But now, we have ¢, = 1 A\ (||lex|| + Ax,p). So the actual local convergence behaviour
depends also on the additional perturbation error brought by non-stationarity as captured by
Ay, p, even in the exact case. Thus, similarly to Remark 3.3.4, if |lex|| and Ay , converge linearly,
then so does dj, = d(z, fix(J7.)) locally. If the non-stationary error Ay, , decays sub-linearly, then
it dominates.

3.5.2 Application to the non-stationary GFB

As discussed in Section 3.4.1, the fixed-point operator F

GFB
the sake of appearance, we denote F, o F o in this section. Now let v vary along the iteration, and

of GFB depends on a parameter ~y, for

denote the following operators
Fiop = 3(RyaPs +1d), Fory =Id—Bs and Fp = F1 5, Fs .

Recall that for {v;}ren €]0,28], Fy, is ap-averaged with oy = %, and Fy is a-averaged with
a = %, for v €]0,28[. Moreover, there exists non-expansive operators J- and J,, such that
Fy=aTy+ (1 —-a)ld and F,, = T+, + (1 — ay)Id.
Let €4, = (Fy, — Fy)(zk), ™ = €4, + €. The the non-stationary version of (3.4.4) is defined by
Zky1 = 2k + )\k(i-}'.,(zk) + T — 2Zk). (3.5.4)
Theorem 3.5.6. For the non-stationary iteration (3.5.4), if the following assumptions hold
(A1) zer(B+3),A;) #0.
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(A”.2) X\ €]0, a—lk[, such that infrey )\k(o%k — ;) > 0.
(A”.?)) {/\k”bk”}kEN € g}r and {)\k”ai,k”}keN e/l , Vi € 1n.
(A”.4) v,y €]0,28] such that 0 < v <y, <7 < 26, and { M|y — |} ren € K}F.
then, the sequence {zy}ren generated by (3.5.4) converges weakly to a point in fix(Fy).

If we further assume that {(k+1)|y, — 7 ken € €4, {(k+1)[b[} ren € €4, and {(k+1)]laik ] ren €
f}i_, Vi € 1n, then we obtain the pointwise iteration-complexity bound for the non-stationary version of
GFB algorithm as stated in (i) of Proposition 3.5.4.

Proof. It is sufficient to verify the conditions of Corollary 3.5.3 to conclude.
e Assumption (A’.1) is fulfilled thanks to (A”.1) since Ps(fix(Ty)) = Ps(fix(Fy)) = zer(B +
Zi Ai) 7& @
o As F,, € A(aw), Fqp z, € A(agAg), and thus assumption (A’.2) is in force.
e (A’.3) holds thanks to (A”.2).
e (A’.4) follows from (A”.3).
e It remains to check that (A”.4) implies (A’.5).
By definition of Ty and J,,, we have
1 1 1 1
It then follows that
1T4(2) = Ty (@)l = ll 5 (Fry — 1d)(2) — 5 (Fy — 1d)(2)]]
1
<lap = all@F 12 + N Fy — 1) (2) = (F ~ 1) (2] (3.5.5)
— 1
< D= @p + 1T 0 + - 11F () — Fo (I
Now, non-expansiveness of F -, yields
1F3(2) = F5 (2 < NF1ypFomi(2) = Fry Foq ()| + [F14,F24(2) = F14F24(2)]
< F25,(2) = Foy ()| + [F14,F24(2) = F14F2,(2)]. (3.5.6)

Term 1 Term 2
We first bound the first term in (3.5.6),

[F2(2) = Fory () < [7 = 2I| Bs(2)]]
(Triangle inequality and B is /Bfl—Lipschitz) < (ﬁ_lp + ”B(O)H)h/k — ’y’,

where B(0) is bounded. Let’s now turn to the second term of (3.5.6). Denote zg = Ps(z) and

(3.5.7)

zZ_, =z — zg, then

sl
v=F1,F(2) v= z, + Jva(zg — Zo, — 7' B(zg)),
Let y = z5 — z_, — 7B(2;), then we have
Fi1yFoq(2) = F1yF24(2) = 0y,a(y) — d1a(y).
Denote uy, = J~, Ay, u = Jyay. By definition of the resolvent, this is equivalent to

(u, %) € gra(A) and (uk, Y ;kuk) € gra(A).

Since A is monotone, and by assumptions on ~; and 7, it follows that
(Ut ) > 0 e - el < By — - ).
Ve 8! v
Therefore, using Cauchy-Schwartz inequality and the fact that Id—J, 4 € A(%) is firmly non-expansive,

=l < 2= 1d = 3, )yl < 22y + 13,4000, (353)
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where ||J44(0)]]* = Eiwi|]81_(())||2. Using the triangle inequality, the Pythagorean theorem and non-

expansiveness of 3Bg, we obtain
lyll < llzs =z, 1 +71B(zs)ll < p+7B(zs) — Bs(0)l| + 7l Bs(0)|
< p+B87 Izl + A BO)]| < p+787 o +3IB(0)].
Putting together (3.5.5), (3.5.7), (3.5.8) and (3.5.9), we get Vp € [0, +00]
2per By = 2per ek Sup [Ty, (2) = Ty(2)]
z||<p

(3.5.9)

S C ZkEN )\k|’Yk - ’Y| < +OO7

where

=22 50N 21424 3) 1 (14 2)BO) + L3301 < +o0.

46 -7 A
Consequently, (A.5) is fulfilled.

The last statement of the theorem is a simple application of Theorem 3.2.1. O

Remark 3.5.7.

(i) For the non-stationary versions of the methods discussed in Section 3.4, for instance, the DR and
FDR methods, whose fixed-point operators also depend on 7y, Theorem 3.5.6 is also applicable. In
general, the summability assumption (A”.4) of Theorem 3.5.6 is hard to remove, except for some
special cases. For instance for the FBS method, as stated in [63, Theorem 3.4], where v €]0, 23],

but A, €]0, 1] instead of |0, 4’82737’“[ here.

(ii) Recall the term ¢ in the bound (3.3.3) of Theorem 3.3.3. Clearly, for the non-stationary GFB
iteration, even if the approximation error €5 = 0, we still have ¢, = v1A\ye,, # 0. Therefore, under

metric sub-regularity of Id — F,, a bound similar to (3.3.3) can be obtained, whose performance
will depend on how fast |y, — 7| converges to 0.

(iii) In Chapter 7, the non-stationary Douglas-Rachford splitting is considered (Algorithm 13), to
ensure the global convergence, summability condition {Ax|yx — 7|} ken € €} similar to the non-
stationary GFB is needed.

3.6 Numerical experiments

In order to demonstrate the established convergence rates, in this section we consider 3 numerical
examples:
(i) anisotropic total variation (TV) based image deconvolution with intensity constraint.
(ii) matrix completion with non-negativity constraints (NMC).
(iii) principal component pursuit problem (PCP) with application to video background and fore-
ground decomposition.
All the problems are solved by both GFB and the Primal-Dual splitting (3.4.17) which is denoted as

“PD”. It should be noted that, since we do not have errors for the presented experiments, the pointwise
convergence rates obtained are actually o(1/v/k).

Linear inverse problems Suppose we have an object zo, € R”, instead of accessing it directly,
we can obtain only the observation indirectly through some bounded linear operator X, and possibly
contaminated by noise,

f=Xzon + w, (3.6.1)

where K : R™ — R™ is the bounded linear operator, w € R™ stands for noise, and f € R™ is the
observation. Typical examples of (3.6.1) include the compressed sensing problem where X is Gaussian
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random matrix [46], and the image deblurring problem where X is the point spread function as we
have seen in Section 3.6. Then common types of noise w consists of sparse noise, uniform noise and
noise with bounded ¢5-norm.

Recovering z,p, from f in general is a difficult problem, since K usually is either under-determined or
square yet badly conditioned, or the noise w needs to be modeled properly. The situation changes if cer-
tain prior information of xy, is available (e.g. sparsity), and a popular approach to recover /approximate
Zop 18 through the following regularization model

min F(z) + Y . Ri(z), (3.6.2)
r€eR™
where m € N, is an integer,

e for each i = 1,...,m, R; is the regularization term based on the prior information(s), such as
(group) sparsity, piecewise constant, and low-rank, etc..

e [ is the data fidelity term depends on the noise model, for instance when z has bounded f5-norm,
then F takes the form F = || Xz — AP,
A wide range of problems, arising from fields like inverse problems, signal/image processing, and
machine learning etc., can be covered by model (3.6.2).

Anisotropic TV deconvolution For this example, let 2o, € R™*™ is an image, X : R™*" — R"*"
be the linear operator corresponding to a point spread function (i.e. blur kernel), and w be an additive
white Gaussian noise. Then f € R™ ™ is the noised blur observation of x.,. The deconvolution
procedure is to provably recover or approximate z,}, from f, here we consider the anisotropic TV [154]
based deconvolution model which is

. 1
min 5Kz — £|* + pl|Dpye (2)ll; + ta(), (3.6.3)
TERnXN

where 1 > 0 is the regularization parameter determined based on the noise level, D, denotes a finite
difference approximation of the derivative [154], and ¢q(+) is the indicator function of box constraint,
for instance Q = |0, 255]”2 if x is gray scale image. The problem can be solved by both GFB and
PD methods, where the proximity operator of tq(-) is the projection onto set 2, and for GFB, the
proximity operator of |D,.(-)||; is computed by graph-cut [48, 97].

Figure 3.3 displays the observed pointwise and ergodic rates of ||eg|| and the theoretical bounds given
by Theorem 3.2.1 and 3.2.4. Pointwise convergence rate is shown in subfigure (a) and (c), whose left
half is log-log plot while the right half is semi-log plot. As predicted by Theorem 3.2.1, globally ||e||
converges at the rate of O(1/ \/E) Then for a sufficiently large iteration number, a linear convergence
regime takes over as clearly seen from the semi-log plot, which is in consistent with the result of
Theorem 3.3.3. Let us mention that the local linear convergence curve (dashed line) is fitted to the
observed one, since the regularity modulus necessary to compute the theoretical rate in Theorem 3.3.3
is not easy to estimate. For the ergodic convergence, subfigure (b) and (d) of Figure 3.3, O(1/k)
convergence rates are observed which coincides with Theorem 3.2.4.

Non-negative matrix completion For this example, suppose xo, € R™™ in (3.6.1) is a low rank
matrix with non-negative entries, X : R"*™ — R™ is a measurement operator which selects m entries
of its argument uniformly at random. The matrix completion problem consists in recovering xqp, or
finding an approximation of it, by solving a convex optimization problem, namely the minimization of
the nuclear norm [45, 47, 150|. In penalised form, the problem reads

. 1
min ollf = Kall® + plfe], + e, (@), (3.6.4)

where ¢p, (+) is the indicator function of the non-negative orthant accounting for the non-negativity
constraint, and g > 0 is a regularization parameter typically chosen proportional to the noise level.
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Figure 3.3: TV deconvolution of the cameraman image. (a) pointwise convergence of GFB, (b) er-
godic convergence of GFB, (c¢) pointwise convergence of PD, (d) ergodic convergence of PD. Both
methods achieve local linear convergence. Note that (||leg||)xen is non-increasing, which coincides with
Lemma 3.1.7 when ¢, = 0.

The proximity operator of both | - [|,, tp, (-) have explicit forms, as prox)._(z) is soft-thresholding to
the singular values of  and prox, Py (z) is the projector on the non-negative orthant.

Figure 3.4 displays the observed pointwise and ergodic rates of ||ex| and the theoretical bounds
computed given by Theorem 3.2.1 and 3.2.4. Both global and local convergence behaviours are similar
to those observed from Figure 3.3.

Principal component pursuit In this experiment, we consider the PCP problem [44]. Different
from (3.6.1), the forward observation model of PCP problem reads,

f =%ob,, T Tob,g +w,

where xp, , is low-rank, zop ¢ is sparse, and f, w are the observation and noise respectively. The PCP
proposed in [44] attempts to provably recover (zop ,,Zob,q) to a good approximation, by solving a
convex optimization. Here, we also add a non-negativity constraint to the low-rank component, which
leads to the following convex problem

. 1 9
min §”f — 1z, — xgl|" + pllzglly + pellz, . +epy () (3.6.5)

nxn
zL,xSER

Observe that for given an z,, the minimizer of (3.6.5) is «% = prox,, | (f — z,). Thus, (3.6.5) is
equivalent to
min (|- ) - 2,) + pple, |, + e, (), (3.6.6)

z; ERnX"

where ' (p1| - [|,)(f — z,,) is the Moreau Envelope of p1]| - ;-
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Figure 3.4: The size of the matrix x is 400 x 300, rank(x) = 20 and the operator X is random projection
mask. (a) pointwise convergence of GFB, (b) ergodic convergence of GFB, (c) pointwise convergence

of PD, (d) ergodic convergence of PD.

A synthetic example is designed to demonstrate the comparison of the two methods, as shown in
Figure 3.5. Pointwise convergence rate of |eg|| is shown in subfigure (a) and (c¢). Then in subfigure (b)
and (d), we display the convergence behaviour of the criteria provided in Proposition 3.4.9.

Non-stationary iteration Now we illustrate the non-stationary iteration of GFB applied to PCP

problem. The above comparison indicates that in practice we can choose the relaxation parameter Aj
1

as A\p = 1 and A\ = 2

, Vk > 2. Next, we compare this setting with the non-stationary GFB, for the

stationary case, we let v = 1.55, A\, = {1, ﬁ, .-+ }, for the non-stationary case, let 79 = 1.53, then 3
scenarios of v are considered,
1.96 — 1.98 — 1.96 —
Yk =0 + %7 Y2,k = Y0+ %7 Y3,k =0 + ¥.

The result is given in Figure 3.6. We can conclude from the observation that

e Globally, the non-stationary iterations are slower than the stationary one. Then locally, the local
linear rates are also slower than the stationary one, moreover, for v, and 73, the iterations
eventually become sub-linear, implying that, the iteration is controlled by the perturbation error.

e The non-summability of (|vs% — Y0|)ken € ¢} shows that our assumption on the convergence of
the non-stationary iteration is appropriate.
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Figure 3.5: The size of the matrix f is 400 x 300, rank(zop , ) = 20 and the sparsity of xqp, o is 25%,
namely, 25% of the elements of z,}, , are non-zero. (a) pointwise convergence of |lex| of GFB, (b)
pointwise convergence of ||gy + B(>_, wiui )| of GFB, (c) pointwise convergence of |ex| of PD, (d)
pointwise convergence ||gi|| of PD.
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Figure 3.6: Comparison of stationary and non-stationary iterations of GFB.
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Chapter 4

Multi-step Inertial Operator Splitting
Algorithms

Main contributions of this chapter

» We propose a variable metric multi-step inertial operator splitting method (Algorithm
7) and prove its global convergence.

» We propose a multi-step inertial Forward-Backward for non-convex optimization (Al-
gorithm 11) and prove the global convergence of the generated sequence.

The content on multi-step inertial FB for non-convex optimization will appear in [117].



Chapter 4 4.1. Introduction

Contents
4.1 Introduction . ... .. ... .. i e e e e 58
4.1.1 Problem statement . . . . . . ... ..o 58
4.1.2 Related work . . . . . ... 59
4.2 Variable metric multi-step inertial operator splitting . . . . . ... .. 62
4.2.1 The MUSTARD algorithm . . . . ... ... ... ... ... ...... 62
4.2.2 Global convergence of MUSTARD . . . ... ... ... ... ...... 64
4.3 Extensions of MUSTARD algorithm . . ... ... ............ 68
4.3.1 Inertial Douglas—Rachford/ADMM . . . . .. ... ... ... ...... 68
4.3.2 Inertial Generalized Forward—Backward . . . . ... ... .. ... ... 70
4.3.3 Imertial Primal-Dual splitting . . . . . . .. .. ... ... ... ... 71
4.4 Multi-step inertial FB for non-convex optimization . . . . ... .. .. 72
4.4.1 The ncvx-MiFB algorithm . . . . . .. .. ... ..o 72
4.4.2 Global convergence of ncvx-MiFB . . . . ... ... ... ... 73
4.5 Numerical experiments . . . . . . . . . . . 0 i i it i e e e e 75
4.5.1 Inertial Forward-Backward splitting . . . . . .. .. .. ... ... ... 75
4.5.2 Inertial Douglas—Rachford splitting . . . . . . . ... .. ... ... ... 78
4.5.3 Inertial Primal-Dual splitting . . . . . . .. .. ... ... .. ... 79
4.5.4 The non-convex Case . . . . . . « o v v vttt e 81
4.6 Proofs of main theorems . . ... .. ... ... .. ... 000 82

In this chapter, we propose the following two multi-step inertial operator splitting methods:

(i) A variable metric multi-step inertial Forward-Backward splitting method, dubbed as “MUS-
TARD?”, for general monotone inclusion problems.

(ii) A multi-step inertial Forward-Backward splitting method, which is called “ncvx-MiFB”, for non-
convex optimization.

For the MUSTARD algorithm, global convergence properties of the generated sequence are provided in
Section 4.2. Moreover, since it is proposed for solving general monotone inclusion problems, extensions
to various existing operator splitting methods (e.g. non-relaxed DR, GFB and Primal-Dual splitting)
are discussed in Section 4.3. One common property of these operator splitting methods is that their
fixed-point iteration can be written as finding the zeros of a monotone inclusion problem, which is
different from the original one, for instance the Primal-Dual splitting method (2.4.14) we have seen in
Section 2.4.3.3.

For the ncvx-MiFB, under the assumption that the objective function obeys the Kurdyka-t.ojasiewicz
property (see Definition 4.4.2), we prove global convergence of its generated sequence to a critical point
in Section 4.4.

4.1 Introduction

4.1.1 Problem statement

Let’s recall monotone inclusion problem introduced in Section 2.4 for the Forward—Backward splitting
method, .e. finding the zeros of the sum of two maximal monotone operators,

find z € H suchthat 0 € A(x) + B(x), (Pinc)

where H is real Hilbert space, and
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(A1) A:H = H is a set-valued maximal monotone operator.
(A.2) B:H — H is maximal monotone and S-cocoercive for some § > 0.

(A.3) zer(A+ B) # 0, i.e. the set of zeros of A+ B is non-empty.

Owing to Lemma 2.3.2 and 2.3.9, we can link problem (Pj,.) to finding the minimizers of the non-
smooth optimization problem

I;Iél?l_[l <I>(l‘) = F(SU) + R($), (Popt)

where
(A.4) R € T'g(H) is a non-smooth function.
(A.5) F is convex and differentiable, and VF' is (1/3)-Lipschitz continuous.
(A.6) Argmin(®) # (), i.e. the set of minimizers is non-empty.

Under assumptions (A.4)-(A.6), the first-order optimality condition of problem (P,p¢) (Theorem
2.1.13), reads

z* € Argmin(®) <= 0 € OR(z*) + VF(z*). (4.1.1)
Clearly, if we let A =0R and B = VF, then (P,p) is simply a special case of (Pinc).

As introduced in Section 2.4, both problems above can be handled by the Forward-Backward
splitting method [119, 140]. We have seen from Chapter 3 that the convergence rate of the se-
quence generated by FB method is at best o(1/vk) (i.e. |zy — z1_1|| = o(1/Vk)), which is not
fast. See also [134, 36, 24] for the O(1/k) convergence rate of objective function of the FB, i.e.
O(xp) — P(z*) = O(1/k).

Due to the slow convergence property, acceleration techniques of the FB method have been a hot
topic over the past years, and several authors have developed very efficient variants of the FB. Before
presenting the proposed algorithms, we think it is necessary to go through a brief overview of the
literature, about the development of several popular acceleration techniques: from the acceleration of
the gradient descent, then PPA, and eventually the FB method.

4.1.2 Related work

For the sake of brevity, here we consider the non-relaxed version of the FB iteration

Tk+1 = g'ykAad - ’YkB)(xk)a Vk 6]07 25[

It is straightforward to see that FB reduces to the PPA (2.4.5) when B = 0, and the gradient descent
when A = 0.

4.1.2.1 Gradient descent and heavy ball method

Consider the optimization problem (P,,¢) and let R = 0, then FB becomes the following gradient
descent method,

Tpyl = Tk — ’kaF(xk), Vi 6]0, 25[ (4.1.2)

Gradient descent is probably the best-known optimization method, and can be dated back to the 19th
century or even earlier [142].

As for the FB method, owing to the result of Chapters 3, without any stronger assumptions (e.g.
strong convexity), the global convergence rate of ||z — xx_1]| is at best o(1/k). In terms of the
objective function, an O(1/k) rate is proved in [134] for v €]0, 8], then in [36] same result is obtained
for v €]0,20[. In the mid-sixties, Polyak introduced several methods that can speed up gradient descent
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[146] and proposed the so-called “heavy ball method”, which takes the following iterative form

Y = Tk + ak(:ck — xk_l), ag € [0, 1],
Trp1 = Yx — mVE(21), W €]0,28].

Unlike gradient descent, the heavy ball method first “extrapolates” in the direction of xp — xg_1,
getting a new point yx, and then replaces z in (4.1.2) with y and keeps V F(xj) unchanged. Such a
modification can greatly boost the speed of gradient descent, especially when the objective is strongly
conver (see Chapter 6 for more details). Later in his book [147], Polyak suggested the idea of using
more than 2 steps, i.e.

Yk = E(Tky Th1, -0y Ths )
where s > 1 is an integer, and &(-) is the function which perform “extrapolation” onto those points.

However, neither convergence nor rate result is provided, and we will partly answer this open question
(see Theorem 4.2.3).

Meanwhile, in his seminal work [132], Nesterov introduced an “optimal first-order method” for
smooth optimization, which achieves O(1/k?) convergence speed on the objective. To make a long
story short, the work by these 2 pioneers lays down the foundations for most of nowadays acceleration
techniques.

4.1.2.2 Dynamical system and inertial PPA

An alternative perspective of gradient descent method is through the dynamical system approach, in
the continuous setting. Let z(t) be the trajectory of = over time ¢, gradient descent can be seen as an
explicit (Euler forward) discretization of the following first-order dynamical system

0= &(t) + VF(x(t)),

where & stands for the first-order derivative. The heavy ball method, as shown in [146, 147], can be
seen as the second-order dynamical system with friction, that reads

0 = i(t) + Ai(t) + VF(z(t)),

with proper initial conditions.

Motivated by this dynamical system perspective, in [4], Alvarez generalized the above formulation
to the differential inclusion of a non-smooth convex function,

0 € Z(t) + A&(t) + OR(x(t)),
and proposed an inertial PPA scheme, which reads
Yr = i + ap(x) — xK_1), ax € [0, 1],
Th+1 = pfOkaaR(yk% Y > 0.

Later on in [5], the authors replaced the sub-differential OR with a maximal monotone set-valued
operator in the dynamical system, and derived an inertial PPA method which has the same iteration
as above, except that replacing the proximity operator with the resolvent of monotone operator.

4.1.2.3 Inertial FB and FISTA

Inspired by the “heavy ball method” and inertial PPA; in [131] Moudafi and Oliny further extended
the dynamical system to the case of the sum of two operators, i.e. A+ B and

0 € i(t) + Ai(t) + (A + B)(x(t)),

— 60 —



Chapter 4 4.1. Introduction

where A and B satisfy assumptions (A.1) and (A.2) respectively. They proposed the following inertial
Forward-Backward splitting method

Yk = Tk + ag(vk — z-1), ax € [0,1],
Tht1 = Jya (Y — W B(zk)), 7 €]0,28[
Another inertial FB scheme was proposed later in [120] where the authors further replaced the v, B(zy)
with v, B(yx).
On the other hand, in the context of convex optimization for solving (P¢), based upon Nes-

terov’s work [132], Beck and Teboulle proposed the accelerated FISTA method (fast iterative shrinkage-
thresholding algorithm) whose iteration is, let ¢y = 1,

14 /1+482_,

k=—"%5""»

_ ot —1
R (4.1.3)
Yr = Tk + ap(xp — Tp—1), o

LTe41 = prOX'ykaR(Id - kaF)(yk)v Vi 6]076]

Like the smooth case in [132], the above scheme also achieves O(1/k?) convergence rate for the objective
function, i.e. ®(x;) — ®(z*) = O(1/k?) where x* € Argmin(®) is a global minimizer. It should be
noted that, such a rate is also the lower complexity bound for first-order algorithms solving this class
of problems [133], i.e. no first-order algorithm can do better uniformly over this class of problems.

While the sequences generated by the (inertial) FB are convergent, the convergence of FISTA iterates
has been an open problem until recently. This question was settled in [50] where the authors proved
the convergence of the FISTA by a modification of the inertial parameter, which is

_k+d-1
- d

tee1 —1 k-1
tr T k+d

ik ,d>2, ap = (4.1.4)

Such modification of the inertial parameter not only preserves the O(1/k?) convergence rate of the ob-
jective function, but also enabled the authors to prove the weak convergence of the generated sequence.
Later on in [13], Attouch et al. proposed the same convergence result in the continuous dynamical
system case. The convergence rate of the objective is actually even o(1/k?) as proved in [12].

The above different inertial Forward—Backward splitting methods and FISTA can be further sum-
marized into the following algorithm, which is proposed in [115].

Algorithm 6: A generalized inertial Forward—Backward splitting
Initial: @,b €]0,1]. zg € H, z_1 = x0.
repeat

Let ax € [0,a), by € [0,b], v €]0,28]:

Yoo = Tk + ap(Tp, — Tp—1),
bk = T + (T — TH—1),

Tht1 = o (Ya — B (Wbk))-

k=k+1;
until convergence;

4.1.2.4 Variable metric FB

Another branch of FB variants is the variable metric Forward—Backward developed by Combettes and
Vi in [62].
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Define 8(H) = {V : H — H|V* =V, ||V| < 400} the set of self-adjoint bounded linear operators act
on H, the Loewner partial ordering on 8(#) is defined by

VYV, Vo € S(H), Vi =Vy < VaxeH, <V1$, x) > <\72x, $>
Given any positive constant v €]0, +o0o[, denote M, by
M, = {VeS(H) st Ve=wvidl, (4.1.5)

i.e. the set of symmetric positive definite operators whose spectrum is bounded from below by v. For
any V € M, define the following induced scalar product and norm,

Vo, o' € H, (x, ')y = (x, Va)y, ||z]ly = (2, VI)y.

By endowing the Hilbert space H with the above scalar product and norm, we obtain the real Hilbert
space which is denoted by Hy.
Let V € M,, it is easy to see that for (Pi,.), let 2* € zer(A + B), then there also holds

0€V A+ B)(2).

Based on this observation, in [62] Combettes and Vi proposed a variable metric Forward—Backward
splitting method,

i1 =3 y-14(1d = Vi B)(an), e €10, 28], (4.1.6)

where J VtA o (Id + ’YkV,;lA)_l. The convergence of the above iteration is guaranteed if

p= sup ||[Vi| <+oo and (1 +77k)\7;;+11 =Vt

k—4o00

and {7 }ren € £}

The summability condition on {1y }ren implies that Vj converges pointwisely to some V € M,, [61,
Lemma 2.3]. The operators Vj, can be seen as preconditioning, and its ideal case is when Vy, -V = VB
where VB is the Jacobian of B if B is differentiable and V B is self-adjoint positive definite. However,
one has to keep in mind that the variable metric FB has two drawbacks: (i) one has to design and
store appropriate operators V. (ii) the resolvent 3%\7;1 4 in general is very difficult to compute even if
J~,4 is available (in fact might be as difficult as solving the original problem). One possible approach
is to consider quasi-Newton-type metrics, see for instance |25] and the references therein.

Another important extension of variable metric FB is that it can be applied to analyse the conver-
gence properties of several Primal-Dual splitting methods. This viewpoint has been initiated by He
and Yuan and subsequently adapted by other authors, see e.g. (92, 173, 66, 62].

4.2 Variable metric multi-step inertial operator splitting

4.2.1 The MUSTARD algorithm

Putting together the ideas of multi-step inertial methods and variable metric ones, we here propose
a new operator splitting algorithm: wvariable metic MUIti-Step inerTial operAtoR splitting methoD,
which is dubbed as “MUSTARD? for solving (Pinc) and (Popt). The details of the algorithm for solving
(Pinc) are given below in Algorithm 7.
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Algorithm 7: The MUSTARD algorithm

def

Initial: s € Ny and § = {0,...,s — 1}, let M, as defined in (4.1.5). xo € H, x_; = z9,i € S.
Choose €, ¢ > 0 such that ¢ < 28v —e.

repeat
Let {a;kties, {bikties €] —1,2], Vi, € My, and y, € [6, 28 — ¢

Ya ko = Tk + ZieSai,k(wkfi - xkfifl)a
Yok = Tk + 2 iesbik(Thoi — Th_i 1), (4.2.1)
Tpy1 = H,ka;lA(ya,k — V. B(ys ).

k=k+1;

until convergence;

Remark 4.2.1. The main reasons of considering the monotone inclusion (Pj,.) instead of the opti-
mization problem (P,p¢), and involving variable metric are as followings:

(i) Problem (P,t) is only a special case of (Pinc). In particular, for various operators splitting
methods (e.g. non-relaxed DR, GFB, and Primal-Dual splitting), their fixed-point iterations
can be written as certain monotone inclusion problems, while the involved monotone operators
are not sub-differential of convex functions.

(ii) As we have seen from the examples of Primal-Dual splitting methods (e.g. (2.4.14) in Section
2.4.3.3 and (3.4.17) in Section 3.4.3), their corresponding monotone inclusion formulations are
under different metric (i.e. metric 'V for the two examples).

As a result, considering the monotone inclusion problem and involving the variable metric allow us to
extend the MUSTARD algorithm to a broad class of operator splitting methods.

Relation to previous work By form, the MUSTARD Algorithm 7 is the most general variable
metric Forward—Backward splitting we are aware of, it is brand new to the literature for s > 2. For
the case s = 1, it is more general than Algorithm 6 as variable metric is considered, and recovers the
variable metric Forward-Backward proposed in [62] if s = 0.
If we choose s = 1 and V;, = Id, then based on the choice of the inertial parameters a; and by, the
relations between Algorithm 7 with the aforementioned work are as following,
e a; =0, by = 0: this is the original FB method [119, 140].
e a; € [0,a],b, = 0: this is the case studied in [131] for (Pinc). In the context of optimization with
R = 0, one recovers the heavy ball method [146].
e ay € [0,al, by = ag: this corresponds to the work of [120] for solving (Pinc). If moreover restrict
v €]0, 5] and let a; — 1, then Algorithm 6 specializes to FISTA-type methods |24, 50, 13, 12]
developed for optimization.

e a; €[0,al, by €]0,b], ar # by: the general inertial FB scheme Algorithm 6.
Below we also highlight the several important characteristics of the MUSTARD algorithm.
(i) Similarly to some existing inertial methods [131, 120, 115|, the choice of the step-size -y, allowed
by MUSTARD is ]0, 28] if Vi, = 1d;
(ii) The algorithm allows multiple steps, which is characterized by s. In particular for s = 2, we show

that very promising practical results can be obtained (see Section 4.5).

(iii) We allow to use negative inertial parameters. For s = 1, the inertial parameters should be positive
and lie in [0, 1] to ensure convergence. However, for s > 2, we will show that one can benefit from
negative choices of the inertial parameters. In particular, for s = 2, the numerical experiments
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of Section 4.5 implies that a good choice of the inertial parameters should be
ag,k, bO,k E]O, 2] and at k, bl,k E] — 1, 0]

Such an inertial setting can be investigated through the dynamical system perspective, see below
for a short introduction.

(iv) As the problem we are considering is the general monotone inclusion problem, we can generalize
the MUSTARD algorithm to the methods whose iterations are related to some monotone inclusion
problem, for example the non-relaxed DR, GFB and several Primal-Dual splitting methods.

MUSTARD as a discretised dynamical system Now consider the metric free case of MUSTARD
algorithm for the optimization problem (P,pi) with V = Id. Consider the following second-order
dynamical system

Z(t) + co(t)z(t) + (OR+ VF)(x(t)) =0, (4.2.2)

where ¢o(t) > 0 is an asymptotically vanishing viscous damping function. Typically, co(t) moderately
decreases to 0, i.e. limy_, o co(t) = 0 and [, co(t) = +oo.

Let 0 < wy < w1 be two weights such that w; +wy = 1, h > 0 be the time step-size, t; = kh and
z = x(tx). Consider an implicit (Euler backward) discretization w.r.t. OR and an explicit (Euler
forward) discretization w.r.t. VF, and a weighted sum of explicit and implicit discretization of Z(t),
1.€.
co(kh)

h

0 € F3(Thy1 — 20 + Tp—1) + 2 () — 201 + Tp—2) + (v — 2p—1) + OR(wp41) + VF (Y1),
h h

then we obtain the following inclusion

ry, + ag k(T — 2p—1) + 0 k(21 — Th—2) — YVEF (Yp,x) € Tg1 + YOR(2p41), (4.2.3)
where we have heo(kh) 12
—_1_ W NG — W2 _n
apr =1 o) o ayp = o) and v = T

If we moreover set
Ybk = Tk + bog(xr — Tp—1) + b p(Tp—1 — Tp—2),
with by, b1, being properly chosen, then we obtain the MUSTARD scheme for the case s = 2 and
V. = 1d.
If we choose co(kh) = k%’ d > 3, then (4.2.3) simplifies to the following inclusion

d

zp+ (1 - m)($k — Tp_1) — %(xk — 2w 1 + Tp—2) = YVE (U k) € Tpr1 + YOR(Tk11)-

If we further let
wi =1, wo =0 and Ybk = Tk —i—bk(.’L‘k — mk_l), b, € [0, 1],

then we recover a special case of Algorithm 6. If one moreover sets by, = ax = (1 —d/k), then we obtain
the FISTA scheme as studied in [160, 11, 50].

4.2.2 Global convergence of MUSTARD

In this section, we present the global convergence analysis for the MUSTARD algorithm. We summarize
our results as follows:

(i) s > 2 : In Theorem 4.2.3, we establish conditional convergence of the sequence {xj}ren for
fixed metric V, where the terminology “conditional convergence” refers to the fact that for the
convergence of the sequence to occur, the sequences {a; 1 }ics, {b: 1 }ics has to be chosen depending
(conditionally) on the sequence {xj}ren in such a way that an appropriate condition holds, e.g.
(4.2.5). Unfortunately, so far for the case s > 2 we only have a result for the case of fixed metric
Vi = V. However, it is sufficient to cover many algorithms of interest.
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(i) s=1:
(a) in Theorem 4.2.5 we manage to prove conditional convergence of {z}ren for a variable

metric V.

(b) We also devise choices of the inertial parameters and metrics that are independent of {z } ken
and still guarantee global convergence (see Theorem 4.2.9). We dub this unconditional
convergence.

All the proofs of the above results are gathered in Section 4.6.

For the sake of generality, we consider the inexact version of the MUSTARD algorithm. The following
definition is needed.

Definition 4.2.2 (c-enlargement). Let A : H = H be a set-valued maximal monotone operator and
€ > 0. Then the e-enlargement of A is defined by,

A () £ {fvet, (u—v,y—a)>—c, VyeH, uec Ay}

From the definition, it is easy to verify that for 0 < g1 < &3 we have A% (x) C A%2(x) and A°(z) = A(z).
Thus Af is an enlargement of A.

For the updating step of z;11 in (4.2.1), consider the following inexact form

Yak — (Ve ' BWbk) + &) — Trt1 € 1V AT (2p41),

where &, € H is the error in the evaluation of the gradient operator B, and ¢, is the enlargement error.
Then we obtain the inexact form of MUSTARD

Yak = Tk + Y ics@ik(Thi — Th—i-1),
Ubk = Tk + 2 iesbin(Th—i — Tp—i 1), (4.2.4)
Yoo — (Vi 'Byog) + &) — Trr1 € Vg, AT (2p41).

4.2.2.1 Conditional convergence

We present first the conditional convergence of the inexact MUSTARD algorithm. For each i € §,

def Viebik = def
define (1 = a;r — 28 and a@; = supyen |ai k|-

Theorem 4.2.3 (Conditional convergence s > 2). For the inexact MUSTARD iteration (4.2.4), let
conditions (A.1)-(A.3) hold, fix the metric Vi =V € M, and let & = 0. Suppose that the following
two conditions hold

(i) the error {eg}ren € 01 ;

(ii) the inertial parameters {a;}ics are such that ) .. a; < 1.

Then the generated sequence {xy }ren is bounded. If moreover the following summability condition holds
2 2
ZREN max { Hilégx Ci,k? Hileé}SX |bi,/€’7 Hilgdsx ’ai,k’} ZiES ka—i - lik—i—l” < +00, (425)
then there exists an x* € zer(A + B) such that the sequence {xy}ren weakly converges to x*.
The proof of the theorem can be found in Section 4.6 from page 83.

Remark 4.2.4. If the inertial parameters {a; ; }ics, {bi x }ics are chosen in [0, 1] such that

2 Yiebi k| 2 2
G = (ain — 2 )" < ajy

then condition (4.2.5) simplifies to
> pen max { max [b; |, max fa; x|} > s ok — wpia|* < +o0.
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Condition (4.2.5) can be enforced by a simple online updating rule such as, for each i € §, given
ai, bi S [07 1]7

a; ) = min {ai, ca7i7k}, b; ), = min {bi, Cb,i,k}a (4.2.6)
where cq ik, Cpik > 0, and max{ca,ik, Coik} D oies || Th—i — xk_i_1||2 is summable. For instance, one can
choose

Ca,i
Cajik = : Cai >0, 6>0
a,t L1t+o Ziej ||33lc—i — $k7i71||2 y Ca,i P ;

and similarly for ¢, .
When s = 1, then we have the following theorem with a variable metric V. To lighten the notations,
for s = 1, we denote ay = ag and by, = by .
Theorem 4.2.5 (Conditional convergence s = 1). For the inexact MUSTARD iteration (4.2.4),
let conditions (A.1)-(A.3) hold. Suppose that the following conditions are satisfied
(i) For the metric sequence {Vi}ren € M, with v > 0, suppose that there exists a non-negative
sequence {nk}ren € £1+ such that

H=sup [Vill < +oo and (1 +nk)Vi = Vitr.
eN

(i) the inertial parameter is ay € [0,1] such that ¢ = supjey ax(1+ 1) < 1, and

1 k 1— ék—m-i-l m
sup = Zm:1 # <1. (4.2.7)

(iii) the errors {ex}ren € £y and {||&k]|}ren € £} .
Then the generated sequence {xy }ren is bounded. If moreover the following summability condition holds

> pey max{ag, bz, — zp_1]* < 400, (4.2.8)

then there exists an x* € zer(A + B) such that the sequence {xy}ren weakly converges to x*.

The proof of the theorem can be found in Section 4.6 from page 86.

Remark 4.2.6.

(i) If the sequence {nmy}ren satisfies >, ymr < 1 — ¢, then condition (4.2.7) is in force. Given
¢ €10,1[, let 6,k > 0, and set 7 as
M = 1155
Then for fixed 4, (4.2.7) can be met with a proper choice of x;

(ii) If ap > by, then (4.2.8) recovers the conditions in [131, 120] for the conditional convergence of
{zk}ren.

An empirical choice of the inertial parameters We introduce two empirical ways to set up
the inertial parameters. For the sake of simplicity, let V; = Id, hence v = 1. Consider the constant
parameter setting,

v €]0,28] and b; =a; €] —1,2[,i€S.

Moreover, let (a;);cs be monotone non-increasing, i.e. ag > a; > -+ > a,_j.

Summarizing from multi-step inertial Forward-Backward and gradient descent, we obtain the fol-
lowing two empirical bounds for the summand ), a;:
“Upper bound 1™ Y. a; € ]0, min {1, MT_W} [,
4.2.9)
« 9. . 26 - (
bound 2”: . a; , 1, 2—L 1.
Upper boun > a 6]0 mm{ 518 =] [
In practice, to ensure the convergence of the generated sequence {zy}ren, these two bounds should be
applied together with the online updating rule of inertial parameters (4.2.6). Most of the time, with
proper choice of each a;, (4.2.6) may never be triggered.
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Remark 4.2.7. Compare (4.2.9) with (ii) of Theorem 4.2.3, the main difference is that here we
consider the summand with signs. This means that we can choose positive inertial parameters bigger
than 1, and then compensate with negative ones. As a matter of fact, as we will see in the numerical
experiment, negative inertial parameter would make the convergence even faster. For instance, for the
case s = 2 with ), a; being fixed, then the choice a; < 0 < ag may outperform the one with a;,ag > 0.

The two upper bounds are shown graphically in Figure 4.1. It can be observed that for v < 3, the
largest value that can be allowed is 1, which corresponds to the choice of FISTA method whose inertial
parameter tends to 1 as k — +oo.

1 T —T
0.8 4
0.6 B
S
W
04 B
26—~
02 | m{l, } |
min<q 1
{ 2|6 - vl}
0 1 1 —
0 0. 1 1.5 2
v/

Figure 4.1: Two empirical upper bounds for the sum of inertial parameters >;ai: “Upper bound 17,

Sies ai € [0,min {1, 222} “Upper bound 27, 3¢ a; € [0,min {1, Z5=7}].

ies @

Remark 4.2.8.
(i) Between the two bounds in (4.2.9), “Upper bound 2” is much less stringent than “Upper bound 1”.

(ii) For inertial Forward-Backward, ), a; too close to 1 is not a good choice. Such an observation
(e.g. from the numerical experiments in Section 4.5 ) coincides with the existing studies on
FISTA (e.g. the local oscillation). A theoretical explanation for such behaviours of ). a; too
close to 1 is left to Chapter 6.

All the above remarks will be made clear in the numerical experiment section, typically for the multi-
step inertial Forward-Backward splitting method.

Lastly, it should be emphasised that the two empirical bounds in (4.2.9) are designed for multi-step
inertial FB, gradient descent, and the original PPA method. They may not work for the other inertial
schemes. As a matter of fact, as we will see in the numerical experiments of Section 4.5, the choices of
inertial parameters for inertial Douglas—Rachford and Chambolle-Pock Primal-Dual splitting method
[51] are rather limited. Moreover, compared to inertial Forward-Backward and gradient descent, the
gains of inertia in DR and Primal-Dual splitting are very small.

The reasons underlying such differences on the acceleration brought by inertia to different algorithms
is quite complicated to justify in general. However, it can be explained partly through the local linear
convergence analysis as we will describe in Chapters 6-8.
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4.2.2.2 TUnconditional convergence

Besides the conditional convergence, we can devise choices of {{a;}ics}tren and {{b;}ics}ren that
are independent of {x}ren, and still guarantee the global convergence. We dub this unconditional
convergence. The following result generalizes those in [5, 131, 120, 115].

For the unconditional convergence of Algorithm 7, we restrict ourselves to the case s = 1.

Theorem 4.2.9 (Unconditional convergence). For the inexact MUSTARD iteration (4.2.4), let
conditions (A.1)-(A.3) hold. Suppose that the following conditions are satisfied

(i) For the metric sequence {Vi}tren € M, for v > 0, suppose thatl there exists a non-negative
sequence {ni}ren € E}F such that

H= sup Vil <+oo and (14 nk)Vi = Vit
€

(ii) choose the inertial parameters ag, by € [0, 1], such that (4.2.7) holds and moreover there ezists

7> 0 and
T+ag— %((1 + b)? 4 M1 b (g + D) 27:ak < %bk’
i 2 be < ag. or (4.2.10)
1— (34 2np)ax — uﬁky((l +0p)° + mg—abg(b, — 1)) > 7 T py < ay < by
26y " — ’

(iii) the errors are {ej}tren € €% and {|[&|}ren € €1
Then Y pen e — zr_1||> < +o0o, and there exists ©* € zer(A + B) such that the sequence {xy}ren
converges weakly to x*.

See Section 4.6 for the proof from page 90. When the metric V is fixed, i.e. Vi =V € M,, then
ne = 0 and condition (4.2.10) simplifies to

14+a —l(l—l—bk)QZTiakS%bk,

i , e (4.2.11)
1—3ak—2‘ﬁ(1+bk) >71:b <ay or Q‘ﬁbkgak<bk.

Figure 4.2 shows graphically the conditions (4.2.11). We choose 7 = 0.01 and two different choices of
~ are considered. It can be observed that with v becoming bigger, the range of a, b in (4.2.10) becomes
smaller. Moreover, compared to the empirical choice of inertial parameters, the allowed choices by
(4.2.10) are quite conservative. For instance, for the case by = a = a and v = Bv, the biggest value
can be allowed is @ = v/5 — 2. In comparison, when B = 0, by, vanishes and the upper bound of a, is
1/3 which coincides with the result of [4, 5].

4.3 Extensions of MUSTARD algorithm

In this section, we demonstrate the broad applicabilities of our MUSTARD Algorithm 7, presenting
the inertial versions of various operator splitting methods.

The extension to a multi-step inertial gradient descent, PPA and FB is rather straightforward,
since we only need to make the metric Vy = Id. Hence, in the following, we consider extending the
MUSTARD algorithm to DR, GFB and a Primal-Dual splitting method. For the sake of simplicity,
we present only the exact version of them, and the convergence of these extensions can be derived
immediately from the theorems in Section 4.2.

4.3.1 Inertial Douglas—Rachford/ADMM

Recall the monotone inclusion problem addressed by DR splitting
find = € H such that 0 € (A; + A2)(x), (4.3.1)
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0.8 0.8
b <a B b<a
b/ (26v) <a <b b/ (26v) < a <b
a < by/(208v) a <by/(28v)
06 | 06 |
3 04 3 04

02} 02} /
/,,
0 : : : 0 & : : :
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
b b
(a) v = Bv (b) v = 1.258v

Figure 4.2: Sets of allowable (a, b) ensuring the convergence for a given . (a) v = frv. (b) v = 1.255v.
We set the value of 7 in (4.2.11) as 0.01. Each colour shaded region corresponds to a different condition
appearing in (4.2.11), i.e. the cyan one corresponds to the first inequality of (4.2.11), while the magenta
and red ones correspond to the two conditions of the second inequality of (4.2.11) respectively.

where A, As : H = H are maximal monotone.
Consider the non-relaxed DR iteration, owing to (3.4.10), the fixed-point iteration with respect to

z;. can be written as

21 = %(Rvm:RvAz + 1d) (zk),

Tht1 = Ty, (Zh41),
where the fixed-point operator F,, = 2(Rya,Rya, + Id) is firmly non-ezpansive, by virtue of (ii) of
Lemma 2.4.10. Then, owing to Lemma 2.4.2, we know that there exists a maximal monotone operator
As : 'H = H, such that

da, = %(fRWAlfRWAQ + Id)’

and moreover we have
zer(Ag) = fix(F,,) and zer(A; + Az) = Ja, (zer(As)).

As a result, the non-relaxed DR iteration can be seen as the PPA method for solving the monotone
inclusion of
find z € H such that 0 € A3(z).

Specialize the MUSTARD algorithm to this specific problem, we obtain a multi-step inertial DR
splitting method, which is given below in Algorithm 8.

Algorithm 8: A multi-step inertial Douglas—Rachford (MiDR)
Initial: v >0, s € Ny and § = {0,...,s — 1}. 20 € H and x¢ = Jy4,(20).

repeat
Let {aix}ies €] —1,2]"

Yk = 2kt ai,k(zkfi — Zk—i—1),
) < ) (4.3.2)
k1 = 5(3371415%%42 +1d) (yr)-
k=k+1;

until convergence;
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Whence we obtain the solution z*, then the solution to the original problem is simply «* = g, (2*).

Remark 4.3.1.
(i) Algorithm 8 can be extended to the ADMM method , since ADMM is nothing but applying DR
to the dual problem of (4.3.1). See Section 7.6 for the relation between ADMM and DR.

(ii) When s = 1, the MUSTARD-DR algorithm recovers the inertial DR scheme proposed in [32]
without relaxation.

(iii) A pre-conditioned version of Algorithm 8 can be considered by inserting the metric V from the
very beginning. For s = 1, the preconditioned DR was considered in [37].

4.3.2 Inertial Generalized Forward—Backward

In this part, we present a multi-step inertial GFB algorithm. Recall from Section 3.4 the problem
find @ € # such that 0 € (B+)_ ", 4)(x),
where B : H — H is 8-cocoercive, and A; : H = H is maximal monotone for each j. The corresponding

fixed-point operator if GFB method, given in (3.4.3), that

1
Feors = §(R7ARS +1d) (Id - 'YBS)- (4.3.3)

Similarly to the argument used for deriving MiDR, by virtue of Lemma 3.4.1, there exists a maximal
monotone operator A’ : H == H such that Ja = £(RyaRs + Id). Then given z* € fix(Fy,y), we
have

2" = F ey (27) = (Id + A") 7} (Id — yBs)(2"),
which means that GFB is equivalent to solve the following monotone inclusion problem on the product

space H,
find z € H such that 0 € (A’ +vBs)(2), (4.3.4)

where vBg is (/3/7)-cocoercive, and 3/~ €]1/2,4+o00[ since the GFB chooses 7 €]0, 2/].
To this end, apply the MUSTARD algorithm to the monotone inclusion (4.3.4) with constant step-
size 1, we get the following iteration,

Yok = 2k + 2 ics@ik(Zh—i — Zk—i-1),
Yok = 2k + 2 iesbin(Zh—i — 2k—i-1), (4.3.5)
zes1 = (Id+ A) " (yor, — vYBs(yk))-

Translate the above inertial scheme to the original monotone inclusion problem on B + Zj Aj, we
obtain a multi-step inertial GFB method described in Algorithm 9.

Remark 4.3.2.

(i) When the cocoercive operator vanishes, i.e. B = 0, then Algorithm 9 becomes the multi-step
inertial DR splitting method in the product space.

(ii) As for the inertial DR method, since the operator A’ is implicit, it is difficult to put in the metric
for Algorithm 9. In [149], a preconditioned GFB method is proposed for which the structure of
fixed-point operator (4.3.3) is kept, hence we can adapt the inertial scheme to the that method.

Inertial Forward—Douglas—Rachford Recall the Forward-Douglas-Rachford splitting (3.4.7) of
[40] introduced in Section 3.4,

find = € H such that 0 € (A+ B+ Ns)(x),
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Algorithm 9: A multi-step inertial generalized Forward-Backward (MiGFB)
Input: (w); €]0, 1["suchthat -7 w; =1, v €]0,28[. s € Ny and § = {0,...,s — 1}.
Initial: £ =0, 20 = (2j0); € H, 2_; = 20,i € 5;
repeat

Let {aik}ies, (bik)ies €] —1,2]":

Yajk = Zik T 2ies@ik(Zjk—i = Zjk—i-1),

Tak = 2 maWilaj ks Tok = Tk + X iesbin(Tr—i — Tp—i-1),

for j =1 to m do
t k41 = Yaik T d 2 4 (2Zak — Yajk — B (@ k) — Taks
7

m
Lh+1 = Ejzl WjZj k+1;
k=k+1;

until convergence;

where A is maximal monotone, B is (-cocoercive, S is a closed vector subspace of H, and zer(A +
B+ Ng) # (0. Specializing the above result to this problem, we obtain the following multi-step inertial
Forward—Douglas—Rachford splitting method,
Yok = 2k + D icsik(Zh—i — 2Zk—i=1),
Yk = 2k + >oieslik(Zh—i — 2Zh—i-1),
1
zhy1 = 5(Id + RyaRn) (Yak — YPsBPs(ypk))-

Whence we get z*, and recover a solution of the problem z* = Pg(z*).

4.3.3 Inertial Primal-Dual splitting

The last extension we present is the multi-step inertial Primal-Dual splitting methods. This extension
can be applied to the Primal-Dual splitting methods proposed in [51, 173, 66, 62|, but is not limited
to them.

Recall the problem 2.4.13, the primal formulation is
find z € H such that 0 € (A+ B)(z) + L*((COD)(Lx)),
where A : H = H is maximal monotone, B : H — H is [,-cocoercive. C,D : G =% G are maximal

monotone, and D is 3,,-strongly monotone. L : H — G is a bounded linear operator.

Recall that the Forward-Backward structure (2.4.17) of the Primal-Dual splitting method in Section
2.4.3.3. The extension of the MUSTARD algorithm to (8.1.3) is rather straightforward, and we get
the following multi-step inertial iteration

Yak = 2k + Y icsOik(Zh—i — Zrp—i-1),
Yok = 2k + 2 iesbik(Zh—i — 2k—i-1),
zZer1 = Id+ V7 A) (Yo — V' Byg)).
The detailed iteration corresponding to the above scheme is given in Algorithm 10.

Algorithm 10 can also be adapted to the case of multiple parallel sums as the problem (3.4.15)
discussed in Section 3.4, since it is rather straightforward, we shall skip the detailed description here.

Remark 4.3.3.

(i) When s =1 and by , = ag, the above inertial scheme recovers the inertial Primal-Dual splitting
method proposed in [120].
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Algorithm 10: A multi-step inertial Primal-Dual (MiPD)
Initial: s € Ny and § ={0,...,s — 1}, x_; = z¢,i € S.
repeat
Let {aik}ics, (bik)ies €] —1,2]%,
Yrak = Tk + 2 ics@ik(Th—i — Th—i—1),
Yoak = Vk T D ics@ik(Ve—i — Vk—i—1),
Yook = Th + 2 iesbin(Thoi — Thi 1),
Yobk = Uk + Diesbik(Vk—i — Vp—i-1), (4.3.6)
Tr1 = Iy, AWz ak — VaBWapk) = Yol Yoak),

Tpt1 = 2Tk41 — Yz,a.k>

[ Okt = 3y, 01 Wosak = Ve D7 (Yopk) + 70 LTkt),

k=Fk+1;
until convergence;

(ii) If B =0 and D = 0, then Algorithm 10 becomes an inertial PPA under different metric.

4.4 Multi-step inertial FB for non-convex optimization

In this section, we consider generalizing the MUSTARD algorithm to the non-convex optimization
problems, i.e. the sum of two non-necessarily convex functions, one of which is proper lower semi-
continuous while the other is differentiable with a Lipschitz continuous gradient. For the sake of brevity,
we abuse the notations in (Popt)

2%171{1 {@(m) d:ef R(l‘) + F(ﬂf)}, (Pncvx)

where now
(A.7) R:H — R is proper lower semi-continuous (Isc), and bounded from below.

(A.8) F:H — Ris finite-valued, differentiable, and VF is (1//)-Lipschitz continuous.

As we can see, no convexity is imposed neither on F' nor on R.

4.4.1 The ncvx-MiFB algorithm

Different from the convex case, when R is non-convex, then its proximity operator proxp(z) in gen-
eral is a set-valued mapping or even empty if R is not well defined (e.g. not bounded from below).
Nevertheless, the FB splitting for solving (Ppcyx) reads

Th+1 € prOX%R(xk: — ’)/kVF(.Z‘k)), (4.4.1)

where v; > 0 is the step-size. prox,p(z) is non-empty under (A.7) and is set-valued in general.
Lower-boundedness of R can be relaxed by requiring e.g. coercivity of the objective in Definition 2.1.8.

We propose the following multi-step inertial Forward—Backward splitting algorithm (Algorithm 11),
which we call as “ncvx-MiFB”.

Remark 4.4.1. Though Algorithm 11 is very close to the MUSTARD algorithm, it should be pointed
out that it is not a simple extension of MUSTARD to the non-convex case with Vi, = Id. There are
several reasons justifying this claim:
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Algorithm 11: Multi-step Inertial Forward—Backward (ncvx-MiFB)

Initial: s € Ny and § o {0,...,s —1}. zgp € H, x_; = 2¢,i € S. Choose €,e >0  such

that 0 <y <y, <y < 8.
repeat
Let {a;}ics, {bir}tics €] —1,2]" and v, € [7,7]:
Yak = Th + 2ics@ik(Thei — Thi—1),
Yok = Tk + 2 iesbin(Th—i — Th_i1), (4.4.2)
Trt1 € Proxy, g (Yak — WV F (Yok)).

k=k+1;

until convergence;

(i) Many convex functions satisfy the Kurdyka-FLojasiewicz property, though not all of them. For
example, in [30, Section 4.3] the authors designed a counter-example where the function is convex
but not KL.

(ii) The convergence results of Section 4.2 for the MUSTARD algorithm can not be applied to
the non-convex case, since the sub-differentials of non-convex functions are no longer maximal
monotone. Hence a new convergence result is needed.

As a consequence, it necessary and important to study the convergence property of multi-step inertial
Forward—Backward splitting to the case of non-convex optimization.

Related work The convergence property of (4.4.1) was first established in [10] under the assumption
that the objective ® satisfies the Kurdyka-f.ojasiewicz (KL) property (Definition 4.4.2). Following their
footprints, [33, 136] established convergence of the special inertial schemes of [131] in the non-convex
setting. In [81], the authors also proposed an variable metric Forward-Backward splitting for the
non-convex optimization. Our proposed method can also handle the variable metric, however for the
same of simplicity, we choose to not include it here.

4.4.2 Global convergence of ncvx-MiFB

Let R:H — R be a proper Isc function. For 7,7, such that —oco < 11 < 19 < +00, define the set
m < R<m) = {xeH:n < R(x)<n}.
The definition below is taken from [9].
Definition 4.4.2 (Kurdyka-Lojasiewicz property). R : H — R is said to have the Kurdyka-

Lojasiewicz property at & € dom(R) if there exists n €]0, +00], a neighbourhood U of Z and a contin-
uous concave function ¢ : [0, n[— Ry such that

(i) ¢(0) =0, ¢ is C* on ]0,7][, and for all t €]0,n[, ¢'(t) > 0.
(ii) for all x € U N[R(Z) < R < R(Z) + 7|, the Kurdyka-Lojasiewicz inequality holds
¢'(R(z) — R(z))dist (0,0R(z)) > 1. (4.4.3)

Proper lsc functions which satisfy the Kurdyka-fojasiewicz property at each point of dom(9R) are
called KL functions.

Roughly speaking, KL functions become sharp up to reparameterization via ¢, called a desingular-
izing function for R. Among real-extended-valued lower semi-continuous functions, typical KL func-
tions are semi-algebraic functions or more generally functions definable in an o-minimal structure, see
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[27, 29, 28, 30|. References on functions definable in an o-minimal structure can be found in [68, 171].
For instance, the ¢y pseudo-norm and the rank function are indeed KL, see Section 5.2 for more details
about these two functions.

Global convergence of ncvx-MiFB In this part we present the global convergence of the sequence
generated by Algorithm 11. Let u,v > 0 be two constants. For i € § and k € N, define the following
quantities,

def 1 — /B —p— vk def . o def saly b7 3 def '
= 2, L klzlellfw Geoand - A = o T anpm N i Ai - (4.4.4)

Theorem 4.4.3 (Convergence of ncvx-MiFB (Algorithm 11)). For problem (Pycyx), Suppose
that (A.7)-(A.8) hold. If moreover ® is a proper lsc KL function, and R is bounded from below. For
Algorithm 11, choose ji, v, v, a; , b such that

TEC=) i >0 (4.4.5)
Then each bounded sequence {xy}ren satisfies
(1) {zk}ren has finite length, i.e. 3 ||ox — Tp—1]] < +o0.
(ii) There exists a critical point x* € crit(®) such that imy_, o T = x*.
(iii) If ® has the KL property at a global minimizer x*, then starting sufficiently close from x*, any

sequence {xk}ren converges to a global minimum of ® and satisfies (i).

See from page 92 for the detailed proof.

Remark 4.4.4.
(i) Boundedness of the sequence is automatically ensured under standard assumptions such as co-

ercivity of ®.
(ii) Aslong as (4.4.5) is satisfied, Theorem 4.4.3 holds true for arbitrary choice of s € Ny, which is on

the contrary to the convergence result of the MUSTARD algorithm, as we only have conditional
convergence for s > 2 (Theorem 4.2.3).

(i) When a;, = 0 and b;, = 0, i.e. the case of FB splitting, condition (4.4.5) holds naturally as
long as ¥ < 8 which recovers the case of [10].

From (4.4.4) and (4.4.5), we conclude the following results for the inertial parameters, see also Figure
4.3 for a graphical illustration:

(i) s =1: let bp, = b and ag; = a, then (4.4.5) implies that,

@ B _1-7/B-p-vy
217+W<£——,,

25
which is an ellipsoid. See Figure 4.3 (a).
(i) When s > 2, for each i € §, let b;;, = a;, = a; (i.e. constant symmetric inertial parameters),
then (4.4.5) indicates .
(21% + %) zies ai <,
which is a ball. Similar result if b; , = 0. See Figure 4.3 (b) and (c) for these two situations.
An empirical approach for inertial parameters Similarly to the MUSTARD algorithm, we also
have an empirical bound for the inertial parameters. Consider the parameters setting:
Yvw=7€l0,8] and by =a;r=a; €] —1,2[,i€S.
We have the following empirical bound for the summand ), a;:

>iai € ]0,min {1, £=5 1. (4.4.6)
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Figure 4.3: Permitted inertial parameters by (4.4.5), where we set f =1, = 0.3,v = 0.3, 7, = 0.43
and 7 = 1073,

To ensure the convergence {xj}ren, an online updating rule should be applied together with the
empirical bound. More precisely, choose a; according to (4.4.6). Then for each k € N, let b; , = a;,
and choose a; j; such that

Yk = min{ i aq, ck}, (4.4.7)
where ¢, > 0 is such that {cg > e l|%r—i — Tr—i—1]}ren is summable. For instance, one can choose
— C
% = s e e € > 04> 0

Remark 4.4.5. The allowed choices of the summand ), a; by (4.4.6) is larger than those of Theorem
4.4.3. For instance, (4.4.6) allows >, a; = 1 for ~ €]0, 28]. While for Theorem 4.4.3, 3~ a; = 1 can be
reached only when v — 0.

4.5 Numerical experiments

In this section, we consider several concrete examples of linear inverse problems to demonstrate the
performance of the proposed algorithms. First for MUSTARD, 3 extensions of the algorithm are
considered: multi-step inertial Forward-Backward (MiFB, i.e. MUSTARD with V; = Id), multi-step
inertial Douglas—Rachford (MiDR) and a multi-step inertial Primal-Dual splitting. The ncvx-MiFB
algorithm is demonstrated at the end of the section.

4.5.1 Inertial Forward-Backward splitting

Recall the linear inverse problem (3.6.2) in Section 3.6. For the forward observation model (3.6.1), let
X be generated from the standard random Gaussian ensemble, and w have bounded f2-norm. Moreover
let m = 1, then (3.6.2) becomes

. 1 2
min R(x) + §||fK:U —fI°. (4.5.1)

In this experiment, 4 different cases of R are considered: sparsity promoting ¢;-norm, group sparsity
promoting #; g-norm, anti-sparsity /..-norm, and low-rank promoting nuclear norm. The detailed
settings of each example are

¢1-norm (m,n) = (48,128), |zebly = 8, t-€. Zop has 8 non-zero elements.
61 o-norm (m,n) = (48,128), z,}, has 3 non-zero blocks of size 4.
so-norm (m,n) = (63,64), |Z,,, | = 8 where I, , = {i : |z;| = [|[zop| o}
(m,n) = (

Nuclear norm = (640, 1024), x4, € R32%32 and rank(z,},) = 4.

7
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The proximity operators of all the above functions can be computed efficiently, and more properties of
these functions, together with total variation, are presented in Chapter 5.

=

We apply the multi-step inertial Forward-Backward splitting (MiFB) to solve problem (4.5.1). To
highlight the performance of MiFB, we present the following comparisons

e Comparison among FB, FISTA and MiFB for s =1, 2.

e The effects of negative inertial parameters for s = 2.
For the FB and MiFB, two fixed choices of step-size are considered: v = 8 and v = 1.55. Then for the
FISTA, the sequence convergent one [50] is applied applied, i.e. the inertial parameter is computed

through
tee1 —1 k-1
ty  k+d

_k+d-1
- d

and we set d = 3 for the numerical experiments.

tr , d>2 and ap=

Comparison of FB, FISTA and MiFB For the MiFB, we consider the symmetric inertial param-
eters setting, i.e. b; = a;,i =0,...,s — 1, and moreover
(i) s=1:
e For v = /3, choose by = ag = v/5 — 2 — 1072 such that Theorem 4.2.9 applies, and the
sequence is guaranteed to be convergent.

e For v = 1.54, choose ag according to the empirical bounds (4.2.9) and the online updating
rule (4.2.6).

(ii) s = 2: only v = 1.58 is considered, and choose ag, a; according to the empirical bounds (4.2.9)
and the online updating rule (4.2.6).
The comparisons of the methods are presented below in Figure 4.4, the MiFB with s = 1,2 are marked
as “1-MiFB” and “2-MiFB” respectively. “Opt-1” and “Opt-2” repensent the “upper bound 1” and
“upper bound 2” of (4.2.9) respectively. We can conclude the following observations:
(i) Under the same choice of vy, MiFB is faster than FB.

(ii) For the case v = B, FISTA is the slowest if very high precision of the solution is needed (higher
than 108 for instance), and the original FISTA [24] has almost the same performance as d = 3
of FISTA [50]. This is mainly due to the fact the inertial parameter of FISTA tends to 1 as
k — 4o0. Similarly for the MiFB, if the value of ), a; is too close to 1, MiFB will also be very
slow and oscillate locally. Such behaviour of too big inertial value will be analyzed at length in
Chapter 6.

(ili) For the MiFB, under the same value of ) a;, “1-MiFB” and “2-MiFB” have very similar perfor-
mance, with “2-MiFB” being the slightly faster one.

Negative inertial parameter In this part we compare the effects of negative inertial parameters
for s = 2. For this experiment, we will present only for £;-norm and nuclear norm, as the other two
examples yield very similar observations.

Given the summand ), a;, the effects of negative a; depends on the oscillation of the sequence
{l|lxx — *||}ren (or {||xx — xx—1|}ren). If {||Jxx — 2| }ren oscillates, then negative a; will speed up
the convergence, and slow down the convergence otherwise, this is supported by the following two
experiments.

For the first experiment, we choose v =  and ), a; = 0.9. The result is shown in Figure 4.5. As we
can see, oscillation appears for both examples, and negative value a; indeed speeds up the convergence.
The reasons are that

(i) First, the oscillation is caused by too big inertial value ). a;, which results in a high momentum

of Y ai(xp—i — Tp—i—1).
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Figure 4.4: Comparison of FB, FISTA and MiFB. “I-MiFB” and “2-MiFB” stand for MiFB with
the inertial steps s = 1 and s = 2, and “Opt-17 and “Opt-2” represents the “upper bound 1”7 and
“upper bound 2” of (4.2.9) respectively. For the {o-norm, the almost invisible dark blue line “1-MiFB,
v = 1.58,a9 = 0.5, Opt-1” overlaps with the dark red line “2-MiFB, v = 1.55,a¢9 = 0.33,a; = 0.17,
Opt-2”.

(ii) In general, 1 — xf_o has higher momentum than xy — zx_1. Therefore, positive a; increases
the momentum of ), a;(xy—; — xx—;—1) which is already large enough, while negative a; reduces

the momentum, hence leads to a faster convergence speed.

Adapt the above reasoning, we can the explain the observation obtained from the second experiment,
for which we set v = 1.54 and ), a; = 0.5. See Figure 4.6 for the plots.

(i) For both the examples, no oscillation behaviours observed, which means that the momentum of
> ai(xp—; — Tp—;—1) is not large enough.

(ii) As xp_1 — x_2 has higher momentum, then negative a; reduces the momentum of ), a;(xy—; —
Zk—;—1) which is not large enough, hence slow down the convergence.
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Figure 4.5: Effect of negative inertial parameter, v = 5 and ), a; = 0.9
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Figure 4.6: Effect of negative inertial parameter, v = 1.54 and ) . a; = 0.5

4.5.2 Inertial Douglas—Rachford splitting

Now suppose that there is no noise in the observation model (3.6.1), i.e. w = 0. Then instead of
(3.6.2), the following equality constrained problem should be considered

min R(xz) subject to Kz = Kzp.

z€R"
Furthermore, the above constrained problem can be ban be formulated as

;IGI]iRI}L R(z) + J(x), (4.5.2)

where J = 15(-) is the indicator function of the constraint S S {z e R" : Kzop = Kz} = zop + ker(X).
As both functions R and J are non-smooth, a proper choice to solve (4.5.2) is the Douglas—Rachford
splitting. The proximity operator of J is the projection operator onto S, which reads prox, g(x) =
2+ X (f—Kz) where Kt = KT(KKT)~! is the Moore-Penrose pseudo-inverse of X. For R, 4 examples
are considered: ¢1,¢1 2, s-norms and nuclear norm, and the setting of each example is the same as

the MiFB experiments.
The multi-step inertial Douglas—Rachford splitting (MiDR) is applied to solve (4.5.2), and the ob-
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tained result is shown in Figure 4.7, the parameter v of the DR is set as 1. Unlike the case of MiFB,
the gains of inertial to MiDR is rather limited, moreover it depends on the properties of the involved
functions.

For the considered examples, J is polyhedral. For R, /1 and {,-norms are polyhedral, while ¢ »-
norm and nuclear norm are not. We have the following observation from Figure 4.7:

(i) When both functions J, R are polyhedral, negative ) . a; gives faster convergence, and the 3-step
inertial DR “3-MiDR” is the fastest, though the advantage is not big. See Figure 4.7 (a) and (c).

(ii) When R is not polyhedral (e.g. ¢1 2-norm and nuclear norm), the performance of different inertial
settings are very close, with “1-MiDR” being the slightly faster one. See Figure 4.7 (b) and (d).
Conclude from the above comparison, in practice the inertial parameters for MiDR should be chosen
based on the properties of the involved functions, and the (absolute) value of the inertial parameters
should not be too big. A theoretical explanation about this behaviour is presented in Chapter 7.

102 - - - - - - - 102
DR DR
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Figure 4.7: Comparison of DR and MiDR for problem mingcgn R(z) s.t. Kz = Ko, with R being
01,012, {o-norms and nuclear norm. The parameter v in DR algorithm is set to be 1 for all examples.

4.5.3 Inertial Primal-Dual splitting

In this section, we consider the same problems as in MiDR experiments, and solve it with multi-step
inertial Primal-Dual splitting (MiPD). By reformulating the constraint as J(x) = t{0y}(Xz — f),f =

- 79 —



Chapter 4 4.5. Numerical experiments

Kxop, we obtain the following saddle-point problem,

: - — .k 4.5.
min max R(z) + (Kz — b, v) — fy(v), (4.5.3)

where Lf{‘o}(-) is the support function of {0}. The Chambolle-Pock Primal-Dual splitting method [51] is
applied, and for this case, the 1-step inertial Primal-Dual splitting coincides with the one proposed in
[120]. Moreover, for the step-sizes v,, 7, in Algorithm 10, we choose fyAfyC||JC||2 =0.99 and v, = .-

The experiment results are shown in Figure 4.8, from which we obtain the following observations
which are almost the same as MiDR experiment:

(i) When both functions J, R are polyhedral, then negative ), a; gives faster convergence, and the
“3-MiPD” is the fastest one. See Figure 4.8 (a) and (c).

(ii) When R is not polyhedral (e.g. ¢1 2-norm and nuclear norm), the performance of different inertial
parameters are very close, with “1-MiPD” being slightly faster. See Figure 4.8 (b) and (d).

A theoretical explanation about this behaviour is presented in Chapter 8.
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Figure 4.8: Comparison of Primal-Dual (PD) and MiPD for solving (4.5.3) with R being ¢1, ¢} 2, loo-
norms and nuclear norm.
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4.5.4 The non-convex case

For this demonstration of ncvx-MiFB, we consider the linear inverse problem (4.5.1) with R being £y
pseudo-norm (i.e. counting number of non-zero of a given vector € R™) and the rank function. The
detailed settings of the two examples are

ly pseudo-norm (m,n) = (48,128), |zoblly = 8, i.e. zon has 8 non-zero elements.
Rank function (m,n) = (640, 1024), z., € R332 and rank(z,,) = 4.

The proximity operator of £y pseudo-norm is given by hard-thresholding, while the proximity operator
of the rank function is applying hard-thresholding to the singular values.

For the numerical experiments, 3 different schemes are compared: FB, 1-step ncvx-MiFB (denoted as
“l-ncvx-MiFB”) and 2-step ncvx-MiFB (denoted as “2-ncvx-MiFB”). Only one choice of v is considered
vt = 0.55, and the inertial parameters of ncvx-MiFB are chosen as by = ap = a;,i = 0,1 such that
Theorem 4.4.3 applies. The reason of choosing only one 7 is that, {zx}ren in general converges to
different critical points under different values of 7, hence makes it difficult to compare the effects of
inertia between different values of ~.

The numerical result is shown in Figure 4.9, from which we obtain very similar observations as the
ones from the convex case (i.e. Figure 4.4):

(i) The ncvx-MiFB scheme is faster than FB both globally and locally.

(ii) Comparing the two ncvx-MiFB inertial schemes, “2-ncvx-MiFB” outperforms “1-ncvx-MiFB”,
showing the advantages of a 2-step inertial scheme over the 1-step one.
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Figure 4.9: Comparison of Forward—Backward splitting and ncvx-MiFB with R being £y pseudo-norm
and the rank function.

The empirical bound (4.4.6) and inertial steps s We now present a short comparison of the
empirical bound (4.4.6) of inertial parameters and different choices of s under bigger choice of v = 0.8/.
MiFB with 3 inertial steps, i.e. s = 3, is added which is noted as “3-ncvx-MiFB”, see the magenta line
in Figure4.10.

Similar to the above experiments, we choose b; ;, = a; 1 = a;,i € §, and “Thm 4.4.3” means that a;’s
are chosen according to Theorem 4.4.3, while “Bnd (4.4.6)” means that a;’s are chosen based on the
empirical bound (4.4.6). We can infer from Figure4.10 that:

(i) Compared to the results in Figure 4.9, a bigger choice of 7 leads to faster convergence. Yet still,

under the same choice of v, ncvx-MiFB is faster than FB both locally and globally;
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(ii) For either “Thm 4.4.3” or “Bnd (4.4.6)”, the performance of the three ncvx-MiFB schemes are
close, this is mainly due to the fact that values of the sum ), .a; for each scheme are close.
(iii) Then between “Thm 4.4.3” and “Bnd (4.4.6)”, “Bnd (4.4.6)” shows faster convergence result, since
the allowed value of }°,_;a; of (4.4.6) is bigger than that of Theorem 4.4.3.
It should be noted that, when v €]0, %5], the largest value of ), . a; allowed by (4.4.6) is 1. If we
choose » ;.;a; equal or very close to 1, then it can be observed in practice that ncvx-MiFB locally
oscillates, which is a well-known property of the FISTA scheme [24, 50|. We refer to Chapter 6 for
discussions of the properties of such oscillation behaviour.
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Figure 4.10: Comparison of ncvx-MiFB under different inertial settings. We fix v, = 0.80 for all tests.
For the three inertial schemes, the inertial parameters were chosen such that (4.4.5) holds.

4.6 Proofs of main theorems

4.6.1 Proofs of Section 4.2

We need the following two lemmas before presenting the proof of the main theorems.
Lemma 4.6.1. Let the operators A : H = H be maximal monotone, B : H — H be B-cocoercive, and
VeS,. Then for~ €]0,25v],

(i) V7YA: Hy = Hy is mazimal monotone.

(i) (Id +~V~tA)~1: Hy — Hy is firmly non-expansive.

)
)

(iii) (Id —yV~1B): Hy — Hy is 35, -averaged non-expansive.
)

(iv) The operator (Id +~V~1A)~"1(Id — yV~1B) is QBQEKW—averaged non-expansive.

Proof. (i)-(ii) See [62, Lemma 3.7]. (iv) See [138, Theorem 3|. For (iii), since B : H — H is (-
cocoercive, given any x,x’ € H, we have
(x — ', V'Bz — V" 'Ba')y > 8| Bx — B2'||?
= V(V 1Bz — V7B’ V'Bx — V7 1Bx)y
> By|V=' Bz — V' Ba'|3,

which means V™!B : Hy — Hy is (Bv)-cocoercive. The rest of the proof follows [16, Proposition
4.33]. 0
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Lemma 4.6.2. Let {dj}ren, {0k }ren be two non-negative sequences, and w € R® such that
i1 < Y e qwidi—i + O, (4.6.1)
forallk > s. If > w; € [0,1] and ), . 6r < +00, then

ZkeNdk < 4-00.

Remark 4.6.3. A special case of Lemma 4.6.2 appears in [33, Lemma 3]. It should be noted that in
our case, non-negativity is not imposed to the weight w;’s, but only the sum of them. In fact, we can
even afford all w;’s to be negative, as long as ) .. widy—; + 0, is positive for all k£ € N.

Proof. From (4.6.1), suppose that d_1 = d_3 = d_s41 = 0, then sum up for both sides from k = 0,

ZkeNdk‘H < zkeN Zies widy—; + ZkeNdk‘ = ZkeN dp < do + Zieswi zkeN dp + ZkeNdk’
= (1 - Zieswi) ZkzeN d, < do + ZkeNék'

Since we assume ), w; < 1 and J, is summable, then we have

ZkeNd’f = (1 - Zieswi)il(do + ZkeN‘Sk) < 400,

which concludes the proof. O
The following lemma is inspired by a result by Attouch et al. [11, Lemma A.9].

Lemma 4.6.4. Let {ag}ren, {Bk}ren be two summable sequences in [0,+oc[, and C < 400 be a
positive constant. Consider the non-negative sequence {0y }ren, which is defined by, for all k > s,

k k
O <C*+ Zj:lajejz + Zj:lﬁjej'
If there holds oy o, < 1, then we have

1

Opt1 < 77—
* 1= hen Ok

(C + ZkeNﬁk)'
holds for all k € N.

Proof. Given k € N, denote O = max;—1, . x0;. Then for 1 < j <k, we have
k k
0p < C? +6; Zj:l aj + O, Zj:l Bj
2 2
<C"+6; Z]’GN oj + O Z]’eN B
Taking the maximum over 1 < 5 < k, we get
2 2 2
OF <CPH O D ien @+ Ok D ien Bis
which leads to
(1 - ZjeNO‘j)@i — 6y ZjeN Bj — c? <.
Since ) ey @ < 1, then the quadratic equation (1 -3,y ;)07 — O > jenBi— C? = 0 admits two

real roots, and Oy is then bounded from above by the larger one. O

Since the metric V € M, is fixed with v > 0, without the loss of generality we present the proof of
Theorem 4.2.3 on H.
Proof of Theorem 4.2.3. Let 2* € zer(A + B), i.e. a solution, then
—B(z*) € A(z"),
(Yae = Trt1) = W BWo,k) € VA (@pt1)-

Define the following quantities

(4.6.2)

1 1 1
or = gllen — 2|, Bog = glloe —apal® and Epgrr = gllyer — wrsl®. (4.6.3)
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Given the expression of ¢ we have
Ok — Pr+1 = %@Uk —a*, o, — ) — %<xk+1 — ", Ty — )
— %(xk — Tpa1 — T+ 2wy — X, T — Tha1) (16.4)
= Lok — 21 |® + (@ — Yok + Yok — Tht1, Th11 — 7F) -
=FEy i1+ Yak — Thtl, Thp1 — 7)) — ZiESGi,k<xk—i — Th—i—1, Thy1 — T7).
Meanwhile, by virtue of the monotonicity of A and (4.6.2), given any ug11 € A% (k1) and u* € A(z*),
we have (ygugt1 — Ypu*, Tpr1 — T*) > —YEg, hence

((Yak — Tit1) — WBWo k) +wB(@*), T — %) = =Ygk
Combine this with (4.6.4) we get

*
Ok — Pht1 > Ep 1 — Zie5ai,k<xk—i — Tp—i—1, Thp1 — )

- * (4.6.5)
+ Y (B(Yok) — B(x"), Tpy1 — ) — ek
For each inner product (xp_; — xp_;_1, xp+1 — =*), we have
(Th—i = Tp—i—1, Thy1 — T7)
= (Tp—i — Th—i—1, Thyl — Th + T — Tp—i) + (Tp—i — Th—i—1, Th—i — T*)
(4.6.6)

= (Th—i = Thoi1, Thp1 — Tk) + (Thi — Thoi1, Th — Th—i) + (Thi — Th—i—1, Tp—i — ")
= (Th—i — Th—i—1, Thp1 — Tk) + %(H%k — w1 |? = ok — zp—il®) + (Vi — Proiz1),

where the Pythagoras relation below is applied to the inner products (xg_; — x_;—1, T — Tx—;) and
(Tp—i — Th—i—1, Tk—; — T*) respectively,

2(c1 — ez, c1 — ¢3) = |ler — e2||* + [ler — es)* — |lez — es|| (4.6.7)
Putting (4.6.6) back into (4.6.5) yields,

k1 — Pk < —Eepr1 — w(Bok) — B(@"), 21 — %) + e
+ Zl€5al k(k
=—Eg 1 — <B(yb k) — B(@"), g1 — 2%) + e
+ (Cies@ik(Th—i — Th—i-1), Thr1 — Tk)

2
+ Zleg (Hl‘k — Tp—i— 1|| |2k — zp—i]”) + Ziesai,kz(@k—i — Qk—i-1),

*
— Th—ie1s Thg1 — X)

and further leads to
Pkt — Pk — D e s@ik(Phmi — Phoi1)
< —Epk1 — m(Bypr) — B(x"), o1 — ™) + ek (4.6.8)
(Y es@ih(Thoi — Thoic1), Tig1 — Tk) + D, a;k

Since B is [-cocoercive, then

(lzk — zh—ia|® = llze — ze—il?),

(B(yo,k) — B(@"), Tp41 — @)
= (B(ypr) — B(x™), Tht1 — Yok + Ubke — =)
> BIBns) — B + (Blunw) — Ba*), wisn — o) (469)
> B11B(ysr) — B = BIB(wns) = B — gllzwes —wrl’ = —55Eume.
Combine (4.6.9) and (4.6.8), we get
Phtt = Pk = D e @ik (Ph—i = P—i1)
< —Eupr + 35Eb ki1 + (Cies@ih(Thoi = Thoio1), Thpr — ) (4.6.10)

+ D s (ke — i P = ok — 2eill®) + ek
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For Ejp 11, we have
Bppr = Sloner = ol = Sllzeis — 2 — Siesbin(@rs — i)
= %Hﬂ%ﬂ — | + %H Yies bik(@emi — p—iz1)|? (4.6.11)
D iesbin T — Tpr1, Thoi — Th_i1).
Substitute into (4.6.10) we get,
Pk+1 — Pk — Ziesai,k(s%—i — Pr—i-1)
< —Eppr1 + (X ics@in(Tp—i — Tp—iz1), Thy1 — k) + %Eb,k-i-l

+ Zies a;k (”37k - xk—i—1||2 — ||zk — xk—i”2) + ViER
b;
= =By + %Eﬂf,k—kl + <Zies(ai,k - wcg/@’k J(Th—i — Th—io1), Thp1 — Tk) (4.6.12)
2 i 2 2
+ ng” Sies bie(@hmi — Thmim) P + D BE (o = p—ima ) = [k — 2—l®) + en

= ML + CiesCin(Th—i — Th—iz1), Thg1 — Tk) + Z*EH >ies bip(Tp—i — rh_i1)|?

+ e ZE ok — whmiaa | = ok — 2i—ill”) + ek

Define the following parameters

_7 € _é L . _"Yk i,k
)\k—l 25 [B 1 25] and Cl,k_al,k 25 7v €S,

and vector
— Tp_i_1).

1
Vg = Tk+1 — Tk — 2165
Substituting (4.6.9) back into (4.6.8), and combine with (4.6.12),

Ph+1 — Pk — Ziesai,k(%—i — Pk—i-1)
< =MeEp i1 + OCiesCik(Th—i — Th—iz1), Thyr — Tp) + Z%gll Sies bir(zr—i — 25|

i 2 2
+ Eig“vwnxk = wminal’ = ok = aiil®) + wee

A 2
= — 2 oe|* + 5= || Sies Gok(@pi —wpi)|[P+ 25 5l Xies big(@r—i — 2p—icn) (4.6.13)
+ D ies “;“ ||xk — 2 = ok — wril®) + e
A 2
< -5 ”Uk” + H ZIGS Cl k(xk i Th—i— 1)” + L ” Zies bi,k(xk—i - xk—i—l)H

+Eleg'“’;' (. — wiica | + ok = 2ril) + 7o
Let’s collect the quadratic terms in (4.6.13) in dg, and apply the Jensen’s inequality

O = gy Cies Guk(@rmi = i) + J5 1 S bik (wni — 2imim) I

+ st (g, — it | + ok — i)

< ﬁ ics i,k”xk—i — mpim |+ % Zies bzkak_i — zp_i |
T DLy (AN L PR

< gy Doies Cllenmi — zemit I+ 5 oo 1o

2
s Zies |ai k| Zje5 k- — xk’—j—lu

2 2
= ﬁ%@xcak D s lln—i — @rmia|” + ‘ZZ“ max [y x| Y ies lwn—i — zp—ia

| — 2|

+ s maX |ai7k| zieg | g—i — xk—i—l”

sy 2 2 2
< max {3, 72, 5"} max { max iy, max b |, max [a; | § > ies lwe—i — ze—iall”.
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Therefore, as
s sy 2
max{ﬁ,ﬁ,s }<+OO

is a constant, the sequence {0 }ren is summable if condition (4.2.5) holds. Now define 0, = ¢ — pr_1,
then we get the following key estimate from (4.6.13)

Orpr < =2 okl® + D i kbhi + Ok + Fen. (4.6.14)
(i) If 3°,a@; < 1, define [A]; = max {6,0}, then (4.6.14) gives

Or1]y < D e s@inlOh—ils + 01+ Yex
<D ies@ilfh—il4 + Ok + Fe-
Owing to Lemma 4.6.2, {[0x]+ }ren is summable since ), a; < 1. In turn,

k+1 k
P+l — ijl [05]+ < i1 — Op1 — Zj:1[9j]+

= Pk — Z;?:l[ej]+-

It then follows that the sequence {¢x — E‘I;Zl[gj]_l,_}k-eN is decreasing and bounded from below,
hence convergent, and we deduce that ¢y, is also convergent.

(ii) If a;, =0 for all i = 0,...,s — 1, then (4.6.14) entails

Cr+1 < pr + 0k + Feg,

which means that the sequence {xy}ren is quasi-Fejér monotone relative to zer(A + B) [56,
Definition 1.1(3)], thus ¢y, is convergent [56, Proposition 3.6].

In summary, for ) . .a; < 1, limy_,o ||z — 2| exists for any z* € zer(A + B).

ics
By assumption (4.2.5), a; x(xx—; — xk—i—1) = 0 and b; y(xp—; — x—;—1) — 0, and thus for each i € §,

CA" (Tp—i — Tp_i—1) — 0, (4.6.15)
k

since A\ > % > 0. Moreover, from (4.6.14), we obtain

ZkeNH”kH $o + ZkeN S iestilfr—i]+ + ex)) < 4o0.

Consequently, v, — 0. Combining this with (4.6.15), we get that x5 —zr — 0. In turn, yg p — g1 —
0 and Ybk — Th4+1 — 0.

Let Z be a weak cluster point of (zx)ken, and let us fix a subsequence, say z; — . We get from
(4.6.2) that

def 1
Uk, =

T ’Tkj(ya’kj = @ye1) = BYoy) = &y € A™ (wh,41)

Since B is cocoercive and ypx;, — Z, we have B(ypx;) — B(Z). In turn, uy, — —B(Z) since 7 > € > 0.
Since (g, +1,ux;) € gra(A®%), and the graph of the enlargement of A is sequentially weakly-strongly
closed in Ry x H x H [164, Proposition 3.4(b)|, we get that —B(z) € A(Z), i.e. T is a solution of
(Pinc)- That is, every weak sequential cluster point of {xj}ren lies in zer(A + B). Applying Opial’s
Theorem [139] concludes the proof. O
Proof of Theorem 4.2.5. Define
Ay, =V, 'A and B, =7V,'B.

Let z* € zer(A + B), then

—By (2¥) € Ay (x7),

w (@) € Ay, Ek ) (4.6.16)

(Yak — Tht1) — B, (Ubk) — W€k € WAV (Thet1)-
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Define the following quantities

1 1 1
on = sller = 2y, Bk = glloe —oxally, and Epgir = 5llyor — o, - (4.6.17)

Given the expression of ¢ we have

1 _1 ok K 11 ok ok
Pk~ T Pl = g{Th = 27 2p = 2y — 7o (T — 27, T — 2Ty,

> %(mk — 2%, oy — %)y, — %<$k+1 — 2", Tpy1 — )y,

1 * *
@k = Tpy1 — 7+ 2Tpp1 — T, T — Tpg1) v,

Mk = 2xs1l3, + @k — Yok + Yk — Ths1, Thir — 25y,

1 1 2
273 T §H$k - xk+1H\7k+1 + Tk = Yok + Yak — Tht1, The1 — Ty,
= ﬁEx,kH + Yok — Tht1s Thy1 — )y, — (T — Th—1, Thp1 — T7)y, -
(4.6.18)

Meanwhile, by virtue of the monotonicity of Ay, on Hy, and (4.6.16), given any ugi1 € Af;’z (Tgt1)
and u* € Ay, (2*), we have (ypupy1 — U™, Tpy1 — %), > —YrEk, hence back to (4.6.16) we get

((Yak — Tht1) — By, (Yok) + 6By, (%) — Vebks Thr1 — 5, > —Vk€k-
k k

Combine this with (4.6.18) we get

1
Okl = mEx,k+l — ap(TE — Th—1, Th1 — )y,

1
Pk T+

(4.6.19)
+ Yk (By, (Yp,k) — By, (%) + &k, Trg1 — 5)v, — Vek-

For the inner product (zy — xx—1, Tx41 — 2*)v,,, apply the Pythagoras relation (4.6.7),

(T — Th—1, Thg1 — )y, = (Th — The1, Thp1 — Ty, + (Th — Tp—1, Tk — )y,
1 1
=Tk — Th—1, Tht1 — Tk)v, + Erg + §||9Ck - 96*“3@ - §Hl’k—1 - 37*”\27k

> (@) — Th-1, Thi1 — Te)v, + Bog + (06 — (14 M6—1) k1),
(4.6.20)
Putting (4.6.20) back into (4.6.19) yields,
_ﬁEx7k+1 = Y By, (Ybk) — By, (2%) + &k, Thr1 — %)y, + Wik
+ ap(zp — Tp—1, Th1 — )y, + A Bo g + ag(0r — (1 + Me—1)r-1),

1
— — <
1+ 7 Pk+1 — Pk =

and further leads to
Ort1 — ok — ak(r — (1 + 1) Pr—1)
1
= Qpy1 — ok —ap(l + Uk—l)(m%pk — Pr-1)

(4.6.21)
< —Ep k1 — By, (b k) — By, (%) + &k, Tug1 — %)y, + ek
+ ap(xr — Tp—1, Thy1 — Th)v, + @by s
Since By, is (Bv)-cocoercive, then similar to (4.6.9) we have
(Byy (o) = By (¢7), @hsr = 2")v, 2 —55 Epjes. (4.6.22)
Define the following parameters
€ b
ek = ar(l+mk-1), e = —% € w%,l—y%y and Ck:ak—%,
and vp = Ty — T — g—’;(a:k — g—1). Substituting (4.6.22) back into (4.6.21), and since

Epjt1 = %HlBk — @g4lly, + V2 Ey i + bk — Tht1, Th — Tho1)vy,
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we get from (4.6.21) that

ﬁ%ﬂ 2 ( Pk — Phk— 1)

1+77k 1
< _%ka — Tptlly, +an(@e — Tr-1, Tepr — Ty, + kB
+ %Eb,k+1 + VeER — 'Yk:<€k:a Th+1 — x*>vk

1 2 b bz
= (g5, = Dallze — wrally, + (an = 355) (o — @1, 2hn — 2advy + (ak + 355) Enk

+ kel — Ve (ks Thr1 — )y,

= —%ka - l“k:+1||%k + Tk — Tp—1, Tpy1 — )y, + (ak + %ﬂ’“)E

4.6.23
+ veer — Ve (€ks Thpr — T )y, ( )

2
= (=% llzie = wx = $ (o = 2l + $EBo) + (ax + Lob) By

+ veer — Ve (Eky Tha1 — )y,

b2
= —25||og |13, + (ax + Ck + 355 ) Bk + vk — Wlbrs Ther — 2,
< - Hkavk (2% + ;’Z;bj) ek T R — V(s Tha1 — Ty,
< - || wllp, + ( ar + (1 — ﬂ)bk) vk + 7 (ek + kv, 2k — 2y, ),

Now define 0}, = T%k—l(pk — pp_1 and 0 = (4’%% +(1- 2’%V)l)/rg)E},;J,C. Then we get from (4.6.23)

ka1 < —*||Uk||37 + el + 0k + (e + [€klly, lzer1 — 2 ly,)- (4.6.24)

Owing to the assumption on {Vj}ren, we have uld = Vi = vId. Then (4.6.24) can be further written
as

A _
1 < _?kHUkH%k + ¢, + 0k + Y (ek + %H&H\/chkﬂ). (4.6.25)
For simplicity, we denote C' = v/2u/y/v. Now define 0, = ¢ — Yp_1 = 1—?7;;:_190’“ + 0., we have
01 = p1 — o = 0 since x1 = . Then from (4.6.25) we get
Op+1 = 9k+1 + 7 +77 1o 5 Phtl

||Uk||vk +err + 7 P O +V(ek + Cll&kllv/Pr+1)

< Hj:lcj91 + Zj:l (Hl:jcl*j) (ﬁ%‘ﬂ + 65 +7(g5 + Cl&llv 90j+1))

ko _p_s i _
<@ (5 i+ 05+ + Cligilv@i+1))-
(i) For ¢ €]0,1[. Sum up (4.6.26) from m = 1 to k we get

(4.6.26)

an:l@mﬂ = k41— P1
< S Cy @ (g + 65+ (e + Cl IFT))
= ) (1 4 G+ (e + Cllnll D)

k m—+1

= Yt e (T2 0t + 6 + A(em + ClemllVBmrD),

which leads to
Pr+1 < (901 +13 ZmEN (6m +75m))

1 o= ™ N,

0 S emllyEm.

Since {dx}ren is summable owing to (4.2.8), {ex}ren and {&}ren are summable, and S =

SUDpeN T2 an:l % < 1 by (4.2.7). Then, in the view of Lemma 4.6.4 we have that
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{¢k }ren is bounded from above by F? where F is

T (V01 + T Snen O +7em) + 2% 2o lll).

Then define
en = mF? + 0 + 7 ek + OF ),

then {ey }ren is summable. Back to (4.6.26), and let [f]+ = max {9, 0}, then
[Ok+1]+ < elOk]+ + ek,

Therefore, using that ¢ < 1, [f;]+ is summable (Lemma 4.6.2). In turn,
k+1 k
Pr+1 — Z 1105 < o1 — Okgr — ijl[ej]—i-
k
= Pk — Zj:1[91]+-

We then infer that the sequence (¢r — Z? 1105]4)ken is decreasing and bounded from below,
hence convergent, whence we deduce that ¢y, is also convergent.

(ii) If ax, = 0 (hence ¢ = 0). Summability of {nx }ren is equivalent to
D=1l cn(1+m) < +oo.
Thus (4.6.26) yields
et < (L+me)er + (14 m) 0k + 5 ek + Cllgkllv/@r1))
k k
< [T @ mmder + 30y (Tl (U 1) (B + 3 + Cllmlly/ @)
< D1+ D Yy (G +72m) +7DC Y0y Wonll/Prar.

Again, owing to the summability of {0 }ren, {ek }ren and {||&kl|}ren, Lemma 4.6.4 asserts that
g is bounded. Now define F as

F = \/D(@1+ T pnen(Om + Tem)) +7DC Y s Ikl
then /i < F holds for all k € N. Let ) = supycy 7k, and define

fio = (1+7) (0 +F(ex + CF|&])),

then {fi}ren is summable. Therefore we have

ee+1 < (1 +m)ek + fr,
which implies that {xj}ren is variable metric quasi-Fejér monotone relative to zer(A + B) [61,
Definition 3.1|, thus ¢y, is convergent [61, Proposition 3.2|.
In summary, we have limy,oo |7 — 2*[|y, exists for any 2™ € zer(A + B) and {zy}xen is bounded.

By assumption (4.2.8), ag(zr — xx—1) — 0 and bg(zr — xx—1) — 0, and thus
s “ (@ — m1) = 0, (4.6.27)

since A\ > 2’%” > 0. Moreover, from (4.6.26), we obtain

2 2 4
VY en 10 l” < D penllvnl, < 222 (00 + D pen(@k]+ + ex)) < +oo.

Consequently, v — 0. Combining this with (4.6.27), we get that x4 —2 — 0. In turn, yo r —Tp41 —
0 and yp — i1 — 0.

Let Z be a weak cluster point of (zx)ken, and let us fix a subsequence, say zg, — . We get from
(4.6.16) that

det 1 )
uk]’ == %vk] (ya,kj - xkj+1) - B(yb,k]’) - vk‘jgk)j S AEkJ (fL'kj+1)
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Since B is S-cocoercive and ypx; — T, we have B(ypx;) — B(7). In turn, since 4 > € > 0, we have
[uk; + B(@)| = H% Vi, (Yak; — Thy41) + B(T) — Bybk,;) — Viey i,

H% k; (ya,kg‘ - xkj+1)|| + HB<'T) - B(yb7kj)H + ”vkggkj”

1 1=
FlYak; = @rgal + GlIT = g ll - €l = O-

IN

IN

Hence, uy, — —B(T). As (zg;+1,ur;) € gra(A®i), and the graph of the enlargement of A is sequentially
weakly-strongly closed in Ry x H x H [164, Proposition 3.4(b)|, we get that —B(%) € A(Z), i.e. Tis a
solution of (Piyc). That is, every weak sequential cluster point of {x}ren lies in zer(A+ B). Applying
[61, Theorem 3.3] we conclude to the weak convergence of {z}ren to a solution z* € zer(A+ B). O

Proof of Theorem 4.2.9. From the proof of Theorem 4.2.5, {x} }ren is bounded, with the imposed
assumptions of the theorem. Let C' €]0,+o0[ be the constant such that

1
sup max {Gllze = 2[5, llze — 2%y, } < C.
€

Then from (4.6.23), we apply Young’s inequality to get

1 1
T PR — Pk — k(T Pk — k1)

1 b
(% - 1)*H$k+1 — xglly, + (ar — %)(xk — Th—1, Thel — Tk)V,

+ (an + 'kak)lek — @1y, + 3(ex + CkaHvk)

26y
< (L

(4.6.28)
280 )5H$k+1 - kaHvk + lax — 28

b (1 1
P (Gl eker — zrlly, + 5llzn — zr-1lly,)

b 1 ~

1 1 _
= Skzllensr — rlly, + Tegllae — ze—1lly, +7(ex + Cllgklly, ),
where the coeflicients are defined as

2 b
Sk =54, — 1+ lak — 7’”‘?| k= g0k ok + lax — P31

Apply the boundedness of {zj}ren again, from (4.6.28) we get

Pk+1 — Pk — Ck (Sﬁk - %-1)

1 —on —en(— L5 — Mk
S T Pkl Pk Ck(1+nk71@k Pr-1) + T o Pht (46.29)

1 | _
< Spsllarer — zrlly, + Tiglar — a1l +3(er + Cllérllv,) + 1 ank Pt

< Sk%||xk+1 — xglly, + Tk%Hﬁk —zp—1lly, +7(er + Cléklly,) + C-
Suppose ag, bg, 7 and 7 are chosen such that
¢, = ax(l +ng—1), Sk and T} are non-decreasing.
Define

Ok = ok — Chpr—1 + Tk%ka ~ iy, and o =7(ek + Cllékly) + Oy
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Then from (4.6.29),
Prt1 — Pk
= (k41 — cr19k) — (Pr — Chpr-1) + Tk—&-llek—H = Tklly,,, — Tk%Hmk — T—1lly, + Ok
< (prs1 — k) — (0k — 1) + Tenrgllzens — zilly,,, — Tegllon — zically, + 0
= @1 — ok — k(or — h1) + Thpagllzers — 2ully,.,, — Tegllzn — wxally, + O
< Skgllaeis — @lly, + Tegller — 2xally, + Terrglani —arlly,,, — Teglaor — zx-ily, + 0
< (Se1+(1+ 77k)Tk+1)%||$k+1 — zklly, + Ok

b2
= (L — 1 () (BB ) + (2 ) — 2R ) gy — gl + 0

28v 28v 28v
(4.6.30)
Sequence {Jx }ken is summable owing to our assumptions. We have the following discussions based on
. b
the sign of |agiq1 — %L define F, j, = %ka“ — a:k||vk:

(i) ax € [0,a], by € [0,b], by < ap. We have 2850k < ag, then from (4.6.30), and under the second
condition in (4.2.10),

Prt+1 — Pk
b; b
< (35 — 1+ (L) (P55 + arg) + (2 1) (aran — P55 o + 0
= ((B+2m)ar —1) + S5 L+ (1 + M)y — (24 M)brs1) ) Foe + O (4.6.31)
= ((B+2m)ars —1) + B (- bri1)” + Mkbr1 (ki1 — 1)) Fu + O
< —7Fup+ 0.

(i) ar € [0,a], by €]0,b], ar < br. We need to discuss again the relationship between aj,1 and
'Yk+1

—bi.y1, which splits into two sub-cases.

(a ) If 72’“51} br+1 < ag+1, k € N, then from the second condition in (4.2.10) and (4.6.31),
drr1— or = ((3+2m)ar1 — 1) + 72’“5“ ((1 = bpes1)? + M1 (b1 — 1)) Fo + O

< —7F, 1 + 0.

(4.6.32)
(b) If ag+1 < %bkﬂ, k € N, then from the first condition of (4.2.10), we have
b1 — b < (—(1+ apr) + 2?1 (L4 (L4 m)bjyy + (24 m)brs1) ) Foe + O
= (= (14 aps1) + ngﬂ ((1+ bps1)? + bt (b1 + 1)) ) Foe + 06 (4.6.33)
< —TFm,k + 0.
Under the assumption (i), we have from (4.6.31) (respectively (4.6.32) or (4.6.33)), that
k k
Q41 — 1 < —T Zj:(} Epj+1+ Zj:15j’
which leads to N N
1 1
Do <X —dp) + 130010
_ k
< Lbr4aom) + 1D 8 < 400,
If the errors vanish, then from (4.6.31) (respectively (4.6.32) or (4.6.33)) we have
Ok —Cpp—1 < P, < 91 = ¢ < C <P0+¢1ZJ 007<C 900“‘%15-
and moreover

k -
< %(ﬁbl — k1) < %(qbl—‘,—cgpk_) < %( k+1800Jr xS ) < oo,
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which means that the summability condition in (4.2.8) is satisfied. The rest of the proof follows the
same arguments as in those in the last part of the proof of Theorem 4.2.5. O

4.6.2 Proofs of Section 4.4
Define A = |lag — 21|

Lemma 4.6.5. For the update of xg+1 in (4.4.2), given any k € N, define

def 1

Jk+1 = %(ya,k — Tk41) — VE(Yp i) + VEF(Tg41)-
We have g1 € 0P(zg41), and moreover,
gkl < (% + %)Ak—i—l + Zig(‘a#’k‘ + [bik]) g (4.6.34)

Proof. From the definition of proximity operator and the update of zj1 (4.4.2), we have y,; —
YV F(yp k) — Tht1 € OR(xp41), add v, VF(2541) to both sides, then

— F - F
Gop1 = Yok — Y (Yo.k) ’y:k—i-l + W VE(Tre1) 0B (11).

Then, apply the triangle inequality and the Lipschitz continuity of VF, we get
lgrsll = ll5; (Yo — 2r41) = VE(yor) + VE(zpr1)l]

1 1
< = — = —
< 2o Wake = 2l + Fllysk — 2
1 1
o (B + D ieslaiklBri) + 5 (Brer + D e lbikl Ais)

(i * %)Akﬂ + Zies(mik' + )Ak—ﬁ

IN

IN

bi k

which concludes the proof. O

Lemma 4.6.6. For Algorithm 11, given the parameters v, a;k, b, i, the following inequality holds
D(zpr1) + (AR < Blap) + D, MO (4.6.35)
Proof. Define the function
L) = wR(@) + 37 = yal® +w(z, VF@b1)).
It can be shown that the update of zj; in (4.4.2) is equivalent to
Tp41 € argming 4 L (), (4.6.36)

which means that Li(zg41) < Li(zk), and

1 1
R(zgs1) + m”xk—&-l — Ya,k >+ (Tt VE(ypr)) < R(zy) + T%”v’ﬂk — Yarl” + @k, VE(yor)),

and leads to,

1 1
R(zy) > R(2p41) + m”ﬁﬂkﬂ — Yokl + (@r1 — Tk, VF(Upr)) — m”l‘k — Yail?

1
= R(zpy1) + (py1 — op, VE(21)) + mAiH (4.6.37)
1
+ %(fl?k — Thi1s Doies@ik(Thei — Th—im1)) + (Thg1 — Tk, VF (o) — VF(x1)).
Since F'is (1/8)-Lipschitz, then

(VF(2p), 21 — ) > Flagsr) — Flag) — o

LWL

~ 99—



Chapter 4 4.6. Proofs of main theorems

Apply Young’s inequality, we obtain

1
(Tk — Tht1, Dies@ik(Th—i — Th—iz1)) = — (%Aiﬂ + ﬁ” Dies @ik(Tr—i — xk—i—l)”Z)

(4.6.38)
HoA2 i, k 2
= _(§Ak+1 + 2165 24 A )
where p > 0. Then similarly, for v > 0, we have
(@hs1 — 2, VF(yor) = VF (i) 2 = (5 Ak+1 + 3, ||VF(yb k) — VF(zp)]?)
b2 (4.6.39)
1k:
2 = ( 1t Zzes 2,/52 )
Combining the above 3 inequalities with (4.6.37) leads to
2
2 sa;, sbl 2
‘I)(karl) + CkAk+1 < (I)(.lek) + Zi€5(2’ykft + leﬁkg)A CI) .,”Uk + 2165)\1 kAk i (4640)
Therefore, we obtain
O(wpr1) + A7 < Plargr) + GAF 1 < P(@r) + D e MikAT
< @ + ZLES)\ Ak i)
which concludes the proof. O

Define H the product space ‘H Y x .- x H and zr = (Tg, Tk—1, -, Tk—s11) € H. Then given zg,
N——— +

s times
define the function

\II( mk +Ze_sz k i

which is is a KL function if ® is. Denote C,,,C,, the set of cluster points of sequences z; and zj
respectively, and crit(V) = {z = (z,...,x) € H : x € crit(P)}.

Lemma 4.6.7. For Algorithm 11, choose i, v, Vi, Q; , b ; such that (4.4.5) holds. If ® is bounded from
below, then

(1) Ypeny AF < +o00.
(ii) The sequence V(zy) is monotonically decreasing and convergent.

(iii) The sequence ®(xy) is convergent.

Proof. Define
T=C(—D N> 0.

From the Lemma 4.6.6, we have
TAL, < (®(xr) — P(zpy1)) + ZieSS\i(A% — A7 ).
Since we let x1_; = ... = kg = x1, for the above inequality, sum over k we get
T e AF 1 D e (®(@r) = ®(rr1)) + D pen Dies MAT — Afyy)

S O(20) + D ieshi Dpen (Db — A7)

= ®(z0) + Ziejj‘i Zgl‘:l—z‘ AF = ®(xp),
which means, as ®(z¢) is bounded,

ZkeNAk-H ( 2) < 4o,
From Lemma 4.6.6, by pairing terms on both sides of (4.6.35), we get
U(zpr1) + (€= Doieshe) Ay < W(z).

Since we assume ¢ — >, A; > 0, hence ¥(zy) is monotonically non-increasing. The convergence of
O (zy,) is straightforward. O
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Lemma 4.6.8. For Algorithm 11, choose [, v, Vi, G; , b i, such that (4.4.5) holds. If ® is bounded from
below and {xk}ren is bounded, then xy converges to a critical point of ®.

Proof. Since {zy}ren is bounded, there exists a subsequence {zy;, }reny and cluster point T such that
Ti; — T as j — oo. Next we show that ®(zy,) — ®(7) and that Z is a critical point of ®.

Since R is Isc, then liminf; o R(zy,;) > R(Z). From (4.6.36), we have Ly, 1(xx;) < Ly, -1(T),

17 = Yo, -1l

R(Z) > R(wy;) + |k, = Yaj;—1l” + (@, — T, VF(Yop;-1)) —

1 1
29k, -1 295 -1

~er—1 (”xkj - j|’2 + 2<$k‘] —Z,T— ya,kjfl>) + <£L'kj -, VF(yb,k‘jfl»

= R(zy,) +

Since A} — 0 and 2y, — Z, then taking the inequality to limit yields limsup; . R(zy,) < R(Z). As
a result, limy,_,o R(7g;) = R(Z). Since F' is continuous, then F(zy;) — F(Z), hence ®(xy;) — (7).

Furthermore, owing to Lemma 4.6.5, g, € 0®(xy;), and (i) of Lemma 4.6.7 we have g, — 0 as
k — oo. As a consequence,

gr; € 0P(y;), (7k;,9x;) = (7,0) and  ®(xy,) — ©(7),

as j — oco. Hence 0 € 0®(Z), i.e. T is a critical point. O
Now we present the proof of Theorem 4.4.3.

Proof of Theorem 4.4.3. Concluding from above lemmas, we have the following useful results
(R.1) Denote 7= ¢ — ;e Ai, then W(zppq) +7A7 < U(zy).
(R.2) Define

€S

Gk+1+2 Zl oA CCk+1 — SUk)
wr | 220000 Mk — wr) +22 i(@) — wp-1)

Wg+1 = )

25\5—1 (:CkJers - karlfs)

then we have wgy1 € 0V(2zg41). Owing to Lemma 4.6.5, there exists a ¢ > 0 such that
k+1
Wkl < Uzg'—k+2 AvE

(R.3) if wy; is a subsequence such that xy;, — 7, then W(z) — ¥(2) where z = (, ..., 7).

(R.4) C, C crit(¥).

(R.5) limy_, o dist(zg,Cs, ) = 0.

(R.6) C., is non-empty, compact and connected.

(R.7) ¥ is finite and constant on C, .

Next we prove the claims of Theorem 4.4.3.

(i) Consider a critical point of ®, Z € crit(®), such that z = (z, ..., Z) € C,, then owing to (R.3), we
have ¥(z) — ¥(2).
Suppose there exists K such that ¥(zx) = ¥(2), then the descent property (R.1) implies that
U(zg) = W(2) holds for all k > K. Then zj is constant for k£ > K, hence has finite length.
On the other hand, let ¥(zx) > ¥(2), denote ¢, = ¥(zx) — ¥(2). Owing to (R.6), (R.7) and
Definition 4.4.2, the KL property of ¥ means that there exist €,7 and a concave function ¢, and

U= {u e dist(u,Cap) < e[ [T(2) < U(u) < U(2)+ 7], (4.6.41)

sucht ath for all z € U,
¢ (¥(z) — ¥(2))dist(0,00(z)) > 1. (4.6.42)
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Let k1 € N be such that ¥(z;) < ¥(2) + n holds for all £ > k1. Owing to (R.5), there exists
another ky € N such that dist(zg,C,,) < € holds for all k > ky. Let K = max{ky, k2}, then 2, € U
holds for all £ > K. Then from (4.6.42), we have for k > K

@' (1) dist (0,09 (z1,)) > 1.
Since ¢ is concave, ¢ is decreasing, and W(zy) is decreasing, we have
v -
P(r) = (1) = @' () (B (20) = W(znp)) = ool
From (R.1), since dist(0,0%(zy)) < ||wg|, then
Y(zk) = V(zke) o Y(zk) = U(2k11)

o(Vr) — P(Prg1) =

_ k .
”wk” o Zj:kJrlfs Aj
Moreover, ¥(zy) — ¥(2z11) > 0A7_, from (R.2), therefore we get
a2,

o(Vr) — p(Yrt1) >

)

k
g Zj:k—l—l—s Aj

which yields .
At < (Fo(Wr) = e(Wri1)) Do jmpir s A (4.6.43)

Taking the square root of both sides and applying Young’s inequality with « > 0, we further
obtain A
28p41 < Zj:k+1—s Aj+ %(T(@(i/}k) — o(Yry1))

1 —k
(k=) <13 o A+ (o) — o(rs)).

Summing up both sides over k, and since xg = ... = x_g4, we get

y4 def ZkeNAk < Ay + %@(1/}1) < +00,

which concludes the finite length property of xj.

(4.6.44)

Follows from the fact that {zj}ren is a Cauchy sequence, we have {xj}ren is hence convergent.
Owing to Lemma 4.6.8, there exists a critical point x* € crit(®) such thatlimg_,o, x = z*.

We now turn to proving local convergence to a global minimmizer. Note that if z* is a global
minimizer of ®, then z* is a global minimizer of W. Let r > p > 0 such that B,(z*) C U and
n < &(r — p)?. Suppose that the initial point zq is chosen such that following conditions hold,

U(2%) < U(z) < U(2*) +1 (4.6.45)

oo — @]+ €(s — 1) + 24/ L) ZFED) 4 00y < ) (4.6.46)

The descent property (R.1) of ¥ together with (4.6.45) imply that for any k£ € N, ¥(z*) <
U(zpt1) < U(z) < U(20) < ¥(2%) + 1, and

lenas — i < ¢ ESELTENNE \/ ESELTEDY (4.6.47)
Therefore, given any k € N, if we have zj, € B,(2*), then
U(z,) — U(z*
ks —2¥ < g — 2%+ angs — 2l < g — 2% + 4 LELZHED (£6.48)

Sp—i_(r_p):r’

which means that xpq1 € B,(z%).
For any k € N, define the following partial sum

k—1 j
Pr = Zj:k+l—s i=1 A
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Note that pr = 0 for k£ = 1, and limy_, o pr. = ¢(s—1). Next we prove the following claims through
induction: for k € N

z) € By(a¥) (4.6.49)
Z] A1+ Apr < Ay +pr+ Fe(1) — (Yrt))- (4.6.50)
From (4.6.47) we have
s — o] < 4/ LELZED, (4.6.51)
Applying the triangle inequality we then obtain
o1 — 2 < lleo — ¥ + ller — zo < flao — 2] 4+ 1/ LELZVED <
which means z; € B,(2z*). Now, taking x = 1 in (4.6.44) yields, for any k € N,
21 <D k15 F F((Wk) = o(Wrr1))- (4.6.52)
Let kK = 1. Since zg = ... = T_s, we have
20 < Ar+ F(p(v1) — p(42)).
Therefore, (4.6.49) and (4.6.50) hold for k = 1.
Now assume that they hold for some k£ > 1. Using the triangle inequality and (4.6.50),
e = ) < lleo — ¥ + A1 + D274
< Jlwo — || + 281 +pr + F(p(¥1) = 9(¥r41))
< lwo — 2™l + 241 + (s - 1)5 + S (0(¥1) = o(Yr11))
(4.6.51) < [lo — ]| + 20/ LELZHED 4 (5~ 10+ Z(o(41) — p(tsn):
As ¢(¢) > 0 and ¢'(¢) > 0 for ¢ €]0,7n[, and in view of (4.6.46), we arrive at
ks — 2 < llzo — 2] + 20/ LELZTED 4 (6 1y0 4 Too(ap) < p
whence we deduce that (4.6.49) holds at k + 1. Now, taking (4.6.52) at k + 1 gives
VIPED DIV N CIORR B ) .

< Apyr + Zj kra oA+ S (W) = @(Pri2))-
Adding both sides of (4.6.53) and (4.6.50) we get

Zk+1A]+1 + A2 <Ay +pp + Z PENPEVAVE S ( (V1) — o(Yr+2))
= A1 +pry1 + % ( (Y1) — (¢k+2)),

meaning that (4.6.50) holds at k 4 1. This concludes the induction proof.

In summary, the above result shows that if we start close enough from z* (so that (4.6.45)-(4.6.46)
hold), then the sequence {z}ren will remain in the neighbourhood B,(2*) and thus converges to
a critical point & owing to Lemma4.6.8. Moreover, ¥(z;) — W(Z) > ¥(z*) by virtue of (R.3).
Now we need to show that ¥(z) = ¥(z*). Suppose that U(2z) > ¥U(z*). As ¥ has the KL property
at z*, we have

¢ (¥(z) — ¥(z"))dist(0,00(2)) > 1.
But this is impossible since ¢/(s) > 0 for s €]0,7[, and dist(0,0¥(2)) = 0 as z is a critical point.
Hence we have ¥(2) = ¥(z*), which means ®(z) = ®(z*), i.e. the cluster point Z is actually a
global minimizer. This concludes the proof. O
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From the numerical experiments presented in Section 4.5, we obtain the following local convergence
observations which cannot be explained by metric sub-regularity:

(i) The local linear convergence of the inertial schemes (Theorem 3.3.3 needs the fixed-point operator
to be non-expansive, which is not the case for inertial schemes).

(ii) For the multi-step inertial Forward-Backward and FISTA, ||z — *| locally oscillates when the
inertial momentums are too large (Figure 4.4 and 4.5).

(iii) For DR and Primal-Dual splitting, when the objective functions are polyhedral, locally Primal—
Dual splitting oscillates even without inertia (Figure 4.8), while no oscillations observed for the
DR (Figure 4.7).
In order to interpret these observations, new tools are needed and it turns out that partial smoothness
is the key notion. In this chapter we present an overview of the theory of partial smoothness, and
many results are borrowed for instance from the work of Lewis and his collaborators.

5.1 Partly smooth functions

The notion of “partial smoothness” was first introduced by Lewis in [108]. This concept, as well as that
of identifiable surfaces [174], captures the essential features of the geometry of non-smoothness which
are along the so-called active/identifiable sub-manifold. For convex functions, a closely related idea is
developed in [106]. Loosely speaking, a partly smooth function behaves smoothly as we move along
the identifiable submanifold, and transversal to it, the function behaves sharply. Consequently, the
behaviour of the function and of its minimizers depend essentially on its restriction to this manifold,
hence offering a powerful framework for algorithmic and sensitivity analysis theory.



Chapter 5 5.1. Partly smooth functions
5.1.1 Definition

Let M be a C?-smooth embedded submanifold of R” around a point z. To lighten terminology,
henceforth we shall state C?-manifold instead of C2-smooth embedded submanifold of R”. The natural
embedding of a submanifold M into R™ permits to define a Riemannian structure on M, and we simply
say M is a Riemannian manifold. Tr((x) denotes the tangent space to M at any point = in M.

Given R : R® — R and a point * € dom(R) such that the sub-differential OR(x) of R at x is
non-empty, define the following subspace
T, < par(@R(x))l. (5.1.1)
The definition below is adapted from [108].

Definition 5.1.1 (Partly smooth function). A function R : R” — R is partly smooth at Z relative
to a set M for v € OR(z) # () if M is a C? manifold around z, and:

Smoothness R restricted to M is C? around Z;
Regularity R is regular at all 2 € M near Z, with OR(z) # (), and prox-regular at = for v;
Sharpness The tangent space Tp((Z) = par(OR(z))*;
Continuity The set-valued mapping JR is continuous at x relative to M.

The class of partly smooth functions at Z relative to M for v is denoted as PSFz 5(M), when R €
I'p(R™) is convex, we short this notion as PSFz(M). Popular examples of partly smooth functions that
are widely used in signal /image processing, machine learning and statistics are discussed in Section 5.2.

Remark 5.1.2.

(i) When R € I'g(R™), i.e. R is convex, the regularity assumption in Definition 5.1.1 is fulfilled
automatically [143, Example 2.6].

(ii) Prox-regularity was not included in the original definition of [108|, but it is essential to ensure
that the partly smooth submanifolds are locally unique [89, Corollary 4.2].

It is obvious that smooth differentiable functions of R™ are partly smooth relative to M = R™. If
R € T'4(R™) is locally polyhedral around z, then R is partly smooth at x relative to z 4+ T,,. Moreover,
polyhedrality implies that the subdifferential is locally constant around x along x + T,.

Owing to the result of [108, Proposition 2.10], we have the following lemma.

Lemma 5.1.3 (Local normal sharpness). If R € PSF, (M), then for all 2’ € M near x, there
holds Ty (x") = Ty In particular, if M is affine or linear, then Ty = T,.

5.1.2 Riemann gradient and Hessian

We now present the expressions of the Riemannian gradient and Hessian for the case of partly smooth
functions relative to a C2-smooth manifold. This is summarized in the following fact which follows by
combining (2.6.3), (2.6.4), Definition 5.1.1, Lemma 5.1.3 and |70, Proposition 17| (or [126, Lemma 2.4]).

Lemma 5.1.4 (Riemannian gradient and Hessian). If R € PSF,(M), then for any ' € M near
x
VmR(z") = Pr, (OR(x")),

and this does not depend on the smooth representation of R on M. In turn, for all h € T

VaR(@)h = P, V2 R(2')h + Wy (h, Pro VR(2')),

where R is a smooth extension (representative) of R on M, and W, (-,-) : Ty x T — T, is the
Weingarten map of M at x (see Section 2.6 for definitions).
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An important implication of Lemma 5.1.4 is that it allows us to linearize the proximity operators
along the manifold. Suppose R € T'x(R™) is partly smooth at x relative to M, and there exists a
point z € R™ such that x = proxp(z). From the Definition 2.1.8 of the proximity operator, we have
z —x € OR(x), then project onto the tangent space T, we get Pr, (0R(z)) = VMmR(z) = Pr, (2 — x).

5.1.3 Identifiability

The following theorem provides a key property of a partly smooth function, namely that the active
manifold, relative to which the function is partly smooth, can be identified in finite time under a
reasonable non degeneracy condition.

Theorem 5.1.5 (Finite identification). Let the function R : R™ — R be partly smooth at the point
Z relative to the manifold M, with

v € 1i(0R(7)). (ND)
Suppose that there exists a sequence {xy}ren such that x, — T and R(xy) — R(Z), then

xr € M for all large k,
if and only if
dist (v, OR(zy)) — 0.

Proof. [89, Theorem 5.3] applied to the affine function (—o, -) + R. O

Remark 5.1.6. If R € I'y(R"), then R is sub-differentially continuous, and we have R(z) — R(Z) as
long as xp — T.

5.1.4 Calculus rules

The class of partly smooth functions is closed under addition, pre-composition by a linear operator and
spectral lifting. In the following, we introduce some basic calculus rules of partial smoothness which
are proved in [108, 69].

Consider two Euclidean spaces X and Z, an open set W C Z containing a point z, a smooth map
K:W — X, and a set M C X. We say K is transversal to M at z if M is a manifold around X(z),
and

ran(VK(z)) + Twm (K(2)) = X,

or equivalently

ker (VXK (2)*) NN (K(2)) = {0}

Theorem 5.1.7 (Chain rule). Given Euclidean spaces X and Z, an open set W C Z conlaining a
point z. Suppose X is transversal to M at zZ. Then if the function R : X — R is partly smooth at K(Z)
relative to M, then the composition R(X) is partly smooth at z relative to X1 (M).

Proof. Theorem 4.2 of [108|. O

Theorem 5.1.8 (Separability). Let m be a positive integer. For each i =1,2,...,m, suppose X; is a
real Euclidean space, that the set M; C X; contains the point Z;, and that the function R; : X; — R is
partly smooth at Z; relative to M;. Then the function R: Xy x Xo X --- x X,, — R defined by

R(xy,x9,...;xy) = ZTZIRi(:ci), x €X;, i=1,2,...,m,
is partly smooth at (T1,Z, ..., T,) relative to My X Mg X -+ M,,.

Proof. Proposition 4.5 of [108]. O
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Theorem 5.1.9 (Sum rule). Let m be a positive integer. Consider the sets My, Ma, ..., M, in a real
Euclidean space X. Suppose that for each i = 1,...,m, the function R; : X — R is partly smooth at T
relative to M ;. Assume moreover that

Erzlyi =0 and y; € Ny, (Z) foreach i = y; = 0 foreach i.
Then the function ), R; is partly smooth at T relative to the intersection N;M;.

Proof. This a corollary of Theorem 5.1.7, see also Corollary 4.6 of [108]. O

Corollary 5.1.10 (Smooth perturbation). If the function R : X — R is partly smooth at the point
T relative to the set M C X, and the function F : X — R is C?-smooth on an open set containing T,
then the function R+ F s partly smooth at T relative to M.

Proof. This a consequence of Theorem 5.1.9. O

A function R is called absolutely permutation-invariant, if it is invariant under all signed permuta-
tions of coordinates. For a matrix x € R™*™, the operator o(x) returns the singular values of = sorted
in descending order.

Theorem 5.1.11 (Spectral lifting). Let function R € To(R™) and & € R™*™ be a m X n real matric
(suppose m < n). Suppose that R is absolutely permutation-invariant locally around o(Z). Then R is
partly smooth at (%) relative to M C R™ if and only if Roo is partly smooth at T relative to o~ *(M).

Proof. Theorem 5.3 of [69]. O

5.2 Examples

In the following, we present several popular examples of partly smooth functions that are widely used
in fields like inverse problems, signal/image processing and machine learning, etc.

5.2.1 The convex case

Example 5.2.1 ({;-norm). For z € R", the ¢;-norm is defined as
R(x) = [lzlly = 320 il
which is polyhedral, hence partly smooth at any x relative to the subspace
M=T,% {u € R™ : supp(u) C supp(z)}, supp(z) S ia £ 0L
Its Riemannian gradient at x is sign(x;) for ¢ € supp(x) and 0 otherwise, where

+1, z; >0,
-1, x; <O.

i)~

Its Riemannian Hessian vanishes as for any polyhedral functions.

Example 5.2.2 ({; 2-norm). Let the index set {1,...,n} be partitioned into a set of m non-overlapping
blocks B such that | J;cz 6 = {1,...,n}. The {1 3-norm of x is defined by

def
R(z) = |zl 2 = 3 sepllesl,

where x5 = (z;);e5 € RI?l. Though this function is not polyhedral, it is easy to see that it is partly
smooth at x relative to the subspace

M=T,% {u e R" : suppg(u) C Sp}, Si - U{B cx5 # 0}
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It is straightforward to show that the Riemannian gradient and Hessian of 1 2-norm are

vg/||lzgl| ifxs# 0
(Vamllzly o), = { and Vi) 5(z) = 6.Q, 1,

0 otherwise
where,
b if gy 0,
5 Th o Thoves d Tel T8
0 otherwise,
and
<1'5,’l)5> 3
vp — x; ifx 0
Qui i Ty o Tyos {0 Tt 0 12070,
0 otherwise.

Example 5.2.3 (Total Variation). Let Ry € PSFy,(My), and K : R™ — R™ be a linear operator.
Owing to the chain rule Theorem 5.1.7, if K satisfies the transversality condition (i.e. ran(K) +
Tio(Kz) = R™, z € My), then R = RyX € PSF,(M) where M = {u € R" : Ku € My}.

Popular examples complying with such formulation include the anisotropic total variation (TV)
semi-norm in which case Ry = |- ||; and X = Dpyy is a finite difference approximation of the derivative
[154]. For TV, R is then polyhedral, hence partly smooth at x relative to
{u € R" : supp(Ku) C supp(Kz)}.

def

M=T, =
Its Riemannian gradient reads P, (X7 sign(Xx)) and its Riemannian Hessian vanishes.

The proximity operator of the anisotropic TV, though not available in closed form, can be obtained
efficiently by using either the taut string algorithm [71] or graph cuts [49].

Example 5.2.4 ({sx-norm). For z € R", the anti-sparsity promoting ¢s-norm is defined as
def
R(w) = ol o Joi

Define the saturation support Z, = {i : |z;| = ||z| }. Clearly, R is a polyhedral norm, hence partly
smooth at z relative to

= o | sign(z;), if i€y,
M=T, = {ueR" :uz, €R(sz,)} where s = gn (i) x
0, otherwise,

which is a subspace.

The Riemannian gradient of || - ||, at = reads
s(1) .
[FAE 1€ Im,
Vi) = =7
0, i1 ¢ T,.

The Riemannian Hessian simply vanishes since £,-norm is polyhedral.

R™*™ whose rank is r, i.e. rank(x) = r. Let

Example 5.2.5 (Nuclear norm). Given z €
x = Udiag(o(x))V* be a reduced rank-r singular value decomposition (SVD), where U € R™*"
and V € R™" have orthonormal columns, and o(z) € (R4 \ {0})" is the vector of singular values
(01(x), -+ ,00(z)) in non-increasing order. Low-rank is the spectral extension of vector sparsity to
matrix-valued data x € R™*"  i.e. imposing sparsity on the singular values of . The nuclear norm is
thus defined as
R(z) = ||, = [los(x)],.

Putting together Theorem 5.1.11 and Example 5.2.1, it can be shown that the nuclear norm is partly

smooth at z relative to the set of fixed-rank matrices

M E {2 € R™" : rank(z) =},
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which is a C?-manifold around = of dimension (m +n — 7)r, see [103, Example 8.14].

Moreover, we have
T,={UA*"+BV*: Ac R, BeR™"} and Vx|, =UV". (5.2.1)
From [168, Example 21|, one can show that for h € T},
Vil (h) = Pz, V2], (Pr. ),
where

121, = o), = S oi2),

is a C?-smooth (and even convex) representation of the nuclear norm on M near x, obtained owing
to the smooth transfer principle [69, Corollary 2.3]. The expression of the (Euclidian) Hessian V2| z|,
can be obtained in several ways, see [168, Example 21| for details.

5.2.2 The non-convex case

Next we introduce two non-convex examples of partly smooth functions: the £y pseudo-norm and the
rank function.

Example 5.2.6 ({y pseudo-norm). The ¢y pseudo-norm, denoted as ||z, which returns the number
of non-zero elements of z € R™, is locally constant. Moreover, it is regular on R™ ([102, Remark 2|)
and its subdifferential (see Eq. (2.2.1)) is given by (see [102, Theorem 1|)

aHx”O = Span((ei)iESupp(I)C)a

where (e;)i=1,..n is the standard basis, and supp(x) is the support of z, i.e. indexes the non-zero
entries of x. The proximity operator of £p-norm is given by the hard-thresholding,

z if 2| > /27,

proX, |, (2) = 4 sign(2)[0, 2] if |2 = /27, (5.2.2)
0 if |2] < v/27.

It can then be easily verified that the £y pseudo-norm is partly smooth at any x relative to the subspace
Mg =T, ={z € R" : supp(z) C supp(x)}.

Note also that the Riemannian gradient and Hessian along T, of the £y pseudo-norm vanish.

Example 5.2.7 (Rank function). The rank function is the spectral extension of ¢y pseudo-norm
to matrix-valued data x € R™*™ [111]. As the same as the nuclear norm, the rank function is partly
smooth relative at x to the set of fixed rank matrices

M, = {z € R™*" : rank(z) = rank(z)}.

The tangent space of M, is as given in (5.2.1). The rank function is also regular, prox-regular. Let
x = Udiag(o(z))V* be the SVD of x, then the subdifferential of ||z, reads

drank(z) = Ud(|lo(z)]|)V* = Uspan((ei)i@upp(a(m))c)V*,

which is a vector space (see [102, Theorem4 and Proposition1]). The proximity operator of rank
function is obtained by hard-thresholding (5.2.2) to the singular values. Observe that by definition of
M, the Riemannian gradient and Hessian of the rank function vanish along M.

The above 7 examples of partly smooth functions are summarized in Table 5.1.
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Table 5.1: Examples of partly smooth functions. For € R™ and some subset of indices 6 C {1,...,n},
x4 is the restriction of x to the entries indexed in b. For fo-norm, Z, = {i : |z;| = ||z|}. Dy, stands
for the finite differences operator.

Function Expression Partial smooth manifold
¢1-norm Yoy e M =T, ={z € R":supp(z) C supp(z)}
{1 2-norm > i Iz, | M =T, ={z € R" : supp(z) C supp(z)}
{o-norm max;—1i.n | M=T,={z€R": zz, € Rsign(xz,)}
TV semi-norm IDplly M =T, ={z € R" :supp(D,2) C supp(Dyz2)}
Nuclear norm Yoi_io(x) M = {z € R™*" : rank(z) = rank(z)}
¢y pseudo-norm (EZIN M =T, ={z € R":supp(z) C supp(z)}
Rank function rank(z) M ={z € R™*" : rank(z) = rank(z)}
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Chapter 6

Forward—Backward-type Methods
under Partial Smoothness

Main contributions of this chapter

» Finite activity identification (Theorem 6.2.1) and local linear convergence (Theorem
6.3.6) of Forward-Backward-type splitting methods.

» Explain why FISTA locally oscillates and slower than FB (Section 6.4.1).

» New lower complexity bound of first-order methods for certain type of optimization
problems (Conjecture 6.3.15).

» Finite activity identification and local linear convergence of multi-step inertial Forward—
Backward splitting for non-convex optimization (Section 6.5).

Part of these results appeared in [114].
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In this chapter, we present the local linear convergence analysis for the class of Forward—Backward
splitting methods (e.g. FB, (multi-step) inertial schemes and sequence convergent FISTA). Our key as-
sumption is that the non-smooth part of the optimization problem is partly smooth, which is reasonable
as many popular non-smooth regularization functionals are partly smooth (examples in Section 5.2).

We propose a unified analysis framework, under which we show that the sequence generated by
the class of Forward-Backward splitting methods: (i) correctly identifies the active manifolds in a
finite number of iterations (finite activity identification), and (ii) then enters a local linear convergence
regime, which we characterize precisely in terms of the structure of the underlying active manifolds.

For the 2-step inertial setting, we show that a new lower complexity bound of first-order methods
can be established for certain type of functions (Conjecture 6.3.15).

Our local convergence analysis allows us to establish and explain why FISTA (with convergent
sequences) locally oscillates and can be slower than FB in terms of the linear rate. Moreover, we
provide solutions on how to avoid local oscillations.

Various acceleration techniques are also discussed. For instance, we show that when the finite
identification happens, we can either optimize the choices of step-size and inertial parameters, or turn
to high-order optimization methods (e.g. Riemannian conjugate gradient, Newton method). Moreover,
for simple problems such as “polyhedral 4+ quadratic” functions, we show finite termination.

We also build a connection between the metric sub-regularity (Definition 3.3.1) and partial smooth-

ness for the FB method in Section 6.4.4.

Finally in Section 6.5, we generalize the above results to the non-convex case.
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6.1 Introduction

6.1.1 Problem statement
Recall the composite “smooth + non-smooth” optimization problem studied in Chapter 4, which we
adapt it to the case of n-dimensional Euclidean space R",

min {2(z) = R(z) + F(o)}, (PrB)
where

(F.1) R e I'o(R™) is proper convex and lower semi-continuous.
(F.2) F e CH(R™) with gradient VF being (1/3)-Lipschitz continuous.
(F.3) Argmin(®) # 0, i.e. the set of minimizers is non-empty.

We suppose that assumptions (F.1)-(F.3) hold throughout the chapter.

6.1.2 Forward—Backward-type splitting methods

Specializing the MUSTARD algorithm 7 in Chapter 4 to the case where the metric V = Id, we obtain
the following multi-step inertial Forward—Backward splitting method (MiFB).

Algorithm 12: Multi-step inertial Forward—-Backward splitting

def

Initial: s € Ny and § = {0,...,s — 1}. 29 € R", z_; = x¢,i € 5. Choose & ¢ > 0 such that
e <28 —¢.
repeat
Let {a;x}ies, {bik}tics €] —1,2]", and vy, € [¢,26 — €]:
Yak = Tk + Y ics@ik(Thoi — Th—i—1),
Yok = Tk + Yiesbik(Th—i — Tp_iz1), (6.1.1)
Tyt = Proxy, g (Yask — WV E (yok))-

=k+1;
until convergence;

The global convergence results (Theorems 4.2.3, 4.2.5 and 4.2.9) of the MUSTARD algorithm can be
adapted to Algorithm 12 straightforwardly, since the only difference is that metric Vy = Id for MiFB.

In this chapter, we use the terminology “Forward-Backward-type” (FB-type) splitting methods to
represent any variant of Forward-Backward splitting method whose generated sequences are conver-
gent. Those methods include

e The original Forward-Backward splitting method [119, 140].
e 1l-step inertial Forward—-Backward splitting methods [131, 120, 115].
e Sequence convergent FISTA methods [50, 13].

e The multi-step inertial Forward—Backward splitting method Algorithm 12.

For the rest of the chapter, we use the term “1-MiFB” to denote the MiFB method with inertial step
s =1 and “2-MiFB” for MiFB method with s = 2.

6.2 Finite activity identification

Throughout the rest of the chapter, * denotes a global minimizer to which the sequence {zj}ren
generated by the FB-type method converges, and M+ is the partial smoothness manifold of R at z*.
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Theorem 6.2.1 (Finite activity identification). Let (F.1)-(F.3) hold, and suppose that the FB-
type method is used to create a sequence {xy}ren that converges to x* € Argmin(®) such that R €
PSF .« (M), and moreover the non-degeneracy condition

— VF(2%) € ri(0R(z")), (NDyy)

holds. Then, there exists a large enough K > 0 such that for all k > K, xp, € Mgx.
If moreover,
(i) Mgx = a* 4+ Tyx is an affine subspace, then Yo i, ypr € My, Vb > K + 5.

(ii) R is locally polyhedral around x*, then Yo, Yo € Max = &*+Tyx for allk > K+s, Vo, R(zy) =
Vm,. R(z*) and V5 R(xp) =0 forallk > K.

Remark 6.2.2.
(i) If F locally is C? around x*, then owing to Corollary 5.1.10, we have ® € PSF 4« (M ).

(ii) Recall that FB-type class of methods we consider contains the original FB, the proposed MiFB,
and the sequence convergent FISTA. The MiFB is convergent under the assumptions of Theo-
rem 4.2.3, Theorem 4.2.5 or Theorem 4.2.9. The FISTA is sequence convergent for ay = b, = %,
d > 2, and vy, = v €]0, f], see [50, 13]. Thus, the finite identification property holds true for all
these instances.

(iii) The non-degeneracy condition (ND, ) can be viewed as a geometric generalization of the strict
complementarity of non-linear programming. Building on the arguments of [90], it is almost a
necessary condition for the finite identification of M, +. Relaxing this assumption is a challenging
problem in general.

See Section 6.7 from page 127 for the proof.

6.2.1 Bounds on the finite identification iteration

In Theorem 6.2.1, we have not provided an estimate K € N beyond which finite identification occurs.
Knowing K has practical interest, for instance, if one wants to switch to higher order acceleration (see
Section 6.4.3). It is then legitimate to wonder whether such an estimate of K can be given. Inthe
following, we shall give a bound in some important cases. For the sake of simplicity, we state the
result for the case of FB. A similar reasoning can be generalized to the case of any sequence convergent
FB-type method.

Proposition 6.2.3. Suppose that the assumptions of Theorem 6.2.1 hold. Then the following holds.
(1) If the iterates are such that OR(xy) C rbd(OR(z*)) whenever xy & Myx, then x € My for all

k> 2o — || -
o §2dist(—VF(x*),rbd(@R(x*)))
(i) If R is separable, i.e. R(xz) = > I 0c,(xs), where V1 < i < m, b; C {1,...,n}, UL, 6 =
{1,...,n}, and 6;N6; = 0, Vi # j, and dim(C;) = |6, then identification of My« occurs for some

|2
H o, where I, < {i: x5 #0}.

|zo —
iere, dist(=VF(z} ),tbd(C)))

k larger than S

See page 128 for the proof. Note that, as intuitively expected, this bound increases as the non-
degeneracy condition (ND ) becomes more stringent. However, as it depends on z*, it is mostly of
theoretical interest. The case of the ¢;-norm considered in [87] is recovered in the second situation of
Proposition 6.2.3 with C; = [\, \] for some A > 0.
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6.2.2 Identifying activity in practice

The bounds on K given in Proposition 6.2.3 give theoretical guides, but are not sufficient to be
implemented in practice to detect when activity has been identified. As one may guess, establishing
a practically implementable upper-bound on the number of iterations needed for finite identification
is a non-trivial problem, even for special cases. Nevertheless, in our implementations, we developed
some heuristics to detect the identification that work well for the examples we tested. One possible
approach is the dramatic decrease of energy in the transition from sub-linear convergence regime to
the linear one. Another strategy uses the fact that for many partly smooth functions R, it holds that
xp € My is equivalent to My, = My« for x nearby z*. This is true for instance for all examples
tested in our numerical experiments. In turn, finite identification of M+ can be translated in terms of
stabilization of M, (up to numerical accuracy), which can be easily tested in practice and thus used as
an indicator for finite identification. Typical examples are the support for the £1-norm, block support
for the £12-norm, rank for the nuclear norm, etc.. This is what we used throughout all numerical
examples to be reported in this chapter as well as Chapters 7 and 8, and which worked very well.

6.2.3 Stability to errors

In this part, we investigate the stability of finite identification to errors. Recall the inexact updates of
Zp41 in (4.2.4), specialized to optimization and let e = 0,

Trt1 = Prox., p(Yak — W(VF (Wok) + &k))-

Suppose that the convergence of sequence {zy }ren still holds (e.g. {&}ren is summable and {xy }ren
is bounded). Then, since & — 0, it can be seen from the proof of Theorem 6.2.1 that the activity
identification property holds true for the above inexact iteration.

However, one cannot afford in general having non-zero errors ¢ in the implicit step as in (4.2.4),
even if {e }reny summable. The reason behind this is that in the exact case, under condition (ND_,),
the proximal mappings of R and R + ¢ . locally agree nearby z*. This property is clearly violated
if approximate proximal mappings are involved. Here is a simple example.

//\/

‘3\

@,
4
%

£/2

—e/2

Figure 6.1: Graph of (Id + 9| - |)~1.

Example 6.2.4. Let F : 2 € R 5|6 — z|?, with 6§ €] —1,1[, and R: 2 € R — |z|. It is easy to see
that ® € T'o(R), and it has a unique minimizer z* = prox(d) = max(1 — 1/6],0)6 = 0. Moreover,
® is partly smooth at z* relative Mg+ = {0}, and § — 2* = 6 € ri(0R(z*)) =] — 1,1[. Consider the
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inexact version of the FB algorithm

Tpy1 € (Id + 0| - )(0), (6.2.1)
where we set v = 1, since VF is 1-Lipschitz. From [43, Example 5.2.5|, we have
1—¢/z,1] ifx>e/2
|- |(x) = ¢ [-1,1] if |z| <e/2

[—1,-1—¢/z] ifx<—e/2,

whence the graph of (Id + 0] - |)~! can be deduced as displayed in Figure6.1. Thus, depending on ey,
and the choice made in the inclusion (6.2.1), x; may never vanish for any finite k, i.e. xy ¢ My for
any finite k.

6.3 Local linear convergence

In this section we present the local linear convergence result for FB-type methods. All the proofs in
this section are collected in Section 6.7 from page 129. We denote as T, the tangent space of M« at
the minimizer z*.

Define the following matrices which are all symmetric,
H < APr V2F(a*)Pr,, G=I1d—H, U=V, o")Pr. —H, (6.3.1)
where V.QM . @ is the Riemannian Hessian of ® on the manifold Mg+ (see Definition 5.1.4).

To establish the local linear convergence analysis, we need the following 3 assumptions or conditions.

I - Restricted injectivity In addition to (F.2), in the rest of the chapter, we also assume that F
is locally C%-smooth around z*, and its Hessian fulfills the following restricted injectivity condition,

ker (V?F(z*)) N Ty = {0}. (RI)
Condition (RI) implies that there exist x > 0 such that Vh € Ty«
(h, VEF(z*)Rh) > k||| (6.3.2)

In turn, it allows to ensure that p(G) < 1 holds for v € [¢, 28 — 7], see Lemma 6.3.4.

It turns out that under conditions (ND,,)-(RI), we are able show that problem (Ppp) admits a
unique minimizer, and local quadratic growth of ® if R is moreover partly smooth.

Proposition 6.3.1 (Uniqueness of the minimizer). Under assumptions (F.1)-(F.3), let * €
Argmin(®) be a global minimizer of (Prp) such that F is locally C? around z*. If conditions (ND,,)
and (RI) are also fulfilled, then

(i) x* is the unique minimizer of (Prp).

(ii) If moreover R € PSF z« (Mg« ), then ® has at least a quadratic growth near x*.

See page 129 for the proof of the proposition.

Remark 6.3.2. In Proposition 6.3.1, partial smoothness of R at x* is not needed for the uniqueness
claim (i). However, it brings more structure, hence the local quadratic growth property in (ii). Observe
that (ii) is equivalent to metric sub-regularity of the subdifferential 0® at z* for 0|6, Theorem 3.5].

II - Positive semi-definiteness of U Owing to Lemma 6.3.3, we have the following result which
guarantees the positive semi-definiteness of the matrix U in (6.3.1).

Lemma 6.3.3. For problem (Prp), let conditions (F.1)-(F.3) hold and x* € Argmin(®) such that
R € PSF «(My+) and F is locally C* around z*. Then U is symmetric positive semi-definite under
either of the following circumstances:

- 112 -



Chapter 6 6.3. Local linear convergence

(i) (ND,,) holds.
(il) Myx is an affine subspace.

def

In turn, Id + U is invertible, and W =
in]0,1].

(Id + U)~! is symmetric positive definite with all eigenvalues

See page 129 for the proof. The following simple lemma gathers important properties of the matrices
appearing in (6.3.1).

Lemma 6.3.4. For the matrices in (6.3.1) and W,
(i) Under (F.2) and (RI),
(a) H is symmetric positive definite with eigenvalues in [yk, %]

(b) For~ € [¢,28 — €|, G has eigenvalues in [—1 + %, 1 — kelC] —1,1].

(c) For~ € g, B], G is also symmetric positive semi-definite with eigenvalues in [0, 1—ke[C [0, 1].

(ii) If both the assumptions of Lemma 6.3.3 and (i) hold, then WG has real eigenvalues lying in
| = 1,1[. If moreover « € [e, ], then WG has eigenvalues lying in [0, 1].

IIT - Convergent parameters The last condition we need is that the parameters of the FB-type
methods are convergent. In terms of the most general multi-step inertial FB method, we need the
following condition for Algorithm 12,

ajp = a;, bipy —b;,Vies and vy, —y€le,28—¢. (6.3.3)

Remark 6.3.5. For the sequence convergent FISTA [50], the limit of the inertial parameter {ag }ren
is 1.

6.3.1 Local linear convergence

We are now in position to present the local linear convergence of FB-type methods. Define the following

notations:
def def

My = (ag — bo)W + (1 + bo)WG, M, = —(as_l - bs_l)W —b, A WGQG,
Mi d:ef —((al‘_l — al-) — (bi—l — bl))W — (bi—l — bJWG, 1= 1, ey § — 1,

My --- M., M,
0 ! o — o (6.3.4)
def Id e 0 O def
Myp = S : Y i =
' Tps — TF
0 - Id 0 ‘

Theorem 6.3.6 (Local linear convergence). Let (F.1)-(F.3) hold, and assume that an FB-type
method is used to create a sequence {xp}tren that converges to x* € Argmin(®) such that R €
PSFy+« (M), F is locally C? around z* and (ND.,) holds. If moreover conditions (RI) and (6.3.3)

are satisfied. Then for all k large enough,

di+1 = My di + o(||dk]))- (6.3.5)
If p(M,,) < 1, then given any p €]p(Myy), 1], there exists K € N such that Vk > K,
o — 2] = O(pFK). (6.3.6)

The proof of is presented in Section 6.7 from page 129.
Remark 6.3.7.
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(i) For all the FB-type methods, except the MiFB method with s > 2, sufficient conditions ensuring
that p(M,;) < 1 are discussed in Section 6.3.2.

(ii) When R is locally polyhedral around z*, the parameters a,; = a;,b; ; = b; and v, =~ are taken
constants, then the small o-term in (6.3.5) vanishes.

(ili) For the FB method (i.e. a;; = b;x, = 0), (6.3.4) can be further simplified, and the corresponding
linearized iteration can be stated in terms of x; — x* directly, which reads

Thi1 — 2* = WGy — 2*) + of [z — 2.

(iv) The obtained results can be readily extended to the variable metric FB splitting method [62],
see Chapter 8 for the study in terms of Primal-Dual splitting methods.

The restricted injectivity condition (RI) plays an important role in our local convergence rate analysis
and in general cannot be relaxed. However, for some special cases, such as when R is locally polyhedral,
it can be removed, at the price of less sharp rate estimation. This is formalized in the following
statement.

Theorem 6.3.8. Suppose that (F.1)-(F.3) hold, and an FB-type method creates a sequence xj —
z* € Argmin(®) such that R is locally polyhedral around x*, F is C* near x*, and condition (ND,)
holds. If moreover there exists € > 0 and a subspace V' such that

ker(Pr, V2F(2)Pr,) =V, Vo € Be(z*) N (2% + Ty,

then {xk}ken converges locally linearly to x*.

See page 134 for the proof.

6.3.2 Spectral properties of M,

In order for (6.3.6) of Theorem 6.3.6 to hold, we need the spectral radius p(M,,) to be strictly less
than 1. Hence, in the following, we discuss sufficient conditions ensuring that p(M ;) < 1. Given
the structure of M,

special cases: a; and b; possibly different but the the function R is locally polyhedral, or R is a general

this is a challenging linear algebra problem, and can only be answered in some

partly smooth function but a; = b;, moreover for both cases we need to set the inertial steps s = 1.

We start with the case that R is locally polyhedral around z*. When R is locally polyhedral around
z*, U of (6.3.1) vanishes and matrix W defined in Lemma 6.3.3 becomes Id. Then from (6.3.4) we

have
def

Mo ® (ap — bo)Id + (1 +bo)G, M, ™ —(a,_y — b,_1)Id — b1 G, (6.3.7)
M= _((ai—l —a;) — (bi-1 — bi))Id = (bi-1 —b)G, i=1,...,s - 1. -

Denote 1 and p the eigenvalue of G and M, respectively. We have the following correspondence
between 7 and p.

Theorem 6.3.9. For i € {0,...,s — 1}, let v; € R™. Suppose that the concatenated column vector
(vos - -+ ;v5) s an eigenvector of My, corresponding to an eigenvalue p. Then

(i) For each i € {0, ...,s}, there holds
vi = p* v,

(ii) vy is an eigenvector of M corresponding to an eigenvalue n, where n and p satisfy the relation
0=p""" — ((ao — bo) + (1 + bo)n) p°
+ 30 (@i — ar) = (b1 = b)) + (b — b)) p ! (6.3.8)
+ ((as—1 — bs—1) + bs—17m).
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See page 135 for the proof.
Remark 6.3.10. If we choose b; = a;,i € {0, ...,s — 1}, then relation (6.3.8) becomes
s—1 s—i—
0=p" — (14 ag)np + Zi:l ((ai_l - ai)n)p Va1 (6.3.9)

To express p in terms of 7, one needs to get analytically the roots of a polynomial of degree s + 1.
When s = 1, (6.3.8) is a quadratic function with 3 free parameters 7, ag, by, and we can express p
explicitly as a function of these parameters. However, things become much more challenging when
s > 2. For example, when s = 2, studying the properties of p involves a 9-order polynomial equation
which can be only solved numerically.

6.3.2.1 Inertial memory s =1
To lighten the notation, for s = 1, we denote ag, by as a, b respectively. Then M, becomes

DI+ (140G, —(a—b)Id - bG
M,, = (a—b) ;d( +9) (a—9) . (6.3.10)
: 0

Let 7,7 be the biggest and smallest (signed) eigenvalues of G, i.e. —1 <7 < 7§ < 1. From Lemma
6.3.4 and (6.3.2), we have
n=1-ky and n=1-7v/6. (6.3.11)

For the sake of simplicity, we suppose that 7 is moreover strictly positive.
Theorem 6.3.11 (Locally polyhedral case). Let s =1, then (6.3.8) becomes
0=p"—((a=b)+ (L+b)n)p+ ((a—1b)+bn). (6.3.12)

Let a,b € [0, 1], then for M, in (6.3.10),
(i) p(Myy) <1 as long as

2(b—a)—1
Tt T
(ii) Choose ~y such that
1= 2/B > —(3— V(1 - ). (6.3.13)

Then the value of p(M,y,) minimizes if we choose a,b such that

A T o e R e T et L L i R
| (= (= (/5= )

_ —\ 2
a=1-mb+(1—-1-7)" = (rNb+(1—Vm)?,
and the optimal value of p(M,y), denoted by pi_,, reads
P =1—y/1-n=1-/k7. (6.3.15)

(iii) Given v €]0,2p], the minimal value spectral radius of G, denoted by pLs s

(6.3.14)

*x 1 — K}B . * 2/6
Pe=15rs ¥ V=155
For p(Myy), denote p*_, the minimal value p(Myy) can reach. Then if we choose v,a,b as
*x 4ﬁ * *_(1—\//€B>2
Y= ATV b*=0 and a* = Trvad) (6.3.16)
the value of szl 18
11—/
P =17 ﬁzg, (6.3.17)

The proof of the theorem starts from page 136.
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Remark 6.3.12.
(i) The dependency of p(M_;) on 1,7 is rather complicate, Section 6.7.3 from page 142 is dedicated
to this dependency.

(ii) The discriminant of the quadratic equation (6.3.12) reads,
2
A, = ((a=b)+ (1 +b)n)” —4((a—0b)+bn).
We have A, = 0 if a, b are chosen according to (6.3.14).

(iii) For the optimal rate p*_;, if we choose v = 3, then p*_; = 1 — \/k which agrees with the rate
in [133, Theorem 2.2.2| provided by Nesterov.

(iv) Claim (iii) of Theorem 6.3.11 coincides with the optimal convergence rate of the “heavy ball
method” [147, Section 3.2.1]. Note that the rate (6.3.17) also matches the lower complexity
bounds established by Nesterov for first-order methods to solve the class of problems (Ppp) if F
is also k-strongly convex [133, Theorem 2.1.13].

R is a general partly smooth function For the case of R being an arbitrary partly smooth
function, U of (6.3.1) is non-trivial, and the spectral analysis of M, in (6.3.4) becomes a generalized
eigenvalue problem which is much more complex. When choosing b = a, from (6.3.4) we have

1+a)WGE, —-aWG
M., = ( ) . (6.3.18)
Id, 0
Compare with (6.3.10) with b = a, the main difference is that we have WG instead of G. Fortunately,
the eigenvalues of WG are all real thanks to Lemma 6.3.4.

Denote 7 and p the eigenvalue of WG and M, respectively, and 7, 7) the smallest and largest (signed)
eigenvalues of WG, we have the following corollary from Theorem 6.3.11.

Corollary 6.3.13 (General partly smooth case). For the matriz M, in (6.3.18), we have
(i) p(Myy) <1 as long as

—1
Tr9a < (6.3.19)

(ii) If n,n are such that n > —n/3, moreover choose a as

(1-v1-7)*

n
then the smallest value of p(My) is pi—y =1—+/1—1.

See page 140 for the proof.

Remark 6.3.14.
(i) For the case of R being a general partly smooth function, condition b = a does not mean that
we should set by = ap — a,Vk € N along the iterations.

(ii) Condition (6.3.19) holds naturally if we choose v €0, 5].

6.3.2.2 Inertial memory s =2

For the case s = 2, (6.3.8) becomes a cubic equation of p with 5 free parameters ag, a1, by, b1 and 7 (or
), which is rather difficult to analyze. Therefore, we choose the inertial parameters b, = a;,i = 0, 1.
Unfortunately, even for this choice, we still can not express everything analytically and only obtain
the following conjecture which we prove numerically.
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Conjecture 6.3.15 (Spectral radius of M, for s =2). Lets =2 and b; = a;,i =0, 1, then (6.3.8)
becomes

0=p®— (14 aog)np® + (ao — a1)np + a1n. (6.3.20)

Let ag, a1 €] — 1,2, then
(i) given n €] — 1,1[, the optimal choice (i.e. such that the value of |p| minimizes) of ag,a1 yields

lpl=11—V1-n<[1-y1-7.

(ii) Denote pi_q the optimal value of p(Myy) for s = 2. Let v = 3, suppose that the eigenvalues of
H distribute uniformly in [n,7)], then if k is such that 1 — vk < 0.988, then

* *
Ps=2 < Ps=1-

(iii) Denote k' > k > 0 the second smallest eigenvalue of Py, V2 F(z*)Pr., . If 1—Bk' < 0.494(1—Bk),

then
pg=1—/1-1=1—/Bk. (6.3.21)

A numerical proof of the conjecture is given at page 140.

Remark 6.3.16. Given the step-size v = £, if the condition of (iii) of Conjecture 6.3.15 is satisfied,
then for s € {0,1,2} the smallest spectral radius of M, are

3
Pico =1—=PK, pimy =1—+/Br and pi_y =1— /Bk,

which can be unified as p¥ = 1— “*/T — 7. One may wonder whether one can generalize this for instance
to s = 37 Unfortunately, it is most likely not possible. Indeed for s = 3, even with b; = a;,i € {0, 1,2},
we still have 3 inertial parameters to deal with, moreover, the polynomial (6.3.8) is then of order 4.
All these make the spectral analysis for 3-MiFB method almost impossible.

It should be noted that Conjecture 6.3.15 can be generalized to the class of k-strongly convex and
(1/8)-Lipschitz continuous functions. For such a class of functions, the lower complexity bounds [133,
Theorem 2.1.13] for the first-order methods is p*_  as given in (6.3.17). In the following, we compare
the values of p*_| and pj_,.

A numerical example, as shown in Figure 6.2 (a), is designed to compare pr_, and pi_,, where we
consider a strongly convex least square estimation with

k=10"%, k' =0.64 and B=1.

The inertial gradient descent with s = 1 and s = 2 is applied:

(i) For s = 1, i.e. heavy ball method, the parameters are chosen according to (6.3.16) and the
convergence rate is p:: = 0.9387. The red solid line in Figure 6.2 (a) denotes the practical
observation and the red dashed line stands for theoretical bound szl.

(ii) For s = 2, we choose 7 = 3 and the inertial parameters are computed via Conjecture 6.3.15, the
obtained convergence rate is pi_, = 0.9 < B::r The black solid line in Figure 6.2 (a) denotes
the practical observation, and the black dashed line stands for theoretical bound p;_,.

Such observation implies that, for certain class of optimization problems, pi_, can serve as the new
lower complexity bound of the first-order methods.

It should be noted that this new bound does not contradict Nesterov’s result [133, Theorem 2.1.13],
since the class of problems that pj_, can be applied to is rather limited. Fix 8 = 1 and v = f8
for 2-MiFB, then the values of pi_, and szl are simply controlled by x (assume that &’ satisfies
1 — Br' < 0.494(1 — Bk)). A comparison of pi_, and p*_, is demonstrated in Figure 6.2 (b) for
r €]0,0.4]. It can be observed that p;_, < p*_ for x €]0, (@)6]

- 117 —



Chapter 6 6.4. Discussions
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(a) An experiment on least square estimation (b) Comparison between pj_, and p*_
P

Figure 6.2: (a) A numerical example illustrating the conjectured new lower bound. Red lines stand
for practical observation and theoretical bound of the heavy ball method, while black lines stand for
practical observation and theoretical bound of 2-step inertial gradient descent. (b) Comparison of
optimal convergence rate obtained by inertial step s = 1,2 and the lower bound of first-order methods.
The parameters are chosen as § = 1 and « €]0,0.4].

6.4 Discussions

In this part, we present some discussions on the obtained local linear convergence result, and mainly
focus on the difference between FB and FISTA /1-MiFB.

6.4.1 FB is locally faster than FISTA

For the sake of brevity (the same conclusions hold true in the general case), we consider the situation
by = ar, = a € [0,1] and v, = v €]0, 3] is fixed, in which case ) > n > 0 (see Lemma 6.3.4(ii)), and
thus condition —1/(1 + 2a) < 7 is in force.

Moreover, note that 7 is the local convergence rate of the FB method, and p(M,,) depends solely
on 7 and the value of a, since 7 is fixed. Recall that p(M,,) is the best local linear convergence rate
can be obtained by FB-type methods under given parameters

Figure 6.3 displays the value of p(M,,) as a function of a for fixed 7 (i.e. fixed 7). We obtain the
following observations:

(i) When a € [0,7], we have p(M,,) < 7. This entails that if 1-MiFB is used with such a choice of
inertial parameter, it will converges locally lineally faster than FB. For a € [7, 1], the situation
reverses as p(M,,) > 7, and 1-MiFB becomes slower than FB.

(ii) In particular, as a = 1 for FISTA, we have p(M,,) = +/77 > 7. In plain words, though FISTA is
known to be globally faster (in terms of the objective) than FB, attaining the optimal O(1/k?)
rate, locally, the situation radically changes as FISTA will always ends up being locally slower
than FB. A similar observation is made in [165] for the special case of a variant of FISTA used
to solve the LASSO problem. This explains in particular why many authors [86, 137] resort to
restarting to accelerate local convergence of FISTA, which consists in resetting periodically the
scheme to a = 0 which is more favourable to FISTA. Our predictions in Figure 6.3 gives clues on
when to restart (i.e. detect the point in red on the rate curve). We will elaborate more on this
in the numerical simulations in Section 6.6.
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(1—vI-7)*

(ili) p(Mpy) attains its minimal value at a = *~—5—"-, and this is the best convergence rate that
can be achieved locally for FB-type methods (see Eq. (6.3.14) for b = a).

1 , — . —

=i

0.75

p(Mrg)

0.5

I
I
I I I
0 0.2 (A-vI=7)® 0.7 7 1

n

a

Figure 6.3: Let b = a, and assume 7,7 are known and also close enough such that the spectral radius
p(M.,,) is only affected by 7, then p(M,,) is a function of a.

Remark 6.4.1. For the 2-MiFB, taking b, = a;r = a;,i = 0,1 for example. If both ag and a; are
positive, then 2-MiFB locally is moreover slower than FB if ag 4+ a1 € [/7, 1].

6.4.2 Oscillation of the FISTA method

A typical feature of the FISTA method is that it is not monotone and locally oscillates [23], which
makes the local convergence even slower, see Figure 6.4 or 6.6 for example. In fact, the 1-MiFB scheme
shares this property as well when the inertial parameters are large.

Such oscillatory behaviour is due to the fact that, for those inertial parameters, the eigenvalue pmax
such that |pmax| = p(Myg
exactly 7, where 0 is the argument of pyax. For the parameter settings used in Figure6.3, i.e. b =a

and v €]0, 8], we have

) is complex. It can then be seen that the oscillation period of ||z — z*|| is

a € [0, I
a G] (17\/1;'7777)2

' Pmax 1S real,
o 1] : pmax 18 complex,

so that as long as a > A=vi=m)~ Vﬁl_ﬁ)Q, the 1-MiFB method locally oscillates. See Figure 6.6 for an example.

Remark 6.4.2. For 2-MiFB, oscillation is also inevitable if ) . a; is too big. In fact, it is more easier
to make 2-MiFB oscillate than 1-MiFB, as we have seen from the numerical experiments in Section
4.5 that xr_1 — xr_o has higher momentum than x; — x5_1.

6.4.3 Acceleration

The finite time activity identification property (Theorem 6.2.1) implies that the globally convex but
non-smooth problem eventually becomes locally C?-smooth, but possibly non-convex, constrained on
the activity manifold. This opens the door to acceleration, and even finite termination, exploiting the
structure of the objective and of the identified manifold. There are several ways to achieve this goal
as we explain hereafter.
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Optimal first-order method The idea of optimal first-order method is to keep using an inertial
schemes, while locally jumping to the optimal inertial parameters and /or step-size provided by Theorem
6.3.11 and Conjecture 6.3.15.

In the mean time, it is worth mentioning that, for all the discussion we have made above, we assume
that the local Lipschitz constant of VF' along M, is as the same as the global one, i.e. 1/8. However,
as the dimension of the manifold My« can be much smaller than R", it is possible that the Lipschitz
constant of VF' along M+ could be much smaller than 1/8. Denote 1/4,, , the Lipschitz continuity
of VF along M+, then we have § < 3 M In turn, the upper bound of Stezp—size ~ locally is enlarged

to 28, .-

Finite convergence in the polyhedral case Finite termination can be obtained if R is locally
polyhedral around z*, and F is quadratic, i.e. problem (3.6.2) with R locally polyhedral around z*.
In this situation, under hypothesis (ND, ), we have finite identification of z* + T«. In addition, (RI)
is equivalent to injectivity of the linear operator X on T,«. Altogether, this allows to show that z* can
be written explicitly as

2" = K5t f = NKE,, K1, ) P, (OR(2K)) = KPayerr, (0),
for K sufficiently large.

High-order acceleration: Newton method Once the activity manifold has been identified, one
can switch to Newton-type methods for locally minimizing ®. This can be done either using local
parameterizations obtained from U-Lagrangian theory or from Riemannian geometry [106, 126, 156].
One can also use the Riemannian version of the non-linear conjugate gradient method [156]. For these
schemes, one can also show respectively quadratic and superlinear convergence since V% L P(27) is
positive definite by (ii) of Proposition6.3.1. ’

6.4.4 Partial smoothness vs metric sub-regularity

In this section, we establish a connection between partial smoothness and metric sub-regularity for the
FB algorithm when R is locally polyhedral around z* and F is quadratic (i.e. F = 1(|Xz —£|I*). In
turn, this will allow to compare the local linear rate estimate obtained in Section 3.3 and the one of
this chapter.

Let the step-size v, = v €]0,28] be a constant, and ap = by = 0, i.e. apply FB with constant
step-size to solve (Prp). We denote M “d - M,

Proposition 6.4.3. Let (F.1)-(F.3) hold, and assume that the FB method is used to create a sequence

{zk }ken that converges to x* € Argmin(®) such that R is locally polyhedral around x*, F is quadratic
1

and conditions (ND_) and (RI) are satisfied. Then M is 5n-metrically sub-reqular at x* for 0,
where k is defined in (6.3.2).
Proof. Owing to Remark 6.3.7(ii), under the stated assumptions, the linearized iteration reads

Tpy1 — &° = My (v — x%),

where M, = Id — H = Id — 4P+ K*KP,«. M, is linear and non-expansive. Moreover, in view of
Lemma 6.3.4(ii), M, = 7Py K*KP;+ has eigenvalues in [yx, 3]. It then follows from [22, Theorem 2.5]

that M ; 5 18 ,%N-linearly regular, hence metrically sub-regular. O

In terms of rate estimations, the one provided by metric sub-regularity is less sharp than that
of partial smoothness. For simplicity, let v €]0,5]. Then the rate estimation obtained by partial
smoothness is p = 1 — vk (Lemma 6.3.4), whereas the rate estimate obtained through metric sub-

V1= ()2 > p.
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6.5 Extension to the non-convex case

For the local convergence analysis of Section 6.3, it can be observed that, unlike the global convergence
analysis, convexity plays a less important role. For instance, it was only needed to show that the
matrix U defined in (6.3.1) is positive semi-definite. This suggests that the local linear convergence
claims in Section 6.3 can be extended to the non-convex case, provided that the Riemannian Hessian
of R is assumed positive semi-definite at z*. In the following, we present the extension of the above
results to the non-convex case.

6.5.1 Finite activity identification
The finite activity identification of the ncvx-MiFB (Algorithm 11) is rather straightforward.

Corollary 6.5.1 (Finite activity identification). Suppose that the ncvz-MiFB Algorithm 11 is run
under the conditions of Theorem /.J.3 such that {xy}ren converges to a critical point x* € crit(®).
Assume that R € PSF v _gp(z+)(Myx) and the non-degeneracy condition (ND, ) holds. Then, x}, €
My for all k large enough.

If moreover, My« = x* + T+ is an affine subspace, then yq g, ypr € Max, Vb > K + 5.

Proof. Under the conditions of Theorem 4.4.3; there exists a critical point z* € crit(®) such that
xp — =¥, R(xg) — R(x*) and ®(x) — ®(a*) (see the proof of Lemma 4.6.8).

The convergence property of {}ren gives ||[yar — 2x|| — 0 and [lypr —2*|| = 0. By (A.8) and the
proof of Theorem 6.2.1, we get

. . 1 .
dist(~VF ("), 0R(zx11)) < Yok — Trra] + s — 2™l = 0.

=2 =

Altogether, this shows that the conditions of Theorem 5.1.5 are fulfilled on (VF(x*), ) + R(+), and the
identification result follows. The identification of y, i, ypx is immediate by definition of affine/linear
subspace. O

6.5.2 Local linear convergence
Similarly to the result in Section 6.3, we need the following 3 assumptions to be hold.
I’ - Restricted injectivity The restricted injectivity (RI) needs to be fulfilled.

IT’ - Positive semi-definiteness of the Riemannian Hessian Given v €]0, §] and z* € crit(®),
let M+ be a C*-smooth submanifold and R € PSF . _gp(,+)(Ma+). In addition to (A.8), now assume

F is locally C2-smooth around z*. Denote T+ & Tm, . (x*) and the following matrices as in (6.3.1),
HE Pr V2 F(a*)Pr,., U=V, 0(")Pr,. — H.

Since ® is non-convex, in general there is no result similar to Lemma 6.3.3 which guarantees the
positive semi-definiteness of U. Therefore, in the following, we assume that U is positive semi-definite,
1.e. Yh € Typx,

(h, Uh) > 0. (6.5.1)

ITI’ - Convergent parameters Similarly to (6.3.3), we need thee parameters of ncvx-MiFB (Algo-
rithm 11) to be convergent, i.e.
ajj — a;, bip —b;, Vi€ S and -y —y€ [17 min{7, 7}], (6.5.2)

where 7 < r, and 7 is the prox-regularity modulus of R (see Definition 2.2.1). The main difference here
is that, 4% is not only smaller than 8 but also the prox-regularity modulus of R.
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Remark 6.5.2.

(i) Condition (6.5.1) can be satisfied by various non-convex functions, such as polyhedral functions
which include the ¢y pseudo-norm (Example 5.2.6) and the rank function (Example 5.2.7).

(ii) It can be shown that conditions (6.5.1) and (RI) together imply that z* is a local minimizer
of ® in (Pprevx), and @ grows at least quadratically near x*. The arguments to prove this are
essentially adapted from those used to show Proposition 6.3.1.

Corollary 6.5.3 (Local linear convergence). Suppose that the ncvz-MiFB Algorithm 11 is run
under the conditions of Theorem 6.5.1. Moreover, assume that F' is locally C?-smooth around x* and
conditions (RI), (6.5.1) and (6.5.2) hold. Then for all k large enough,

di+1 = Mygdi + o(||dk|), (6.5.3)

where My is defined in (6.3.4). If p(M.,) < 1, then given any p €|p(M.,), 1], there exists K € N
such that Vk > K,

lzk — 2™ = O(p"~F).

Proof. The main difference of proving this corollary from that of Theorem 6.3.6 is that prox,, g is
no more firmly non-expansive. However, from prox-regularity of R at x* for —V F(x*), invoking [153,
Proposition 13.37|, we have that there exists 7 > 0 such that for all 74 €]0, min(%, 7)[, there exists a
neighbourhood U of z* — v, VF(2*) on which prox,, p is single-valued and I-Lipschitz continuous with
I =7/(F — ). Since VF' is continuous and x, — 2*, we have y, r — %V F(ypr) = 2% — 7 VF(2*). In
turn, yo.r — V6 VE (ypk) € U for all k sufficiently large. Applying this property to the proof of Theorem
6.3.6 proves the corollary. O

Remark 6.5.4. The spectral analysis of M, is the same as that of Section 6.3.2, hence locally we
can optimize both the step-size and inertial parameters owing to Theorem 6.3.11.

6.6 Numerical experiments

In this section, we present various numerical experiments to support our result. Continuing from the
numerical experiments in Section 4.5, consider the problem
. 1 2
min R(z) + || Kz — . 6.6.1
win R(z) + 515z — /] (66.1)
Now, 6 examples are considered. The first 5 are linear inverse problems, where X is generated from
the standard random Gaussian ensemble, and for each example of R:

¢1-norm (m,n) = (48,128), |zebly = 8, i-€. Zop has 8 non-zero elements.
= (48,128), x,}, has 3 non-zero blocks of size 4.

= (63,64), |Il"ob| = 8 where 7, = {Z il = H$0b||oo}'
= (640, 1024), zop, € R32%32 and rank(z.p,) = 4.

= (48,128), | Dpirzoblly = 8-

{1 2-norm
{so-norm
Nuclear norm

~— — ~—

(m,n
(m,n
(m,n
Total Variation (m,n

The last example is the anisotropic TV deconvolution of 2D image as we have seen in Section 3.6, but
without the box intensity constraint.

Besides verifying our proposed result with the above 6 examples, we will present the following
comparisons through (6.6.1) with R being ¢;-norm and nuclear norm:

(i) Local optimal rate of MiFB with s = 1, 2.

(ii) Oscillation behaviour of MiFB/FISTA, and the difference between the inertial parameters ay and
by, for 1-MiFB.

We shall skip the comparisons of different choices of step-size « since it is already presented in Sec-
tion4.5.1.
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6.6.1 Local linear convergence of FB-type methods

We will verify our local linear convergence result Theorem 6.3.6 for FB, 1-MiFB and the sequence
convergent FISTA [50]. The step-size is fixed as 7 = S for all 3 methods. For FISTA, two choices
of d are considered: d = 3,3 for (4.1.4). For 1-MiFB we choose b, = aj, = v/5 — 2 — 1073 such that
Theorem 4.2.9 applies and the generated sequence is guaranteed to be convergent.

The convergence profiles of ||z — x*| are shown in Figure6.4. As demonstrated by all the plots,
identification and local linear convergence occurs after finite time. The solid lines (denoted as “P”)
represent the observed profiles, while dashed ones (denoted as “T”) stand for the theoretically predicted
ones. The positions of the green points (or the starting points of the dashed lines) stand for the iteration
at which M~ has been identified.
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Figure 6.4: Local linear convergence and comparison of the FB-type methods (FB, 1-MiFB and FISTA)
in terms of ||z — x*||. We fix v = § for all the methods, moreover, for the 1-MiFB, we let by = a; =
V5 —2—1073, and for the FISTA, d = 3,50 are considered. For each figure, “P” stands for practical
observed profiles, while “T” indicates theoretical predictions. The green points indicate the iteration

at which M~ has been identified.

Tightness of predicted rates For the /1, /s-norms and TV semi-norm, our predicted rates (The-
orem 6.3.11) coincide exactly with the observed ones (same slopes for the dashed and solid lines).
This is due to the fact that they are all polyhedral and F' is quadratic. Note that for FISTA, which is
non-monotone, the prediction coincides with the envelope of the oscillations. For the ¢1 >-norm, though
it is not polyhedral, our predicted rates are still are very tight, due to the fact that the Riemannian
Hessian is taken into account. Then for the nuclear norm, whose active manifold is not anymore a
subspace, our estimation becomes slightly less sharp compared to the other examples, though barely
visible on the plots. For both the /1 2-norm and nuclear norm, as the Riemannian Hessian is taken
into account, the predicted rates are rather sharp.

For the image deconvolution problem, assumptions (ND, ) and (RI) are checked a posteriori (verified
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for this experiment). This together with the fact that the anisotropic TV is polyhedral justifies that
the predicted rate is again exact.

Comparison of the methods From the numerical results, we can draw the following remarks:

(i) Overall, FISTA with d = 50 (black line) is the fastest while d = 3 (gray line) is the slowest. FB
and 1-MiFB are sandwiched between them with 1-MiFB being faster.

(ii) For the finite activity identification, however, FISTA d = 3 in general shows the fastest identifi-
cation (see the starting points of the dashed lines), and FB is the slowest.

(iii) Locally, similar to the global convergence, FISTA d = 50 has the fastest rate and d = 3 is the
slowest. Again, FB and 1-MiFB are between them with 1-MiFB being faster.

It can be concluded from the above remarks that, in practice, FISTA [50] with d = 3 is not a wise
choice if high accuracy solutions are needed. Indeed, under this choice, aj converges to 1 too fast, and
this hampers its local behaviour as the discussions we anticipated in Section 6.4 (see Figure 6.3). In
fact, such behaviour of a; can be avoided by choosing relatively bigger ¢, and this is exactly what the
difference between d = 3 and d = 50 implies. In our tests, ¢ € [50,100] seems to a good trade-off,
even bigger d is not recommended since it may lead to a much slower activity identification. A similar
observation is also mentioned in [50], where the authors only tried d = 2,3, 4. It should be noted that
the original FISTA method [24] has almost the same behaviour as the case d = 3.

It should be pointed out that the local rate of FISTA d = 50 being faster than FB does not contradict
with our claim in Section 6.4 that FB is faster than FISTA locally. The reason is that we are limited by
machine accuracy, and bigger value of ¢ delays the speed at which a; approaches to 1 which actually
makes FISTA behaviour similar to the 1-MiFB.

High-order acceleration For the /1, /,-norms and TV semi-norm, since they are polyhedral, finite
termination can be obtained once the manifold is identified. For ¢ 2-norm which is not polyhedral,
we applied the Riemannian Newton method which converges quadratically, leading to a dramatic
acceleration as can be seen in Figure6.4(b). For the nuclear norm, a non-linear conjugate gradient
method is applied, leading again to a much faster (super-linear) local convergence.

6.6.2 More comparisons
6.6.2.1 Local optimal rate

In this part, we provide the comparisons of local optimal rates of MiFB for s = 1,2. Two choices of
fixed « are considered: v = 3,1.58. For the inertial parameters, we consider the case b, = a;,i €
{0,...,s —1}.

For each choice of v, we start with the FB scheme, whence the manifold is identified we compute
the optimal inertial parameters {a;};cs based on Theorem 6.3.11 and Conjecture 6.3.15, and then
continue the iteration with the obtained inertial parameters. The obtained results for ¢;-norm and
nuclear norm are shown in Figure 6.5, it can be observed that with given ~, the optimal rate obtained
by 2-MiFB is faster than 1-MiFB. Such an observation means that the optimal rate established by
Nesterov for first-order non-smooth optimization methods indeed can be surpassed as presented in
Conjecture 6.3.15.

Moreover, the corresponding optimal values of a* for s = 1 and (ag,a;) for s = 2 are shown in
Table 6.1 below, from which we draw the following remarks:

(i) For s = 2, the optimal choice of inertial parameters is “positive aj and negative a}”. Moreover
the value of afj can be bigger than 1.

(ii) Under given v, a* of s =1 is smaller than ) a} of s = 2.
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Figure 6.5: Comparison of local optimal rate obtained by MiFB for s = 1, 2, two choices of v = 3,1.58
are considered.

(iii) The bigger the value of v, the smaller the value of a* or ). a’.

Table 6.1: Optimal inertial parameter a* for s = 1 and (ag,a1) for s = 2.

V=5 v =158
s=1 s =2 s=1 5 =2
. (a; a1) 2 ) (ag, a7) 2
fi-norm | 0.6683 | (1.0597,—0.2986) | 0.7611 | 0.6083 | (0.9454, —0.2413) | 0.7041
Nuclear norm | 0.6427 | (1.0099, —0.2729) | 0.7370 | 0.5798 | (0.8932,—0.2170) | 0.6762

6.6.2.2 Oscillations of FISTA/MiFB

As observed from Figure 6.4, FISTA schemes oscillate when a is large enough. In order to have a
better visualisation of the oscillation of FISTA /MiFB, we choose the LASSO problem (i.e. R = |- ||;
for (4.5.1)) for illustration, set by = ar = a and locally adjust the value of a so that the oscillation
period is an integer. The result is shown in Figure6.6, where the oscillation period of the tested

example is 20.

6.6.2.3 Comparison of a; vs by

Now let us assess the influence of inertial parameter choice for 1-MiFB. The step-size ~y is fixed as
v = B, inertial parameters by = b, ar = a and the online updated rule (4.2.6) is applied. In total, 4
different combinations of (a,b) are considered, which are

(0.3,0.20r0.6) and (0.8,0.20r0.6).

For both examples, if we let by = 0, then the optimal local choice aqpt obtained through (6.3.14) is
between 0.3 and 0.8. The obtained plots are depicted in Figure6.7, from which we summarize the
following observations:
(i) The time to activity identification is more dependent on the value of a. Clearly, relatively bigger
values of a lead to a faster identification. On the other hand, when a < agp (case a = 0.3),
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Figure 6.6: Local oscillation of the FISTA/MiFB methods on LASSO problem. Local oscillation of
the iFB method, where the oscillation period is 20.

bigger values of b lead to slower identification, while the opposite situation occurs when a > aqps
(case a = 0.8).

(ii) The convergence rate also depends more on the choice of a, since with fixed a, the rate difference

caused by different values of b is small, see the blue dashed/solid lines, and magenta ones.
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Figure 6.7: Comparisons on the difference between the inertial parameters a; and by, the step-size v

is fixed as S.

6.6.3 The non-convex case

We dedicate the last numerical experiment to verify the result in Section 6.5 for non-convex opti-
mization problems. The same problems and parameter settings as in Section 4.5.4 are considered, i.e.
problem (6.6.1) with R being ¢y pseudo-norm and the rank function.

Tightness of predicted rates The convergence profiles of ||z, — x*|| are shown in Figure6.8. As
it can be seen from all the plots, finite identification and local linear convergence indeed occur. The
positions of the green dots indicate the iteration from which x identifies the submanifold Mg «. The
solid lines (“P”) represents practical observations, while the dashed lines (“T”) denotes theoretical
predictions.

As the Riemannian Hessians of £y and rank function both vanish in all examples, our predicted rates
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coincide exactly with the observed ones.

Optimal first-order method To highlight the advantages of multi-steps, we also added an example
for the locally optimal choices of inertial parmeters. The results are depicted in Figure 6.8, where
the magenta solid line stands for the observation of 2-step inertia, while the magenta dashed line
corresponds to the 1-step inertia. This again shows that 2-step inertia can outperform the 1-step one.
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Figure 6.8: Comparison of ncvx-MiFB under different inertial settings. We fix v, = 0.55. For the
inertial schemes, the inertial parameters are chosen such that (4.4.5) holds.

6.7 Proofs of main theorems

6.7.1 Proofs of Section 6.2

Proof of Theorem 6.2.1. By assumption, the sequence {zj}ren created by the FB-type method
converges to z* € Argmin(®), and the latter is non-empty by assumption (F.3). From the definition
of proximity operator, the step of updating x;.1 in (6.1.1) is equivalent to

Yoo — VVE (Y k) — Thy1 € VROR(2p41).
Since the sequences {zj }ren, {Yak tren and {yp}ren are convergent, hence we have
li — =0 d li —z*| =0. 6.7.1
ek — 2rall and  lim lyp, — 27| (6.7.1)
By (F.2), we get
dist(—=VF(2*), 0R(xp41))

IN

1
%”ya,k — Zp1 — W(VF (o) — VE ()]

1
%(”ya,k — T || + VI VE (yor) — VF(2¥)|)

IN

IN

1 _ 1 o
fkay“”f $k+1H+5llyb,k .

Since liminf y; = € > 0 and the result of (6.7.1), we obtain dist(—VF(z*),0R(xg+1)) — 0. Owing to
assumption (F.1), R is sub-differentially continuous at every point in its domain, and in particular at
x* for —VF(z*), which in turn yields R(xy) — R(z*). Altogether, this shows that the conditions of
Theorem 5.1.5 are fulfilled on (VF(x*), -) + R(-), and the identification result follows.
(i) When the active manifold M+ is an affine subspace, then M+ = 2* + T+ owing to the normal
sharpness property (Lemma 5.1.3) and the claim follows immediately.
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(if)

When R is locally polyhedral around x*, then M« is an affine subspace and the identification
of Y s Yb e follows from (i). For the rest, it is sufficient to observe that by polyhedrality, for any
x € Mg+ near x*, OR(z) = OR(x*). Therefore, combining Lemma 5.1.3 and Definition 5.1.4, we
get the second conclusion. O

Proof of Proposition 6.2.3.

(i)

(if)

By firm non-expansiveness of prox, . g, and non-expansiveness of Id — ;1 VF', we have
o — 2** < |(1d = 31 V) (1) = (Id = 31 VF) (@)
— [[#x1 =1 VF (@g1) — 2x + 31 VF (@)
< g — 2 = €fluy — VF(h)|P,
where we denoted uj, & (xk—1 — xk)/Yk—1 — VF(xk_1). By definition, we have ux € OR(xg).

Suppose that identification has not occurred at k, i.e. that xp ¢ M+, and hence uy € OR(x) C
rbd(0R(x*)). Therefore, continuing the above inequality, we get

|z — 2| < Jag_1 — a*||* — Edist(~VF(¥), dR(xy))”
< ey — ¥ — Edist (~VF(2*), rbd(dR(2¥)))”
< |lwo — 2*|* — ke’dist(—=V F(z*), thd(IR(z*)))?,

and dist(—V F(z*),rbd(OR(z*))) > 0 owing to (ND,,). Taking k as the largest integer such that
the right hand is positive, we deduce that the number of iterations where identification has not
occurred, does not exceed the given bound, whence our conclusion follows.

We have doc, (:L‘z) C;,Vi € IS, In turn, by separability, R is partly smooth at z* relative

to My = >< =1 Mz, where My = 0 if i € I and M,» # 0 otherwise. Suppose that at
iteration k, IS, N Iy, 75 (. Denote hk 1= Th1— Vi 1VF(ack 1), and h* = * — v, VF(z*).
Thus for any i€ I NI, , we have

Trg — Tp = hi1,6 — Pop_y0i(he—1,5,)
= (hk—1,6 — %) — (P (Pr—1,5) — Pry_ ()

where we used Moreau identity in the first equality. Since i € I, NI, we have hy_1 5 ¢ Y—1C;
and hj € v,—1C;, or equivalently, that P10 (hk—15) € Yh—11bd(C;) = y—1rbd(do(, (J:’g)) and
P (R} ) hj. Combining this with the fact that the orthogonal projector on 7;_1C; is
firmly non-expansive, we obtain

lzks, — 25 1P < W16 — B |* = 1Py so(him1,) — B |1
= 16 = W3 II* = [Py sci(hi1,5) + 1 VE (),
< a1 — BE|P — A2 dist(—=V F (%), tbd(Cy))?
< hporg — W |? — Edist (= VF(2*)4, 1bd(C)) .
This bound together with non-expansiveness of prox and Id — y;_1 VF yield
|l — a*|* = Zia;* |2k, — @
< iy — B*|)? = €2 Zig;* dist (= VF(z*)5, tbd(C;))
< Jagr —2** = & Do, dist(~VF(a*)s,1hd(Cy))’
< oo — *|* — ke* 3o, e, dist(=V F(2*)5,thd(Cy))?,

2

Yi—1Ci

2
et |1 Try; — gl
2

where the last term in the right hand side is strictly positive by (ND,,). Taking k as the largest
integer such that the right hand side is positive, we deduce that the number of iterations where
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It N1, # 0 does not exceed the given bound. We then conclude that beyond this bound, there
is no ¢ such that Mg, , # 0 while Mgx = 0. The proof is complete. O

6.7.2 Proofs of Section 6.3

Proof of Proposition 6.3.1.

(i) Since F is locally C? around z*, there exists e > 0 sufficiently small such that for any § € B.(0),
we have

O(z* 4 6) — ®(a*) = F(a* +6) — F(a*) — (VF(x¥), §) + R(z* + ) — R(x*) + (VF(z*), §)
(6, V2F(z* 4 t6)8) + R(z* 4 6) — R(z*) + (VF(z*), 8), t€]0,1].

_ 1
2
Let x; = 2* +1t6 € B(z*). Since (RI) holds and V2F(x) depends continuously on = € B.(z*), we
have P, VQF(x)TTI* > kld for any such x. This holds in particular at x;. We then distinguish
two cases.

(a) & ¢ ker(V2F(z;)). In this case, it is clear that

B(x* +6) — B(x*) > = (8, V2F(x)0) > k/2||6]* > 0

DO | =

since F' is convex and locally C?, and R is convex with —VF(z*) € OR(z*).

(b) 6 € ker(V2F(x;)) \ {0}. Since R is a proper closed convex function, it is sub-differentially
regular at x*. Moreover OR(z*) # () (—V F(x*) is in it), and thus the directional derivative
R'(z*,-) is proper and closed, and it is the support of OR(z*) [153, Theorem 8.30|. It then
follows from the separation theorem [96, Theorem V.2.2.3| that

— VF(z*) € ri(OR(z"))
< R/(2*,8) > —(VF(x*), 6), ¥§ s.t. R'(x*;9) + R'(z*;-5) > 0.
As ker(R/(z*;+)) = Ty~ [169, Proposition 3(iii) and Lemma 10|, and in view of (RI), we get
— VF(2*) € ri(OR(z"))
< R/(2%;8) > —(VF(x*), 6), V5 & Ty«
— R/(2%;0) > —(VF(2*), 6), V6 € ker(V2F(xy)) \ {0}.
Combining this with classical properties of the directional derivative of a convex function
yields
P(z* 4 0) — ®(z*) = R(z* +9) — R(z*) + (VF(z), 9)
> R/(2*;6) + (VF(2*), §) > 0,

which concludes the first claim.

(ii) Let R as defined in the proof of Lemma6.3.3. If R € PSF «(M,+), the Riemannian Hessian of
® reads

VL. 8(z*) = Pr VF(z*)Pr,. + Vi, R(z*).

In view of Lemma6.3.3(i), nglz* R(z*) is positive semi-definite on Ty». On the other hand,
hypothesis (RI) entails positive definiteness of Pz, VF(2*)Pr .. Altogether, this shows that
V%Vlz*@(x*) is positive definite on T+ \ {0}. Local quadratic growth of ® near z* then follows
by combining [108, Definition 5.4, [126, Theorem 3.4| and [89, Theorem 6.2]. O

Proof of Lemma 6.3.3. By definition of U, Uh = 0 for any h € T;%. Thus, in the following we only
examine the case h € T«
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def

(i) Let ¥(z) = R(z) + (z, VF(2*)). Owing to Corollary 5.1.10, ¥ € PSF+(Mj+). Moreover, from
Lemma 5.1.4 and normal sharpness, the Riemannian Hessian of W at x* is such that, Vh € T,
YV ¥ (@h = yPr, VU (@) h 4+ YW (h, Py, VI (7))
=vP7,. V2R(2*)h + Y2y (h, ’PT; V&)(m*))
= ryvfwx*q)(x*)fPTz*h — Hh =Uh,

where ~ is the smooth representative of the corresponding function.
Since —VF(z*) € ri(0R(z*)), we have from [112, Corollary 5.4] that

\% x*\I/(w*)h—i—Tx%, h € Ty,

2 x| * —
O R(z*| — VF(z"))h {@7 hé T,

where 92 R(x*| — VF(x*)) denotes the Mordukhovich generalized Hessian mapping of function R
at (z*,—VF(x*)) € gra(OR) [129]. As R € T'x(R™), OR is a maximal monotone operator, and in
view of [144, Theorem 2.1] we have that the mapping 0> R(x*| -V F(x*)) is positive semi-definite,
whence we conclude that Vh € T«

0 < Y(O*R(a*| — VF(2*))h, h) = v(VA,_, ¥(z")h, h) = (Uh, h).

(ii) In this case, U = vPr,, VZ}NB(QU*)TTN. Let x; = 2* + th, t > 0, for any scalar ¢t and h € T«.
Obviously, x; € x* 4+ Ty« = M+, and for t sufficiently small, by Lemma 5.1.3, T}, = T,+. Thus,
Vu € OR(2*) and Yv € OR(x¢)

0<t 2(v—u, z — IS t_1<v —u, Pr h)
=t N Pr, (v—u), h)
= t_1<iPTxtv —Pr.u, h)
(by Lemma5.1.4) = (t (V. R(zt) — Vg, R(z*)), h)
(by (2.6.3)) = (t"' Py, (VR(z* + tPr,, h) — VR(z*)), h).

Since R is C?, passing to the limit as ¢ — 0 leads to the desired result. O

Proof of Lemma 6.3.4.

(i) (a) is proved using the assumptions and Rademacher theorem. (b) and (c) follow from simple
linear algebra arguments.

(ii) From Lemma6.3.3, we have WG = WY2W1/2GWY2W =12 meaning that WG is similar to
WY2GW1/2, The latter is symmetric and obeys

IWHEGWR| < [WR|GlIw ) < 1
where we used (i):(b) to get the last inequality. Thus W'/2GW'/2 has real eigenvalues in | —1, 1],
and so does WG by similarity. The last statement follows using (i):(c). O

The proof of Theorem 6.3.6 consists of several steps, first we prove that under the required setting,
we can obtain (6.3.5), i.e. the linearized fixed-point iteration.

Proposition 6.7.1. Let (F.1)-(F.3) hold, and assume that an FB-type method is used to create a
sequence {xy}ren that converges to x* € Argmin(®) such that conditions (ND,.), (RI) and (6.3.3)
hold. Then for all k large enough,

diy1 = Mygdy + o(||dk]]).

The term o(-) vanishes if R is polyhedral around x* and (vx,a;, b; ) are chosen constants.
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Define the iteration-dependent versions of the matrices in (6.3.1) and (6.3.4), i.e.

Hy & 3P, V2F(a*)Pr,, G, ¥ 1d — Hy, Uy & 3V, ©(=*)Pr,, — Hy,
Moy, = (agr — box)P + (1 +bog) PG, M,y = —(a; 1% — be14)P — b1 £ PG,

Mi,k = —((ai—l,kz - Gi,k:) - (bi—l,kz - bi,k))P - (bi—l,k - bi,k)PG7 i=1,.,5s—1,

Moy Mg M 1, Mg (6.7.2)
d 0 0 0
M, = 0 1d 0 0
00 Id 0 |

After the finite identification of Mg+, we have z; € M+ for x}, close enough to z*. Let T}, be their
corresponding tangent spaces, and define 73, : Ty« — T, the parallel translation along the unique
geodesic joining from xj to z*.

Before proving Proposition 6.7.1, we first establish the following intermediate result which provides
useful estimates. Define variable 7, & ), — 2*, and recall that § =0, ..., s — 1.

Proposition 6.7.2. Under the assumptions of Proposition 6.7.1, we have

ya,x — 2" = OUldll), llyp.x — 2" = Olldrl), lIres2ll = OCldrl),

_ (6.7.3)
(kaliPTka — P ) (VF(yo k) — VF(2r11)) = oll|di)-
and
W (Ux = U)rierall = olldel)s [1(Myp x — My )dill = o([[di])- (6.7.4)
Proof. Denote C =}, |a; | which is bounded, then
[Yap — 2" = llzn + Xies@in(@r—i — Th—ic1) — % + Xiesaip(@” — 27|
< o = 2] + Y slael (s — ) + i — 7))
Tk (6.7.5)

<@+ Y lImmil < €+ D)Vs+1 = (C+1)Vs + 1||dg],

Tk—s

hence we get the first and second estimates. Since prox,, p firmly non-expansive, and VF is (1/8)-
Lipschitz continuous, then

741l = llprox., p(ya,r — %V EF (k) — prox,, p(z” — 1 VFE(z"))]
<N Wak = 27) = w(VF(yor) = VE ()
< (19ak = 2+ 5 9o — 2711)

<2V +1(1+ ) dell < 6Vs + Tdi].
which yields the third estimate. Combining Lemma 2.6.2, (6.7.5) and (6.7.6), we get
(e Py, — P ) (VEWos) = VE(@ri1)) = o([VE(yor) — VF(rs1)l])
= ollys.r — ") + o(lre42ll) = o(lldxl)-

(6.7.6)

Let’s now turn to (6.7.4). First, define the function R(z) £ R(z) + (z, VF(2*)). From Corollary
5.1.10, we have R € PSF 4« (M+). Moreover, from Definition 5.1.4 and local normal sharpness Lemma
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5.1.3, the Riemannian Hessian of R at x* is such that, Yh € Tpx,
YV, Bz = vP1, VER(z")h + 12 (h, P, VR(")
=vPr,. V2R(2*)h + 72y (h, CPT; fo(x*))
= Vi, ®(@)Pr,.h — Hh = Uh,

where ~ is the smooth representative of the corresponding function. Then we have

fim WOk =il _ o WOk =) Vi, R@)Pr,. i |
k—o0 a1l k—oo 751l

< i i =AWV, RGP, ] =0,

which entails |W (U — U)rgs1]| = o(||rk+1l]) = o(||dk||). Similarly, since H is (/f3)-Lipschitz, we have

lim WGk = Ghrall gy IW O = DHrll o gy, 2l =3y — o, (6.7.7)
" k—oo B

k—s00 7|l ko0 75|l

Now, let’s consider (M, 1 — My, )dg

Moy — My Myg—My -+ Mg —Ms1 My — M

0 0 0 0

My — M, = 0 0 0 0
0 0 . 0 0 |

Take (Mo — M)y, we have
(Mo — Mo)ri, = ((aoe — bo )W + (14 bo ) WGg)ri — ((ao — bo)W + (1 + bo)WG)ry,
= ((ao’k — b07k) — (a() — bo))WTk + (1 + b()JC)W(Gk — G)T’k + (b07k — bo)WGTk.
Since we assume that a;; — a;,b;; — b;,i € § and v — v, plus (6.7.7), it can be shown that

lim (Mo, — Mo)ry||
k=00 75|l

< klggo (a0, — bo i) — (ap — bo) [|[W] + |1 + bo,k\wuwﬂ + |bok — bol [Wl[|G]| = 0,

that is ||(Mor — Mo)rk|| = o(||rx||). Using the same arguments, we can show that
I(Mie = Mi)rp—ill = o(lri—ill), i =1,....s =1 and (M — Mo)ri|l = ol[lrsel)-
Assemble them together, we obtain

1My b = Mg )| = o([|di]),

which concludes the proof. O

Proof of Proposition 6.7.1. From the update (6.1.1) and the condition for a critical point z* of
problem (Prg), we have
Yaj — Tht1 — W (VF (k) — VE(2341)) € 10P(2h11)
0 € v,0P(z").
and T,«, respectively, and using Definition 5.1.4, leads to

Projecting into T, , ,

VTpa1 Vs P(Th41) = T{flﬂ’nk“ (Yak — Trg1 — W (VE (o) — VF(2141)))
’yksz*(I)(x*) =0.
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Adding both identities, and subtracting 7, _ JFIITTMHJU* on both sides, we arrive at

T Py Tt + 7 (T Ve @(2541) — Vou,, (7))

. ) . (6.7.8)
= Tk—‘—l(PTz;H_l (ya7k - ) - P)/ka+1:]Dka+1 (VF(beg) - VF(.’IJ]C+1))
By virtue of Lemma2.6.2, we get
T;;rllﬂ’TzkHTkH =P Ty + (T,;rllﬂ’Tszrl — Pr o )rks1 = Pr i + o(||me4]])-
Using Lemma 2.6.1, we also have
T+l = :PTZ* i1 + o(rrsall),
and thus
TPy 1 = riet + ol ) = g + o(lldil), (6.7.9)

where we also used (6.7.3). Similarly

Tl;rllipTka (Yai — %)
=Pr. (Yar — %) + (T,;rllTTIkH = P10 ) (Yo — T7)
=P Yo — 77) + o(|[yar — 27|)
= Pr,. Yok — %) + o(||dk]) (6.7.10)
=P (wp — ) + )ik Pr. ((p—i — 2%) = (Tp—ic1 — 2*)) + o([ldi])
= 11+ o([lrel) + D e @i (rh—i = rmic1 + o(r—ill) + o(lre—i-11)) + o(lldxll)
=TL+ Ziesai,k(rk—i — Th—i—1) + ZiGSU{S}O(Hrk—i”) + o(|dk||)
= (s — %) + ().

Moreover owing to Lemma 2.6.3 and (6.7.3),

TV M ®(2811) = Vou, (%) = V3, (@) P, g + ol ])

; . (6.7.11)
= Vi, ®(@")Pr,. g1 + o[ di])-

Therefore, inserting (6.7.9), (6.7.10) and (6.7.11) into (6.7.8), we obtain

(Id + % Viq, ®(@) P, ) ka1

* —1 (6712)
= (Yar — ") = T P1op,, (VE (o) — VE(z141)) + o([[di])-

Owing to (6.7.3) and local C2-smoothness of F', we have

Tk_-l}I:PTzkH (VF(ypr) — VF(2g11))
= Pr. (VE(ysr) = VF(w41)) + o(lldi )
=Pr. (VFE(yr) — VF(2*)) — Pr. (VE(z511) — VE(x*)) + o(||dk|) (6.7.13)
= Pr,. V2E (") (Yo — ) + o|lyp g — ™) = Pr,. VA (2 )rpsr + o1 ) + o[l dill)
=Pr,. VQF(a?*)iPTI* (Yoo — ) — Prs VQF(ar*)iPTI* (g1 — ) + o(||dk]))-
Injecting (6.7.13) in (6.7.12), we get

(Id + ykvfwx* (I)($*)“PT,C* — 'ij)Tx* VQF(Z'*){‘PTQC* )""k—&-l

" ! (6.7.14)
= (Id + Up) i1 = Wak — %) — Hp(ypre — %) + o(||di)),
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which can be further written as, recall that H = Id — G,
(Id+ Ug)rgs1 = Id + U)rgsr + (Ug — U)rggq
= Yok — ") — He(yop — ") + o([|dx])
=Tk 4 D ek (Thi — Theic1) — He (T + D e bie(rhmi — mri—1)) + o(|ld]))

“1
=1 +aor)rs — Z;l (@im1 e — Qi) Th—i — Os—1 kTh—s
1
— Hyo (L +bog)ri — 2y (et — bie)Th—i — be—1 54—s) + o(||d]))
—1
= (1 + ao,k)?“k - Z:Zl (ai—l,k - ai,k)rk—i — O5—1,kTk—s
s—1

— (L+bog)Hyry + Hy Y oy (bima e — bige)re—i + Hibo—1 s + o([[dil])
= ((1 + ag)Id — (1 + b07k)Hk)rk — (as—161d — by—1 p Hp ) s
- Z:;ll((ai—l,k —a;)Id = (b1 — i) Hi ) - + o([|di])
= ((aak —bok)Id + (1 + b07k)Gk)rk — ((as,Lk — b1 5)Id + bs,lyka)rk,s
- Z;:ll((ai—m —aip)ld = (bi—1p — big)Id + (bi—1k — bik) Gr) i + o([|di])-
Inverting Id + U, we obtain
i1 + WUk = U)rega
= ((ao,k —bo )W + (1 + bo7k)WGk)rk — ((af_l,k — b1 )W + bs_l,kWGk)rk_s
= S (@i — )W = (i — big) W+ (b1 g — big) WG i + o(||di])
= Mo pry + M prip—s + zz;Mi,ka—i + o([ld||)-
Using the estimates (6.7.4), we get
dps1 = (Mg + (M b = Myg)) die + o(ldi]]) = Mygdi + o). B
With the above result, we are able to prove the claim (6.3.6), hence Theorem 6.3.6.

Proof of Theorem 6.3.6. Since p(M,,) < 1, then M, is convergent with lim_,, leB = 0. Define
Y = o(dy), suppose after K > 0 iterations, (6.3.5) holds, then for &k > K

_ k s
A1 = My, Rdy + Zj:KMFBk Tap;. (6.7.15)

Since the spectral radius p(M,,) < 1, then from the spectral radius formula, given any p €]p(M.,), 1],
there exists a constant C such that, for any k£ € N

1M < M, < Cot.
Therefore, from (6.7.15), we get
il < MK e 4+ 320 M0
<M I i |+ 3 I Mg I 5]
< PR dge | +C 300 o -

Together with the fact that ¢; = o(||d;||) leads to the claimed result. See also the result of [147,
Section 2.1.2, Theorem 1]. ]

Proof of Theorem 6.3.8. For the sake of simplicity, we prove the theorem for the case s = 2, while
for other choices of s, the proof extends smoothly. Since R is locally polyhedral, then V. ®(zy) is
locally constant along My« = z* + T+ around x*. Thus, derive from (6.7.14), for k large enough,
we get

Tr1 — 25 = Yok — 7)) — Ex(ypr — %),
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where we used the mean-value theorem with Ej = . fol V2F(z* + t(ypr, — 2*))dt = 0. Using that Ej,
is symmetric and ran(Ej)* =V, we have
Pv (@1 —27)
= (1 +aok)Pv(zy — %) — (aor — a1k)Pv(Tp—1 — %) — a1 1Py (Th—2 — 7).
If ag i, a1, = 0, then Py (xpy1 — 2*) = Py (xp — 2*). Thus, in the rest, without loss of generality, we
assume that ag, a1 # 0 for k large enough. The above iteration leads to
Py (g1 — x¥) (14 apr)ld —(aor —aix)ld —ayxld
Py(zr —a*) | = Id 0 0
Py (xgp—1 — x¥) 0 Id 0
It is straightforward to check that

va(sck — a;*)
Py (zp—1 — x*)

Py (zp_g — x*)

(I4+aor)ld —(agr —aix)ld —ayxld
Ny = 1d 0 0
0 Id 0
is invertible. Iterating the above argument, and owing to the fact that xy, yq x, ypx — =*, we get
0 - Py (g — x*)
o] = H Ni | | Pv(zgp—1 —2*) |
i=k Py (zg—o — x*)

and H;’;k N; is invertible. Therefore, we obtain that xp — 2™ € V1, and in turn, Ya o — T* € VL and
Ypk — T* € VL, for all large enough k. Observe that V- C T+, it then follows that

Tht1 — & = Yo — T — Pyr EpPy o (Yo — ).
By definition, Py 1 ExPy 1 is symmetric positive definite. Thus, replace Hy by Py 1 ExPy1 in G and
M., accordingly, and apply Lemma 6.3.4, Theorem 6.3.11 and Theorem 6.3.6 leads to the result. [

FB

Proof of Theorem 6.3.9. Owing to the definition of M, we have

My M, M,_1 M| [vg Yoo M, Vg
Id 0 0 0 V1 Vg U1
0 Id 0 0 V2 V1 =p|v2
i 0 0 Id 0 1 \vs Vs_1 Vg
which implies that
Vg1 = PUg, Vsmg = pUs_1 = pPus, -+ 09 = UL = prug,

and

ijo Mv; = pvg = p* o, (6.7.16)

The first claim fo the theorem is proved.
For the matrices My, ..., M;, as Mv; = nv,, first we have,
Movog = ((ao — bo)Id + (1 + bo)G) p'vs = ((ao — bo) + (1 4 bo)n) p'vs,
M, = (—(as-1 — by—1)Id = by1G) v = (—(as—1 — bs—1) — be_1n) v,
Then for i € {1,...,s — 1}
Myv; = (—((aim1 — ;) — (b — b)) — (b1 — b)G) p* v
= (—((ai1 — ai) = (bim1 = b)) — (b1 — b)) p* v,

- 135 —



Chapter 6 6.7. Proofs of main theorems

Therefore, combining the above result with (6.7.16) leads to
p o, = ((ao — bo) (1+bo)n) p’vs + (—(as—1 = bs—1) — bs—17)v;
£ 2 (s = a0) = (b = b)) = (bimr = b))
= (ap — bg),o vs + (1 + bo)np’vs — (as—1 — bs—1)vs — bs_11V;
+D ( (ai1 = a;) = (bi1 = b:))p " "vs = (bim1 — bi)np"™"vy)
= ((a0 — bo)p* = (ae-1 = bo1) = 201y (i1 — as) = (b — b)) p )
(40000 = bt = 30 (i = ) e,
which leads to

- Pt — (a0 — bo)p* + 352y (i1 — ai) — (bim1 — b)) p* " + (a1 — b—1)
' (14+b0)p = i1 (b1 — bi)p =~ = by

and simplifies to (6.3.8). O

S

We prove the first claim of Theorem 6.3.11 through the following lemma.

Lemma 6.7.3. From the relation (6.3.12). Given a,b € R, we have p(M,,) < 1 if any of the following
conditions are satisfied by a,b

€] —mb— 151, —bn+ b+ 1)[:be |52, ]

ae](l—ﬂ)b—ﬂ (I—mb+1[:be [—3,0]
b

ac](l—nb- 22 1 —pb+1]: e[(),zétﬂﬂ)[.

In particular, if we restrict a,b € [0, 1], then p(M_,) <1 as long as

2(b—a)—1
i+ 1

Proof. For the quadratic equation (6.3.12) of p, given 7, a and b, the two roots are

1= ((a_b) 1'2"b \/ — a_b)+(1'2|_b)77)_ \Y AP' (6717)
where A, is the discriminant
A, = ((a—b)+ (1 +b)m)* —4((a—1b)+bn),

which is a quadratic function of 3 variables. Moreover, we have

Ay=((a=b)+(1+ b)n)2 —4((a —b) + bn)
= (a= (@=mb+ (1= VT=n?))(a= (A=np+ 1+ T=0)?),
Which means that A, < 0 for
e[=mb+(1—T-n)* 1 —nb+(1+/1-n)7],
and (1 —n)b+ (14 /T —7)? > 1. Hence we prove the first claim of Lemma 6.7.3.
Now consider the following 3 linear functions of a
A, <0:p<a<(1—nb+(1++/1-n)?
f=0=mb+(1-y/1-n)?{ "
A,>0:a<f, (6.7.18)

Pl <1:fs<a,
lpl=1:a<fs.

1
f==mb— 5"
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Let n €] — 1, 1], then
{ﬁ > fo:1 €] =1,0,
A< finel01]
and f3 is smaller than both £, 2 independently of 7.
For the rest of the proof, we discuss in case on the conditions of a,b,n such that |p| < 1.
Case 1 €] — 1,0]: We have f; > f,
e Subcase a € [f2, (1 —n)b+ (1 + /T —1n)?]: p12 are complex, hence

2 (a=b)+ 1 +b)n)% = (((a=b)+ 1+ b)) —4((a—1b)+bn))
4

- 7.1
=a-b+bpe[(1-+1-n)%1+/1-n)7]. (o719
Moreover we have,
P e [(1—1-n)21] for ac [k, 1+b(1—n). (6.7.20)
e Subcase a €] — 00, o]: A, > 0 and py has the bigger absolute value, then
o] < 1= —((a—b)+ (L +b)n) + /A, <2
= A, <4+4((@=b) + 1 +b)n) + ((a—b)+ (14 b)) -

= 0<4+4+4((a—b)+ (1 +b)n) +4((a—b)+bn)
= 1-np-131<aq,

which means that |p2| <1 for a € [f, 2], and |p2| > 1 for a €] — o0, f3].
Case n € [0,1]: First we have f > £, and
e Subcase a € [£, (1 —n)b+ (1 4+ T —n)%: A, <0 and same situation as (6.7.19), and we get
(6.7.20).
e Subcase a € [f1, f2]: now A, > 0, and (a—b)+(1+b)n > 0 as a > fo, therefore we have p; > |p2]
and
p1<l<= ((a—b)+(1+b)n)+/A, <2
= A, <4—4((@a—b)+ (1+b)n) + ((a—b) + (1 +b)n)”
<= 0<4-4((a—b)+ (1 +b)n) +4((a—b) +bn)
— 0<4(1 —n),

(6.7.22)

which holds naturally.
e Subcase a €] — 00, f1]: We have |p2| > |p1|, hence (6.7.21) applies and the result follows.

Summarize the above discussions, we obtain that given an n €] — 1,1[ and b € R, the modulus |p| < 1
for

aeZ, =] —nb— 0 (1-nb+1]. (6.7.23)

Now let’s turn to the spectral radius of M, ., since M has n eigenvalues, for each i € {1,...,n} define
Z,, be the interval as in (6.7.23) for the i’s eigenvalue n; of M. Then to let p(My,) < 1, the following
condltlon must be satisfied

¢ N

1e{1,...,n}

Let’s look at first the smallest and biggest eigenvalues n and 7, for which we have

T, =] -mb— 2L (1 —mb+1[ and T =1 -mb— L0 (1 b+ 1[.

- 137 —



Chapter 6 6.7. Proofs of main theorems

If n = 7, then there’s not need to discuss. For n <7, I,N1I5 # () yields the following restriction on b,

I+n _
b e {_(34”7) 341 ] (L—n)b— < (1-nb+1,

2(n—n)’ 2(n—mn) (1_77)5_1 <(1-nb+1

w—‘,—w
3!

Define the following two functions of 7,
1 1
I(n)=—(b+ 5)77 + (b— 5) and r(n)=—-bn+ (b+1).

We have the following cases.

e Case b €] ((SJFZ)), —2]: For this choice of b, we have that both functions I(n), r(n) are increasing
over [—1,1], therefore we get that

=@, rm)[=]-b+3)n+b-1),~bn+b+1)[

e Case b€ [—3,0]: I(n) is now a decreasing function of 1 while r(n) still is increasing, this means
that
1
IT=T,=](1-nb— 2 (1-nb+1].

e Case b € |0, (3:77 )[ Now both functions I(n),r(n) are decreasing over [—1,1], and we have
_ 1 + n _
Summarize these cases and we conclude the proof. O

See from page 142 for detailed discussion on the relation between p(M,;) and 7,7.

Proof of Theorem 6.3.11. Recall in the proof of Lemma 6.7.3, the discriminant A, of function
(6.3.12) is a quadratic function of a, i.e.

A, = ((a=b)+ (1 +b)m)* —4((a—1b) +by)
=a’+2(n+bn—1)—2)a+ (n+bn— 1))2 —4b(n — 1).

Fix b,n and let A, = 0, we get two real roots for a, which are

re1 = (1—n)b+ (1—\/1—77)2
raz=(1—mb+ (1+/1I-n)>1

Moreover, we have

1-(1—yI=p? ) =1:7=<0
1—n >1:n>0.

Case a < ry1: We have A, > 0, hence (6.3.12) admits two real roots of p. Depends on the sign of
(a — b) + (1 + b)n, we have the following subcases.

e Subcase (a — b) + (1 4 b)n < 0: This means that < =5

—((a=b)+ A+ + VB,

ol = 5

from (6.7.17) we have

Since
(b—a)(1+0b)
(1+ b)*

(b—a)(1+b)+2b
(1+0b)?

<
we have |p| is monotone decreasing for n <] — 1, 472].

7 14b
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e Subcase (a —b) + (1 4 b)n > 0: For this case, we have

_ ((a=b)+ (1@ +bn)+ /A,
|p’_ 2 )

and it is easy to see that |p| is monotone increasing for n g]ﬁ;ﬁ, 1].
The above discussions indicate that when a < r, 1, the value of |p| decreases as a increases.

Case a € [rq,1,7q,2): For this cases, we have A, <0, and (6.3.12) admits two complex roots of p, then

owing to (6.7.19), we have that
’p’ =V a_b+b777

which is an monotone increasing function of a.

To sum up, we have that with given n and chosen b € [0, 1], when «a is chosen such that

a=1-nb+(1—-1-7)? (6.7.24)

i.e. A, =0. Then |p| attains the minimal value, which is

lpl =11 —+/1—=n]<|n|

Figure 6.9 shows the value of |p| as the function of a,b. The yellow dashed line corresponds to the
choices of (a,b) such that |p| attains its minimal value p*. It can be verified that given b, the choice of
a such that |p| < nis [(1 —n)b, (1 — )b+ n?.

05 o]

0.95
L—n+n?
0.9

4 0.85

0o |

10.75

0.7

0.65

0.6

0 0.2 0.4 0.6 0.8 1

Figure 6.9: Given n €] — 1,1], |p| is a function of (a,b). The above figure is generated with n = 0.8.

For the spectral radius of M, we need the assistance of Figure 6.12 and the value g defined in
(6.7.30). For Figure 6.12, the dark gray areas means that p(M,y) is determined by 7, while the white
area means p(M_,) is controlled by 7, and the blue line means 7, 7j contribute to p(M,,) equally. The
value g stands for the crossing point of the magenta line (o5 = (1=7)b+(1— /T =7)%) and the blue
line, and we have g; > 0 if (6.7.25) holds, i.e.

n>—-B-v1-n)(1-1-7). (6.7.25)

Therefore, apply the result of (6.7.24) we get the condition
S0 VI VT D) (L 0 VI
(=1 =vT=1)%)0—n)
a=(1-mb+(1—1-7)"

be [0,
(6.7.26)
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of a, b such that p(M,,) is minimised. Applying Eq. (6.3.11) yields the second claim of Theorem 6.3.11.
Given v > 0, let  be an eigenvalue of M, then we have
nel—v/8,1—7]
The spectral radius of M then is
l—vk:v¢€ [0,%],
B+k

p(M) = max {|1 — /8], |1 ~ s} S
v/B—1:7¢€ [m@]-

which is a piecewise linear function of v, and minimizes at v =
Adapt condition (6.7.25) to this case we have that if

_2
1/B+r"

4
1—~/8> —(3 = VAR)(1 — /AR) —> e}o,—},
V/B = =B = VE) (1 - k) =~ (V1B + i)
then p(M,,) is determined by 7 only. Since ) = 1—~k is monotone decreasing for 7, hence it is straight

4
(V1/B+Vw)?2

and we conclude the proof. O

forward that 77 minimises at v* = Then apply (6.7.26) leads to the optimal choices of a, b,

Proof of Corollary 6.3.13. The first claim is straightforward from Theorem 6.3.11. Then for then
second one. First, in order to make p(M,,) be determined by 7 for all b < a,a € [0,1]. Then from
Figure 6.12, the most left position of g is that it is the crossing point of blue & magenta lines and the
diagonal line a = b. From (6.7.26) and (6.7.30) we get

(I—vI=7)? o =0 =VI=0* (A =VI=))?+n-2) - (1= VT -i)(1 = vT=0)*—n)
7 - 1-(1-VI-0)*)7—n)
which leads to > —7/3. Applying the result of (ii) of Theorem 6.3.11 leads to the claimed result. [

3

Numerical proof of Conjecture 6.3.15. For s =2 and b; = a;,i = 0, 1, we have from (6.3.8) that

0=p" = (1+ ao)np® + (ao — a1)np + a1n.

We have seen from the proof of 6.3.11, that for s = 1, given n €] — 1, 1], the optimal choice of inertial
parameters, given by a = (1—n)b+ (1— /T —7)? (6.3.14), makes the discriminant A, of the quadratic
function (6.3.12) equal to 0.

For s = 2, it is reasonable to imagine that if such an optimal choice of the inertial parameters exists,
it should also make the corresponding discriminant equal to 0. After computing the discriminant A,
of this cubic equation and let it equal to 0, we get

0 = 4n’a} +n*(18n + 6nag +n*(1 + ap)* — 27)ai

6.7.27
+n°(—18ag — 6a + 2n(1 + ao)*(2 + ao)) a1 + n’af (n(1+ ap)? — 4a), ( )

which is another cubic equation of a;. Compute the discriminant A, of (6.7.27), we obtain the
following equation
Ag, = 160" (n — 1)ad + 1440 (n — 1)(n — 3)a§ + 57603 (=9 + 159 — > + n°)a]
+ n12(34992 — 699847 + 4708877 — 13440n> + 1344n*)a§
+ 1" (139968 + 3265921 — 287712n% + 1252801 — 262081 + 20161°)a)
+ n'%(314928 — 839808n" + 9331201 — 5702401 + 192240n* — 322561° + 20161°)a;
+ 17 (—314928 + 944784n" — 136468812 + 12013927° — 6220800 + 1797121° — 255361° + 134477 )a)
+ n10(314928 — 769824n" + 74649617 — 3810247 4 101520n* — 126721° 4 5761°)a’
+ 11 (—104976 + 198288y — 12182472 + 319681 — 36001 4 144n°)ag

+ n'2(11664 — 155521 + 4320n> — 4481 + 160*),
(6.7.28)
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which is a 9th order equation of ag, and can be solved only numerically. It turns out from this equation
that A, admits real root(s) for n €] — 1,1[, which then contains the optimal value of ag that we are
looking for. Putting back such ag into (6.7.27), we can obtain “the” optimal value of a;.

Given fixed 7, the optimal value of ag is denoted as afj, then for each ag € [0, af], the optimal value
of a1 obtained by (6.7.27) is plotted in Figure 6.10 (a)'. Figure 6.10 (b) shows the value of p under
each pair of (ag,a1) in Figure 6.10 (a). In comparison, s = 1 is added.

(i) For the left figure,

(a) The value a* = (1—+/T — 1)?/n is the optimal choice for s = 1. The red line implies that, for
the case s = 2, a1 should be positive when ag < a*, and negative when ag > a*. Moreover,
ag + a1 < a* when ag < a*, and the contrary when ag > a*.

(b) For s = 2, the largest value that can be attained by ag is greater than 1 (this also depends
on the value of 7). Since a1 is negative for such choice of ag, we still have ) . a; < 1, see
the black line.

(ii) For the right figure,

(a) Given ag, the optimal value of p obtained by s = 2 is smaller than that of s = 1, except at

the point ag = (1 — /T — n)?/n for which a; = 0 for s = 2.

(b) When s = 1, the optimal value of p can be obtained is p}_; =1 — /1 — 7. While for s = 2,
the optimal value can be obtained is pj_, =1 — vI—n.

0.5 r

ay

x 1 _ 31—
optimal a; given ag s=1 Ps=2 = 1 1—-n
ag + ay —_—=2
-0.5 L L L L L L 0.75 L L 1 1 1 1
0 02 0.4 0.6 08 1 1.2 a 0 0.2 0.4 0.6 08 1 1.2 a
agp Qo
(a) Fixed n, optimal a; for given ao (b) p under given optimal (ao,a1)

Figure 6.10: Under fixed n = 0.99, the optimal choice of a; for given ag and the value p under the
optimal pair (ag, a1).

Let 77 €]0, 1[, and suppose that the eigenvalues of G distributes uniformly in [0, 7], the value of p¥_,
is then a function of 7. Such a relation is shown in Figure 6.11 (a), and p;_; is added in comparison.
As we can see, when 7) < 0.988, we have pi_, < p*_;, which means that 2-MiFB is faster than 1-MiFB.

Fix 7 = 0.99 as in Figure 6.10, and compute the optimal values of afj, a} according to (6.7.28) and
(6.7.27) respectively. Assume that the eigenvalues of G distributes uniformly in [0,7]. Then for each
n € [0,7], we compute the value of |p| (the maximum of the 3 roots) from the following equation

0=p® = (1+ag)np® + (a5 — ai)np + ain.

1With given 7, (6.3.20) is a cubic equation of a;. For the displayed interval of choice of ag shown in Figure 6.10,
(6.3.20) admits 3 real roots for a1, for the other two roots which are not plotted, one make the value of |p| strictly bigger
than 1, the other one is negative and and makes |p| bigger than the one obtained by the plotted one.
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1-1-73
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(a) Fixed 7, optimal a1 for given ag (b) |p| under given n and (ag, ay)

Figure 6.11: Under fixed n = 0.99, the optimal choice of a; for given ag and the value p under the
optimal pair (ag,a1).

Figure 6.11 (b) shows graphically the value of |p| as a function of n € [0, 7] under given (aj, a}). As we
can see, p(M,,) is determined by some n € [0.4947, 77]. Therefore, in order to let p(M,,) determined
by 7, the spectrum of G should be [0,0.4947] U {n}, which indicates that 1 — Sx’ < 0.494(1 — 8k). O

6.7.3 Spectral radius of M,

Given a, b, the value of p(My;) depends only on 7 and 7, Figure 6.12 shows the dependency of p(My)
on 7,7, where the white areas of the figures means that p(Myy) is determined by n while the gray
areas correspond to 7, and the solid blue lines means that | p|n = |p|77. It also can be observed that,
the regions that p(M,,;,) is determined by 7 is under the function fo,n, see the magenta dashed lines in
both figures. -

fl,ﬁ fl,z
fl,ﬁ fl,ﬁ
_ = fZ,E - f2*ﬂ
For foi
_ — fS,ﬂ - f3'2
f37 faq
(@) n=—0.1,7 = 0.6 (b) n=02,7=06

Figure 6.12: Illustration of f1, 2 and £ for 2 different choice of 7,7. The lines that are invisible (e.g.
cyan and red solide lines in subfigure (a) and (b)) are all below the horizontal axis.
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Chapter 6 6.7. Proofs of main theorems

Given 7,7, define the functions as in (6.7.22),

fra = =0 =1, fia =0 =01,
fog = (L =mb+ (1= /1—n)? foi = (L=mb+ (1 —/1-7)?, (6.7.29)
fon = (1 —mb— 2. fin=(1—mb—E0.

For b € [0,1], it is easy to show that £, > fi5 and f3, > f3.5.

Area above a5 and below ap,, For this situation, we have A, > 0, Az < 0. Moreover since 7 > 0,
tha value of a in this area satisfies a > f 5 > f15, and the modulus of the eigenvalues determined by
7, n are

(@=b)+ (1 +bn+ /A,
lpl, = 5 =, |plz =va—b+bn.

Let the two values equal,
oL, = lply <= ((a=0) + (L +b)n) + /A8y, =2/a—b+b7
¢$«a—w+u+m@2:@v?fiﬁ%_v@;f

> Ci,4(a),
where Ci q(a) is a cubic function of a and reads
0=2a’+ (2(b(n —1) +n—2) + b7 — 1))a’
+ (bl — 1) +1)* —4b(y — 1) +20(7 — 1) (b(y — 1) + 1~ 2))a
+b( —1)((b(n — 1) +1)* — 4b(n — 1)) — (7 — n)*>.
In Figure 6.12, the crossing point of the solid magenta and blue lines is determined by the following

quadratic equation of b. The crossing point means that, for that b, a = (1 — )b+ (1 — /T —7)? is a
roots of Cq 4(a), which leads to a quadratic function of b,

0=(1-(1-1-7)*)n-7)?
—2(1—1-9)(—0)((1—/1=0)*+n—2)b
(= VT2 (1= V1= +1)’ - 4(1 - V1-7)°).
We denote the corresponding value of b as g1, then
A -VTRA - VT =)+ -2) - (- VI -1 -vVI-7)* -1
7a- == VI=2) -0 '
We have, if n > 0

(6.7.30)

(1- 1—77)2—77{_

(1 - /T=7)*—n > 0 holds automatically if n < 0.
Area below both ay5; and ap,, above f 5 For this situation, we have both AQ, Az >0, and it can
be shown that this region is always above f; 7, which gives

((a=b)+ (1+b)n) + /A,

b 5 ta > fig, mrz(m—m+@+mm+ﬂﬁg
* —((a=b)+ (1+b)) + /A, 7 2
3 —:1a < fig,
Consider the crossing point of fi , and f2 5, which is denoted by g
(I =T=7)+7
#= n-n
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The following analysis will depend on the relation between g1 and go.

—((a=b)+(1+b)n)+
2

oL, = lply == —((a=b) + A+ b)) + /Ay, = ((@=b) + (1+0)7) + /Ay,

<= B0, = \[Bpy = (@ =) + (L+0)0) + ((a = b) + (L +D)n)

<= Ca4(a),

, then

Case g < g1: We have |p|, =

where C 4(a) is a cubic function of a, which reads
0 = 4a® 4 2(2¢ + 3b(c — 2))a?
+ (2(n(m—1) +a(n — 1))b+4(n — 1) — 1)b* + (c + 2b(c — 2)) (c + b(c — 2)) )a
+ ((n(@— 1) +a(n—1))b+2(n — 1)(7 — 1)b?) (b(c — 2) + ¢) + d°V?,
where c=n+mn,d =1n—n.

Case ;» > g1: For this case, there are 2 subcases to be discussed. Let’s first check the crossing point
of fi,, and the curve that |p|, > |p|;. For that b, a = (1 —n)b—n is a roots of C34(a), therefore,

ol = 1ply = = ((@=b) + (1L +b)n) + /A, = ((a =) + (L+ D)) + /A,
= /ub+1) =0,
and we denote such b as g3. Now we have 3 different crossing points

g1 : crossing point of 5 and root of Cy 4(a),

1—-T=7)%*+ . :
P = ( - _:77) ﬂ, crossing point of £, and fo7, (6.7.31)
5= 7 l/ﬂ n,crossing point of f1,, and root of Caq(a),

and we have g1 < g3 < .

a— A
AN T

e Subcase a > fi,: For this case, we have |p[, =
lol, = lply <= ((a = b) + (L +b)n) + /Ay, = ((a—b) + (1 +0)7) + /A,

<:>\/T, Ay = ((a=b)+ 1 +b)7) — ((a—1b)+ (1+b)n)

a_1+b

e Subcase a < f1,;: The result is the same as Case g < g1.
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Chapter 7

Douglas—Rachford and ADMM
under Partial Smoothness

Main contributions of this chapter

» Global convergence of the non-stationary Douglas—Rachford splitting (Proposition
7.2.1).

» Finite activity identification (Theorem 7.3.1) and local linear convergence (Theorem
7.4.10) of Douglas-Rachford/ADMM.

» Finite termination of Douglas-Rachford splitting (Theorem 7.5.1).

A preliminary version of these results has appeared in [118].
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In the context of optimization, the DR and ADMM are two algorithms designed to minimize the sum
of two proper lower semi-continuous convex functions whose proximity operators are easy to compute.
The goal of this chapter is to understand the local linear convergence behaviour of DR/ADMM when
the involved functions are moreover partly smooth. More precisely, when the two functions are partly
smooth relative to their respective smooth submanifolds, we show that DR/ADMM (i) identifies these
manifolds in finite time. (ii) enters a local linear convergence regime. When both functions are locally
polyhedral, we show that the optimal convergence rate is given in terms of the cosine of the Friedrichs
angle (Definition 7.4.2) between the tangent spaces of the identified manifolds. Under polyhedrality of
both functions, we also provide sufficient conditions for finite convergence of DR.

7.1 Introduction

7.1.1 Problem statement

Consider the following optimization problem which is the sum of two non-smooth functions

min R(z) +J(z), (Ppr)

where we have

(D.1) R,J € TI'o(R™), the proper convex and lower semi-continuous functions.
(D.2) ri(dom(R)) Nri(dom(J)) # @, i.e. the domain qualification condition.
(D.3) Argmin(R + J) # 0, i.e. the set of minimizers is nonempty.
From now on, we suppose that assumptions (D.1)-(D.3) hold throughout the chapter.
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Chapter 7 7.2. Global convergence of non-stationary DR
7.1.2 The non-stationary DR

Let us recall the DR iteration (2.4.10) introduced in Section 2.4.3.2. By letting A; = OR and As = 0J,
we obtain the following iteration for solving (Ppr)

Upt1 = ProxX, (22 — 21),
Zk+1 = (1 — Ag)zk + Mg (2k + ugs1 — ok, (7.1.1)
Lh+1 = prOXyJ(Zk+1)>
where 7 €]0, +o00[, A\ €]0,2].
The iteration scheme (7.1.1) above is stationary, meaning that parameter ~ is fixed and does not
change along the iterations. The fixed-point formulation of stationary DR with respect to z is

21 = Ty (21),
def def 1

7.1.2
where JF,\ = (1-A)Id+AF, and T, = §(fRnyR~,J +1Id). ( )

Moreover fix(Fy) = fix(F, ) = fix(F, 5, ). Note that in previous chapters F, is also denoted as F,
for the sake of the upcoming result, we choose to use F, here.

Owing to the result in Section 2.4.3.2, the convergence of stationary DR, is guaranteed under the
assumptions (D.1)-(D.3), and the condition that ), -y Ax(2 — Ax) = +0o. That z; converges to some
fixed point z* € fix(F,) # 0, and that the shadow points xj, and ug both converge to z* o prox, ;(2*) €
Argmin(R + J).

In this chapter, we consider a non-stationary version of (7.1.1), which is summarized in Algorithm 13.

Algorithm 13: Non-stationary Douglas—Rachford splitting

Initial: k=0, 20 € R", 20 = prox, ;(20);
repeat
Let E]Ov —l—OO[, Ak G]Oa 2[:
Ug4+1 = Prox,, p(2z) — 2k),
21 = (L — M)z + Ap(2r + upr1 — xp), (7.1.3)

Te1 = PTOX%HJ(%H),

k=k+1;

until convergence;

Remark 7.1.1. By definition, the DR method is not symmetric with respect to the order of the
functions J and R, see [21] for a systematic study of the two possible versions in the exact, stationary
and unrelaxed case. Nevertheless, all of our statements throughout hold true, with minor adaptations,
when the order of J and R is reversed in (7.1.3). Note also that the standard DR only accounts for
the sum of two functions. Extension to more than two functions is straightforward through a product
space trick, see Section 7.7 for details.

7.2 Global convergence of non-stationary DR

Recall the operators defined in (7.1.2). The non-stationary DR iteration (7.1.3) can also be written
2k = T (2) = Ty, (20) + (Fypne — Fon) (2)- (7.2.1)

In plain words, the non-stationary iteration (7.1.3) is a perturbed version of the stationary one (7.1.1).

Proposition 7.2.1 (Global convergence). For the non-stationary DR iteration (7.1.3). Suppose
that the following conditions are fulfilled
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(D.4) Assumptions (D.1)-(D.3) hold.
(D.5) A €[0,2] such that Y, Ae(2 — Ag) = +00.
(D.6) (vk,7) €]0,+00[* such that
{Aklve = ren € 45

Then {zy}ren converges to a point 2* € fix(F,) and 2* = prox, ;(2*) € Argmin(R + J). Moreover, the
shadow sequences {x}ren and {ug}tren both converge to x* if i is convergent.

Proposition 7.2.1 is an extension of Theorem 3.5.2 (convergence of non-stationary Krasnosel’skii-
Mann iteration) to the non-stationary DR case. See Section 7.9 from page 163 for the proof.

Remark 7.2.2.
(i) The conclusions of Proposition 7.2.1 remain true if z; and wuy are computed inexactly with
additive errors €7 ;, and €9 1, provided that {Ag|le1 k] }ren € E}r and {\g|le2 k] ren € E}r.
(ii) The summability assumption (D.6) is weaker than imposing it without ;. Indeed, following the
discussion in |56, Remark 5.7, take ¢ €]0, 1], and let

14++/1-1/k
)\kzl— 1—1/]{3 and h/k_v’:T/’
then it can be verified that

1 1
v — | ¢ E}F, Melve — | = 7T € K}F and Ag(2—Xg) = z ¢ E}F.

(iii) The assumptions made on the sequence {7 }ren imply that 7 — 7 (see Lemma7.9.1). In fact,
if infreny A > 0, we have {|vx — v|}ken € Ef, entailing v, — -, and thus the convergence
assumption on v is superfluous.

(iv) It is worth mentioning that the Proposition 7.2.1 holds true for any real Hilbert space setting,
where a weak convergence can be obtained (Theorem 3.5.2).

7.3 Finite activity identification

With the above global convergence result at hand, we are now ready to state the finite time activity
identification property of the non-stationary DR method.

Let 2* € fix(F,) and 2* = prox, ;(2*) € Argmin(R + J), then at convergence of the DR iteration
(7.1.3), we have the following inclusion holds,
¥ — 2 € yOR(z*) and z2* —a* € y0J(z¥),

which is equivalent to z* € a* + y(—0R(z*) N J(x*)). Our identification result is built upon this
inclusion.

Theorem 7.3.1 (Finite activity identification). For the DR iteration (7.1.3), suppose that (D.4)-
(D.6) hold and ~y is convergent, entailing that (zp,xk,ur) — (2,2, 2%), where z* € fix(F,) and
z* € Argmin(R+J). Assume also that infrenyy > > 0. If R € PSFu (M) and J € PSF,« (ML),
and the non-degeneracy condition
g — 2" € yri(OR(z%)) and 2" —a* € yri(9J(z)) (ND,y)
holds. Then
(i) There exists K € N large enough such that for all k > K, (ug,x1) € ME x M.
(ii) Moreover,
(a) if ML =a*+ T}, thenVk > K, T} =T},
(b) If ME =a*+TE thenVk > K, TR =TE.
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(c) J is locally polyhedral around z*, then Yk > K, xp € MJ. = z* + T, Tiik = T,
VMi* J(xg) = VM;I* J(x*), and Vf\/t“’* J(zx) = 0.

d) R is locally polyhedral around x*, then Yk > K, up € ME = o>+ TR TR — TR

(d) y poly , , 2 o Ly 3

Ve, R(ur) =V pqr R(a*), and Vfwg*R(uk) =0.
See Section 7.9 from page 164 for the proof.
Remark 7.3.2.
(i) The non-degeneracy condition is equivalent to assume
2* € o* 4+ ri(—0R(z*) N 8J (%)),
which means that z* € ri(fix(F,)).

(ii) The theorem remains true if the condition on 7 is replaced with ~;, > 7> 0and Ay > A >0,
(use (D.6) in the proof).

(iii) Similarly to Example 6.2.4, in general, we have no identification guarantees for xj and wy, if the
proximity operators are computed with errors, even if the latter are summable, in which case one
can still prove global convergence (see Remark 7.2.2).

Bounds on the finite identification iteration Similarly to the identification properties of the
FB-type methods (Proposition 6.2.3), in this part we provide two estimations for the identification
number K. Denote 75, = Ae(2 = Ag).

Proposition 7.3.3. Suppose that the assumptions of Theorem 7.3.1 hold, that infren7 > 7 > 0,
and moreover, the iterates are such that 8J(xy) C rbd(0J(x*)) whenever xy, ¢ M. and OR(uy) C
tbd(OR(x*)) whenever uy ¢ ME.. Then, M7, and ME. will be identified for some k obeying

20 = 2*1* + O(Cpen Akl —21)
b= 7°7dist(0,rbd(0J (a*) + OR(2*)))*" (7.3.1)

See Section 7.9 from page 165 for the proof.

Observe that the assumption on 7; automatically implies (ID.5). As one intuitively expects, this
upper-bound (7.3.1) increases as (ND ) becomes more stringent.

Example 7.3.4 (Indicators of polyhedral sets). We will discuss the case of J, and the same
reasoning applies to R. Consider J as the indicator function of a polyhedral set C7, i.e.

J(x) =1cs(x), where C/={zecR": (¢, z)<d/,i=1,...,m}.

Define 17 % {i : (¢;, z) = d;} the active set at . The normal cone to C at 2 € C” is polyhedral and
given by [153, Theorem 6.46]

J
9J(x) = N () = cone(e )iery)).
It is immediate then to show that J is partly smooth at z € C7 relative to the affine subspace

ML =2+ T/, where, T/ = span((c{)ieli])L. Let F; be the face of C” containing z. From [152,

x
Theorem 18.8], one can deduce that

Fl=MInc’. (7.3.2)
We then have
ML M = FLcF/ (7.3.3)
(7.3.2)
N (z) is a face of (other than) Ng(2*) (7.3.4)

[100, Proposition 3.4]

0J(x) C rbd(dJ(z™)). (7.3.5)

[152, Corollary 18.1.3]
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Suppose that M. has not been identified yet. Then, since z = P (21) = Pry \F (zx), and thanks
Ty z*
to (7.3.3), this is equivalent to

either ]::;]*Q}";E]k or ]:;U]kﬂf:;] = 0.

It then follows from (7.3.4) and Proposition 7.3.3 that the number of iterations where FJ. C .FIJk and
.7-"5; C ]-"ﬁ cannot exceed the bound in (7.3.1), and thus identification happens indeed for some large
enough k obeying (7.3.1).

7.4 Local linear convergence

Building upon the identification results from the previous section, we now turn to the local behaviour
of the DR iteration (7.2.1) under partial smoothness. Similarly to the analysis of the FB-type methods
6.3, the proof strategy is first to show that DR iteration locally linearises along the identified manifolds,
and then converges linearly owing to the linearization.

Angles between subspaces Before presenting the main result, we introduce the angles between

subspaces. Let 17,75 be two subspaces, and without loss of generality, let 1 < p o dim(Ty) < ¢ ]

dim(73) <n — 1.

Definition 7.4.1 (Principal angles). The principal angles 0, € [0, 3], k = 1,...,p between sub-
spaces 17 and 15 are defined by, with uy = vy =)
cos(0r) = (ug, v) = max(u, v) s.t. u € T1,v € Ty, |ul| = 1, o] = 1,
(u, w;) = (v, v;) =0,1=0,--- ,k— 1.
The principal angles 6, are unique and satisfy 0 < 60; <6y <--- <0, < 7/2.
Definition 7.4.2 (Friedrichs angle). The Friedrichs angle 6 €0, 5] between T1 and T is

cos (0p(T1,T>)) M max(u, v) st ue LN (T NT)Y Jul| =1, v e Ton (TN T) o] = 1.

The following lemma shows the relation between the Friedrichs and principal angles. The proof can
be found in |18, Proposition 3.3|.

Lemma 7.4.3 (Principal angles and Friedrichs angle). The Friedrichs angle is exactly 0411 where
def

d = dim(T) NTy). Moreover, O0p(T1,T2) > 0.

Remark 7.4.4. One approach to obtain the principal angles is through the singular value decompo-
sition. For instance, let X € R™*P and Y € R™*? form orthonormal bases for the subspaces 77 and
Ty respectively. Let UXVT be the SVD of XTY € RP*4, then cos(fy) = ox, k = 1,2,...,p and oy,
corresponds to the k' largest singular value in 3.

7.4.1 Local linearized iteration
Let 2* € fix(F, ) and z* = prox, ;(2*) € Argmin(R + J). Define the following two functions
R(z) € yR(z) — (x, % — z*), J(x) ¥ rJ(z) — (z, 2% — z*). (7.4.1)
We start with the following key lemma.

Lemma 7.4.5. Suppose that R € PSF« (M) and J € PSF,«(MZ.). Define the two matrices

def

Prr Vin R@)Prr  and  Hy = Pps V3 J(2¥)Pr, . (7.4.2)

def

Hy =
Hy and Hy are symmetric positive semi-definite under either of the following circumstances:
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(i) (ND,y) holds.
(ii) ME and M. are affine subspaces.

In turn, the matrices

Wz = (Id+ Hg)™' and W5 = (Id+ Hy) ™! (7.4.3)
are both firmly non-expansive.

Proof. Here we prove the case for J since the same arguments apply to R just as well. Claims (i) and
(i) follow from Lemma 6.3.3 since J € PSF,«(M,). Consequently, W5 is symmetric positive definite
with eigenvalues in |0, 1]. Thus by virtue of [16, Corollary 4.3(ii)], it is firmly non-expansive. O

def def

Now define Mz = Ppr WgPrr and Mz = Pps W3Pps , and the matrices

def 1 1
]\JDR =1d + QMRMj — Mﬁ — Mj = §Id + 5(2MR — Id)(QMj — Id), (7 A 4)
def o

My & (1= \N)Id + AM,

DR?

A €]0,2].
We have the following locally linearized version of (7.1.3).
Proposition 7.4.6 (Locally linearized DR iteration). Suppose that the DR iteration (7.1.3) is

run under the assumptions of Theorem 7.3.1. Assume also that A\, — X €]0,2[. Then M, is firmly
non-expansive and M) is %—avemged, Moreover, for all k large enough, we have

21 — 27 = My(z, — 2%) + ol[|2k — 27[1) + O(Aklve = 1) (7.4.5)

The term O(Xg|vk — 7|) disappears if (i, A\g) are chosen constant in )0, +o00[x]0,2[. If moreover R
il

and J are locally polyhedral around z*, the term o(||zx — 2*||) vanishes.

See Section 7.9 from page 166 for the proof.

Remark 7.4.7. If M\g|vx — | = o(||zx — 2*]|), then (7.4.5) becomes
2h1 — 27 = Mi(z — 27) + o([|ze — 27])).

However, this is of little practical interest as z* is unknown.

We now derive a characterization of the spectral properties of My, which in turn allows to study the

linear convergence rates of its powers. Recall the notion of convergent matrices from Definition 2.5.1.

J def

To lighten the notation in the following, we define the subspaces S7, & (T7)4 and SE & (TE)L,

Lemma 7.4.8. Suppose that A €]0,2[, then,
(i) My is convergent with
MG = Prer(Mz(1d— M)+ (1d—Mg) M5)-
In particular, M52 =0 if holds
T NTE = {0}, span(Id — M5)NSE = {0} and span(Id — Mz)NTE = {0}.

(ii) If, moreover, R and J are locally polyhedral around x*, then My is normal and converges linearly
to Pirs. TR a5/, nsR ) with the optimal rate (Definition 2.5.1)

V(L= X2 472 = N cos? (0p(TL, TH)) < 1.

fro R vl

In particular, if T, N TE = S/, N SE = {0}, then My, converges linearly to 0 with the optimal
rate

VL= X)2 A2 = N cos? (02 (T2. TH)) < 1.

r*r T x*
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See Section 7.9 from page 168 for the proof.

Combining Proposition 7.4.6 and Lemma 7.4.8, we have the following equivalent characterization of
the locally linearized iteration.

Corollary 7.4.9. Suppose that the DR iteration (7.1.3) is run under the assumptions of Theorem 7.5.1.
Assume also that A\, — X €]0,2[. Then the following holds.

(i) (7.4.5) is equivalent to
(Id — M2 ) (2p41 — 27) (7.4.6)
= (Mx = M )(Ad = M) (2 — 27) + (Id = Moz — 7)) + Okl —7)-
(ii) If R and J are locally polyhedral around x* and (v, A\;) are constant in |0, +00[x]0,2], then

Zpy1 — 25 = (My — M3 ) (2 — 2%). (7.4.7)

See Section 7.9 from page 169 for the proof.

7.4.2 Local linear convergence
We are now in position to present the local linear convergence of DR method.

Theorem 7.4.10 (Local linear convergence). Suppose that the DR iteration (7.1.3) is run under
the assumptions of Proposition7.4.6. Recall M. from Lemma 7.4.8. The following holds:

(i) Given any p €]p(My — M2, ), 1[, there evists K € N large enough such that for all k > K, if
Melvk — | = O(n¥) for 0 < n < p, then

1(Td = M22) (21 — )| = O(p" %) (7.4.8)

(ii) If R and J are locally polyhedral around z* and (yg, A\x) = (7, A) €]0,+00[%]0,2][, then there
erists K € N large enough such that for all k > K,

lew — 21l < A" 2k = 27, (7.4.9)

where the value of p is

p= \/(1 = A2+ A2 = A)cos?(0p(T, TR)) € 0,1].

T*o T xx
The proof is given at page 169 in Section 7.9 for the proof.

Remark 7.4.11.

(i) If M5 =0in (7.4.8) or the situation of (7.4.9), we also have local linear convergence of x;, and
vk to * by non-expansiveness of the proximity operator.

(ii) The condition on Ag|yx —y| in Theorem 7.4.10(i) amounts to saying that ; should converge fast
enough to . Otherwise, the local convergence rate would be dominated by that of x|yt — /.
Especially when Ag|v, — 7| converges sub-linearly to 0, then the local convergence rate will
eventually become sub-linear. See Figure 7.5 in the numerical experiments section.

(iii) For (ii) of Theorem 7.4.10, it can be observed that the best rate is obtained for A\ = 1. This
has been also pointed out in [73| for basis pursuit. This assertion is however only valid for the
local convergence behaviour and does not mean in general that the DR will be globally faster for
A = 1. See the discussions below for more details.

(iv) Observe also that the local linear convergence rate does not depend on 7 when both R and J
are locally polyhedral around x*. This means that the choice of v only affects the number of
iterations needed for finite identification.
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However, for general partly smooth functions, «; influences both the identification time and
the local linear convergence rate, since M) depends on it through the matrices Wz and W5 (v
weights the Riemannian Hessians of R and J, see (7.4.1)-(7.4.3). See Figure 7.4 for a numerical
comparison.

7.4.3 The effect of relaxation

Here we investigate the effect of the relaxation parameter A\. Let n = n,, +in, (here i = —1, n,,

and 7, are the real and imagery part of 1 respectively) be the eigenvalue of M, — M, then the

DR’
eigenvalue of My — M7 if a function of n and A,

Poyx = (1 - )‘) + )\(nRe + inlm) =1+ )\(nRe - 1) + i)\nlm

whose modulus is

[P0l = \/(1 + A — 1))* + X202 (7.4.10)
Eigenvalue 7 is real When 7 is real, i.e. 1, = 0, then p is real.

Lemma 7.4.12. Let M, € R™" be a convergent square matriz whose eigenvalues are all real, denote
7,1 the biggest and smallest (signed) eigenvalues of My, — M2 respectively. Then the spectral radius
p(Mpy — M) attains the minimum at

\ = .
+1n)

N

2

See page 170 for the proof. The above result implies if all the eigenvalues of M, are real, then
over-relazation (i.e. A > 1) makes M) converge faster to M2° than M.

Eigenvalue 7 is complex The situation becomes much more complicated when 7 is complex. That
is, if all the eigenvalues of My,, — M> are complex, then in general it is very difficult to obtain result
similar to Lemma 7.4.12.

However, there are extra properties we can apply when both R, J are locally polyhedral around x*.
Let 6 be a principal angle between T/, and T2, then owing to the result of [73], the eigenvalue of

x T*
M

pr — My, corresponding to 6 reads

n, = cos*(#) + icos(0) sin(8). (7.4.11)
Putting such 7, back in (7.4.10), we get
ypw\? = (A — 1)?sin®*(#) + cos*(#) > cos*(0),

which implies that non-relaxation (i.e. A = 1) yields the best local convergence rate.

7.4.4 Partial smoothness vs metric sub-regularity

In this section, we discuss the connection between partial smoothness and metric sub-regularity for
DR when both R and J are locally polyhedral around z*. We also assume that the iteration (7.1.3) is
stationary (i.e. 7x = <) and non-relaxed (i.e. A\ = 1).

Proposition 7.4.13. Suppose that the DR iteration (7.1.3) is run under the assumptions of Proposi-

tion 7.4.6 with v = v and \py = 1. If R and J are locally polyhedral around x*, then M]’DR Ed— My
; 1

_ y _ *
8 Sn(@r (T2 7)) metrically sub-regular at z* for 0.

Proof. Under the assume conditions, we have the locally
]\4]3R = fPTJ* TTR* + (.PsJ* CpsR*,
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which is linear and non-expansive, hence metrically subregular owing to |22, Example 2.5]. Now con-
sider the eigenvalues of M. Without loss of generality, let p = dim(7;.) < ¢ = dim(T%), and denote
{0,}i=1...p € [0,7/2[ the principal angles between T}, and T sorted in ascending order. Owing to
(7.4.11) (see also [18, Proposition 3.3 and Theorem 3.10]), the eigenvalues of M lie in

{sin?(0;) +1icos(6;)sin(f;) :i=s+1,...,p} U{0} if p=gq,
{sin?(6;) +icos(6;)sin(6;) : i=s+1,...,pfU{0}U{1} ifp<q.
Thus, for any i = s 4 1,...,p, each eigenvalue has modulus sin(¢;) € [0,1]. Therefore, since M/ _ is

normal, given any z € ker(M];R)L, we have

1M 2| > sin(8ss)l|2]] = sin(0p (T, TE))|2])-

x*y ~x*

In view of [22, Theorem 2.5], this entails that M/  is W—metricaﬂy sub-regular. O
sin(0p (Tyx, Tx

Unlike the case of Forward—Backward splitting (Section 6.4.4), for the DR splitting with polyhedral
functions, partial smoothness and metric sub-regularity yield the same estimate of the convergence
rate. Indeed, from (3.3.3) the rate estimate obtained through metric sub-regularity reads

V1 = sin?(0p(T7., TR)) = cos (0 (T2, TH)),
which is exactly the result of Theorem 7.4.10(ii) for A = 1.

7.5 Finite termination

In this section we characterize the situations where finite convergence of DR can be obtained.

Theorem 7.5.1 (Finite termination of DR). Assume that the unrelared and stationary DR iter-
ation is used (i.e., v = v €]0,+o00[ and Ay = 1), such that (zx, xk, ux) — (2*, 2%, 2*), where R and J
are locally polyhedral around x*. Suppose that either J or R is locally C? at x*. Then the DR sequences
{2k, Tk, uk fren converge in finite number of steps to (z*, x*, z*).

Proof. We will prove the statement when J is locally C? at 2*, and the same reasoning holds if the
assumption is on R. Local C?-smoothness of J at z* entails that 0.J(z*) = {VJ(2*)} and J is partly
smooth at z* relative to M. = R™. Moreover, the non-degeneracy condition (ND_ ) is in force. It
then follows from Proposition 7.4.6 and (i) of Lemma 7.4.8 that there exists K € N large enough such
that
Vk > K, zkH—z*:ﬂ’Tg(zk—z*):VkZK%—l, 2p —2° € TR,
whence we conclude that
VE>K4+1, zp=2z2p1=-=2" d

DR is known (see, e.g., Section 4.3 or |78, Theorem 6|) to be a special case of the exact proximal
point algorithm (PPA) with constant step-size v, = 1. This suggests that many results related to
PPA can be carried over to DR. For instance, finite convergence of PPA has been studied in [151, 121]
under different conditions. However, |78, Theorem 9] gave a negative result which suggests that these
previous conditions which are sufficient for finite termination of PPA are difficult or impossible to carry
over to DR even for the polyhedral case. The authors in [19]| consider the unrelaxed and stationary
DR for solving the convex feasibility problem

Find a point in &1 N So,

where S and Sy are nonempty closed convex sets in R, S NSy # (), Sy is an affine subspace and Sy
is a polyhedron. They established finite convergence under Slater’s condition

SN int(Sg) =+ 0.
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They also provided examples where this condition holds while the conditions of [151, 121] for finite
convergence do not apply.

Specializing our result to R = ts, and J = vg,, then under Slater’s condition, if z* € S; Nint(Ss), we
have that R is partly smooth at any z € S relative to S; with TE = par(S) (i.e. a translate of Sy to
the origin), and 9J(z*) = Ng,(z*) = {0}, and we recover the result of [19]. In fact, [19, Theorem 3.7
shows that the cluster point x* is always an interior point regardless of the starting point of DR. The
careful reader may have noticed that in the current setting, thanks to Example 7.3.4, the estimate in
(7.3.3) gives a bound on the number of iterations for finite convergence.

7.6 Alternating direction method of multipliers

For problem (Ppg), let’s now compose J with a linear operator L, i.e.

min R(x) + J(Lx), (Papmm)

z€Rn
where now
(D.7) ReTIy(R"?), JeTlo(R™)and L : R™ — R™ is an injective linear operator.
(D.8) ri(dom(R) Ndom(J)) # 0.
(D.9) Argmin(R + JL) # 0, i.e. the set of minimizers is non-empty.
The main difficulty of applying DR to solve (Papaiv) is that the proximity operator of the composition

JL in general can not be solved explicitly. The alternating direction method of multipliers [82] is an
efficient way to deal with such a difficulty.
The stationary version (i.e. constant step-size) of ADMM is described in Algorithm 14. For conve-

nience, here with a slight abuse of notations, we use xy, u; and z; to denote the sequences generated
by ADMM.

Algorithm 14: Alternating Direction method of Multipliers
Initial: v > 0. £ =0, xg,yo € R™;
repeat

Up41 = argmin, cpn R(u) + (Lu, yi) + %HLu — 3|7,
Tt1 = argmingegmJ () — (2, yr) + %Hﬂf - Luk+1||2, (7.6.1)
Yr+1 = Yk T V(Luks1 — Tht1),

until convergence;

It is shown in [82] (see also [78]), that ADMM amounts to applying DR to the Fenchel-Rockafellar
dual problem of (Papan). In the following, we recall in short the derivation of transforming ADMM
to DR. First, the dual form of (Papni) is

max —(R*(=L*y) + J*(y)), (Dabmm)

where R*, J* denote the Fenchel conjugate of R and J respectively (Definition 2.1.14). Define z;41 =
Y + vLugy1, then following the iteration from (7.6.1) we get
U1 = argmin, cpa R(u) + %HLU - %(zk —2u)1%,
Zh+1 = Yk + yLug41,
LT YR T v (7.6.2)
Thy1 = argmingcpmJ(x) + §H$ = Szl

Yk+1 = Zk+1 — VY Pk+1-
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Apply the Moreau’s identity to R, .J respectively [152], then we obtain

. 1
Zpy1 = argmin, cgm R*(—L*2) + g”z — 2y — 20)I1” + (26 — yr),
' * . ] (7.6.3)
Yk+1 = argmlnyeRmJ (y) + %Hy — zp1l

which is clearly applying the non-relaxed and stationary DR method (i.e. Ay = 1,7 = ) to the dual
problem (DADI\H\I)~

When L injective (i.e. has full column rank), the convergence of all the sequences in (7.6.2) are
guaranteed [78|, that is

*

up — ut, xp — = Lu*, zp — 2%, yp — Yy = 2" —~yLu”, (7.6.4)

where u* is a global minimizer of (Papn), * is a dual solution of (Dapny), 2* is a fixed point of
(7.6.3), and y* is the Lagrangian multiplier.

Local linear convergence of ADMM By virtue of the chain rule of partial smoothness (Theorem
5.1.7), if R* is a partly smooth function, then so is the composition R*(—L*) since L is injective. As a
consequence, besides conditions (D.7)-(D.9), if we assume that R* and J* are moreover partly smooth
functions, then based on the result of Section 7.3 and 7.4, we can obtain the local linear convergence of
the ADMM through the dual iteration (7.6.3). As a matter of fact, we can establish the result directly
on the primal ADMM iteration (7.6.1), which is what we present now.

Let u* be a global minimizer of (Papnw), 2* be a dual solution of (Dapniv) such that Lu* = z*,
and y* be the Lagrangian multiplier. Then at convergence, we have the following inclusion from (7.6.2),
y* € dJ(z*) and — L*y* € OR(u").

Similarly to the analysis procedure of DR, we present first the finite identification of ADMM.
Corollary 7.6.1 (Finite activity identification). For the ADMM method (7.6.1), suppose that

(D.7)-(D.9) hold such that the generated sequences satisfy (ug,zr,yr) — (u*,x*,y*) where u* €
Argmin(R + JL) and 2* = Lu*. If J € PSFu (ML), R € PSFu«(MZE), and moreover the non-
degeneracy condition
y* €ri(0J(z*)) and — L*y* € ri(OR(u")), (ND, i)
holds. Then,
(i) For all k sufficiently large, (uy,xy) € ME x M.
(ii) Moreover,
(a) if M =w* +TE, thenVk > K, TR =TE;

(b) if M. =x* + T, then Vk > K, T =TJ.;

x>

(c) if R is locally polyhedral around u*, then Vk > K, u, € ME = u* + TE, Tqﬁc = TE
va’* R(uy) = va* R(u*), and v?\AR* R(uy) = 0;
(d) if J is locally polyhedral around z*, then Yk > K, xp € MJ, = o* + T, T:;Ik = T,

VMi* J(zp) = vMi* J(x*), and Vf\/ﬂ* J(zx) = 0.

Next we present the local linear convergence of ADMM. Define the following function similar to those
in (7.6.5), B B
Ru) & %(R@) — (u, —L*yY)), J(z) %(J(:c) — (z, y")). (7.6.5)

Owing to Lemma 6.3.3, with condition (ND, ) holding, their Riemannian Hessian are positive

semidefinite. Hence, define the following matrices
def

Prn Vf\/lf*f%(u*)ﬂ’:rg and - Hs5 =Py, v%i*j(m*)%]*’ (7.6.6)

def

Hz <
e — —1 — def —1
W= % Lp(ld+ (LiLr)"H=)" (LRLr) 'Ly  and W5 = (Id+Hs)
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where Ly & LPrr . Define Tﬁ’L the subspace corresponding to the projection operator P s =
Tr \-17T “
Lp(LELg)~'LE,.

def def

Now define ME = ?Tf* WE?TJ‘%* and Mj = (.PTZJ* WjTT;*, and the matrix

M

A

1 1
o = 1d + 2Mz M= — Mz — M= = 5(2M§ — Id)(2Mj —1d) + §Id. (7.6.7)
We have the following local linear convergence rate result for ADMM.

Corollary 7.6.2. Let (D.7)-(D.9) and conditions in Theorem 7.6.1 hold.
(1) Matriz M, is firmly non-expansive, hence convergent.
(ii) For all k large enough, the ADMM iteration (7.6.1) can be written as the following fixed-point

iteration
Zk+1 — Z* = M\ paim (Zk - Z*) + O(HZk - Z*H)- (7'6-8)

(iii) For the sequence {zx}ren, we have the following result
(a) given any p €|p(M,yy — M ), 1], there is K large enough such that for all k > K,

ADMM
11 = M )z — 27) = O 5). (7.6.9)
(b) If R and J are locally polyhedral around u* and x* respectively, then there exists K € N
large enough such that for all k > K,
2k = 2" < p* ek — 271, (7.6.10)

where the value of p is
p = COoS (GF(T:,;]*,T}E’L)) € [0,1],

u

(iv) Moreover, if M

o = 0, given any p €]p(M,py), 1], there is K large enough such that for all
k> K,

ok — 27l = O("), gk — 57"l = 0", I L(usr —w) = O(F).  (7.6.11)
If moreover R, J are locally polyhedral around u*,x* respectively, then (7.6.11) holds with
p = CoS (GF(TQEI*,TIE’L)) € [0,1],

u

which is the optimal convergence rate.

See page 171 for the proof.

7.7 Sum of more than 2 functions

We now want to tackle the problem of solving

min Z;ﬂ:lJi(x), (Pn)

r€eR™

where

(D'.1) J; e To(R™),Vi=1,---,m.

(D".2) M<;<,ri(dom(J;)) # 0.

(D'.3) Argmin(}> 1, J;) # 0.

In fact, problem (P,,) can be equivalently reformulated as (Ppr) in a product space, see e.g. [59, 148].
Recall the product space of GFB method defined in Section 3.4.1, and specialize it to the case of
Euclidean space. Let H = R" x --- x R" endowed with the scalar inner-product and norm

m times

m / m 2
vmay S H? <$7y> = Zi:1<xia yi>a ||33|| = i:1||$i|| .
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Let S = {x = (z;); € H: 21 = --- = 1,} and its orthogonal complement S+ = {x = (z;); € H :
" ,x; =0}. Now define the canonical isometry,
C:R">S8S 2z (z,- ,x),
then we have Ps(z) = C(2 X", 2).
Problem (P,,) is now equivalent to

i%i% J(x)+ R(x), where J(x)= ;n:lJi(:ni) and R(x) = 1s(x), (Por)

which has the same structure on ‘H as (Ppr) on R™.

Obviously, J is separable and therefore,

prox, j(x) = (proxwi(a:i))i.

Let * = C(2*). Clearly, R is polyhedral, hence partly smooth relative to S with T = S. Suppose
that J; € PSF,« (M) for each i. Denote T, = X 7% and 8. = X (T7)L. Similarly to (7.4.2),
define

Hj; = $py V2 J(a")Pps, and Wy (Id+ Hy) ™),
where J(x) & 3" Ji(z;) — (@, 2* — «*), and Id is the identity operatror on H. Since R is
polyhedral, we have Wx = Id. Now we can provide the product space form of (7.4.4), which reads

M. =1d+ Q:PT;:; 'PT;* Wjﬂ)T:.E]* — {PTﬁ — :PTwJ* Wj’PTzJ*
= 31 + Pyr (2Pqs, WyPps —1d) — 3 (2070 WP —1d) (7.7.1)
= 21d + (2Ppn — 1d)(2Pgy WyPry —1d),

def

and M) = (1 — A\)Id + AM,,. Owing to Lemma 7.4.8, we have

M = Prer(, g (1=, ., WP Id—P, 5 )P, WP
DR er(Prr ( I, WP )+( R )Prg WiPrs )

x*

and when all J;’s are locally polyhedral nearby z*, M specializes to
M3 = ﬂD(Tg{m‘s)ea(sj*msi)'

Corollary 7.7.1. Suppose that conditions (D'.1)-(D’.3) and (D.5)-(D.6) hold. Consider the sequence
{2k, Tk, Uk }ren provided by the non-stationary DR method (7.1.3) applying to solve (P, ). One has
the following results:

1) (2k, g, ur) converges to (2, ™, x*), where x* = C(x*) and =™ is a global minimizer o ) -
* * * h * C * d * l b l f ’P
(ii) Assume, moreover, that v, > v >0 and v, — 7y, J; € PSFy» (Mii) and
2" € a* +ri( X ,0J;(z%)) N S*. (ND,,)

Then,

(a) for all k large enough, x, € X ,.Mii.

(b) in addition, if Ay — X\ €]0,2[, then given any p €]p(My — M), 1[, there exists K € N

large enough such that for all k > K, if \i|ve — | = O(n*) where 0 < 1 < p, then
I — M) (2, — =) = O(* ).

In particular, if all J;’s are locally polyhedral around x* and (g, A\i,) = (7, A) €]0, +00[x]0, 2],
def

then zy (resp. xp = %271:1 xy,;) converges locally linearly to z* (resp. x*) at the optimal

rate p = /(1= N2 + A2~ A) cos (05 (T2 8)) € [0,1].

Proof.
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(i) Apply Proposition 7.2.1 to (P,,,).

(i) (a) By the separability rule, we have J € PSFqx( X ;M71), see [108, Proposition 4.5]. We have
also OR(z*) = Ng(z*) = 8*. Then (ND, ) is simply a specialization of condition (ND )
to problem (P, ). The claim then follows from Theorem 7.3.1.

(b) This is a direct consequence of Theorem 7.4.10. For the local linear convergence of xj to z*
in the last part, observe that

2 m m 2
e = 27 = 15 Doy @i — 3 Doy 2
1 m 2
< D lwks — |

1 m
=L o lIprox. ;, (zk) — prox, ;,(2])

1 m

m Li=1

2
I

IN

2 1
2k — 2717 = Ll — 217 u

We also have the following corollary of Theorem 7.5.1.

Corollary 7.7.2. Assume that the unrelazed stationary DR iteration is used (i.e., v, = v €]0, 400 and
Ak = 1), such that (zk, zk, ur) — (2%, C(z*), C(x*)), where for each i function J; is locally polyhedral
nearby x* and is differentiable at x*. Then the sequences {zy, Ty, u, % Yo TiktkeN converge in finite
number of steps to (z*,C(z*), C(x*),z*).

7.8 Numerical experiments

7.8.1 Linear inverse problem

We first consider the 4 linear inverse problems (4.5.2) of Section 4.5. The function R is either /1, {,
1 o-norms or the nuclear norm, and J = ¢s(-) is the indicator function of the constraint S o {r e R™:
Kzxon = K} = zop + ker(X). It is immediate to see that J is indeed polyhedral and partly smooth at
any x € S relative to S.

The linear operator X is generated from the standard random Gaussian ensemble. For each example
of R, the setting of z,p is (i.e. the same as the ones in Section 4.5.1):

{1-norm (m,n) = (48,128), |zeb |y = 8, i-€. Zop has 8 non-zero elements.
{1 2-norm (m,n) = (48,128), x.p, has 3 non-zero blocks of size 4.
lo-norm (m,n) = (63,64), |Z, | = 8 where Z, , = {i : |x;] = ||ob]l o, }-

Nuclear norm (m,n) = (640,1024), zop, € R332 and rank(z,},) = 4.

For each setting, the number of measurements is sufficiently large so that one can prove that the
minimizer z* is unique, and in particular that ker(X) N 7% = {0} (with high probability), see e.g.
[170]. We also checked that ker(X)+NSE = {0}, which is equivalent to the uniqueness of the fixed point
and also implies that M7° =0 (see (i) of Lemma7.4.8). Thus (ND,,) is fulfilled, and Theorem 7.4.10
applies. DR is run in its stationary version (i.e. constant =).

Figure 7.1 displays the profile of ||z — z*|| as a function of k, and the starting point of the dashed line
is the iteration number at which the active partial smoothness manifold of R is identified (recall that
M. = S which is trivially identified from the first iteration). One can see that for ¢1- and fo-norms,
the observed linear convergence coincides with the optimal rate predicted by (ii) of Theorem 7.4.10.
For the case of /1 9-norm and nuclear norm, though not optimal, our estimates are very tight.

Noise removal In the following two examples, we suppose that we observe f = zo, + w, where x}
is a piecewise-constant vector, and w is an unknown noise supposed to be either uniform or sparse.
The goal is to recover x,}, from f using the prior information on xp, (i-e. piecewise-smooth) and w
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Figure 7.1: Observed (solid) and predicted (dashed) convergence profiles of DR (2.4.10) in terms of
|z — 2*|. (a) €1-norm. (b) fso-norm. (c) ¢12-norm. (d) Nuclear norm. The starting point of the
dashed line is the iteration at which the active manifold of R is identified.

(uniform or sparse). To achieve this goal, a popular and natural approach in the signal processing
literature is to solve

min |D.(x)||; subject to |f—z|, <7, (7.8.1)
zeR™ P

where p = +oo for uniform noise, and p = 1 for sparse noise, and 7 > 0 is a parameter to be set by
the user to adapt to the noise level. Identifying R = ||[Dp . (-)||; and J = L], <r> ONE recognises that
for p € {1,400}, R and J are indeed polyhedral and their proximity operators are simple to compute
[67]. For both examples, we set n = 128 and x,p, is such that Dy . (zoh) has 8 nonzero entries. For
p = +00, € is generated uniformly in [—1, 1], and for p = 1 € is sparse with 16 nonzero entries. DR is
run in its stationary version. The corresponding convergence profiles are depicted in Figure 7.2(a)-(b).
Condition (ND, ) is checked a posteriori, and it is satisfied for the considered examples. Owing to
polyhedrality, our predictions are again optimal.

7.8.2 Finite convergence

We now numerically illustrate the finite convergence of DR. For the remainder of this subsection, we
set n = 2, and solve (Ppr) with R = |||, and J = 1c, C = {x € R? : ||z — (3/4 3/4)T|, < 1/2}. The
set of minimizers is the segment [(1/4 3/4)7,(3/4 1/4)7], and R is differentiable at any minimizer
with gradient (1 1)7. The set of fixed points is thus [(1/4 3/4)7,(3/4 1/4)T] — . Figure7.3(a)
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Figure 7.2: Observed (solid) and predicted (dashed) convergence profiles of DR (2.4.10) in terms of
|z — 2*||. (a) Uniform noise removal by solving (7.8.1) with p = +o00, (c) Sparse noise removal by
solving (7.8.1) with p = 1. The starting point of the dashed line is the iteration at which the manifolds
ME and M. are identified.

shows the trajectory of the sequence {zj}ren and the shadow sequence {z }ren which both converge
finitely as predicted by Theorem 7.5.1 (DR is used with v = 0.25).

For each starting point zg € [—10,10]?, we run the DR algorithm until z;4; = 2 (up to machine
precision), with v = 0.25 and v = 5. Figure 7.3(b)-(c) show the number of iterations to finite conver-
gence, where v = 0.25 for (b) and v = 5 for (c¢). This confirms that DR indeed converges in finitely
many iterations regardless of the starting point and choice of v, though more iterations are needed for
higher ~ in this example (see next subsection for further discussion on the choice of 7).

Il 5/43/471 <my2
~
051 \ SN

(a) (b) {: 0.25

Figure 7.3: (a) Trajectories of {z treny and {xg }ren. The red segment is the set of minimizers and the
blue one is the set of fixed points. (b)-(c) Number of iterations needed for the finite convergence of zj
to z*. DR is run with 7 = 0.25 for (b) and y = 5 for (c).

7.8.3 Choice of v

Impact of v on identification We compare the impacts of different values of v in the DR algorithm.
Linear inverse problem (4.5.2) with R being {1, ¢; » and nuclear norms is are chosen for experiments.

The results are shown in Figure 7.4, where K denotes the number of iterations needed to identify

MUZE and p denotes the local linear convergence rate. We summarize our observations as follows:

(i) For all examples, the choice of v affects the iteration K at which activity identification occurs.
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Indeed, K typically decreases monotonically and then either stabilizes or slightly increases. This
is in agreement with the bound in (7.3.1).

(ii) When R is ¢;-norm, which is polyhedral, the local linear convergence rate is insensitive to v as
anticipated by (ii) of Theorem 7.4.10. For the other two norms, the local rate depends on v (see
(i) of Theorem 7.4.10), and this rate can be optimized for the parameter ~.

(iii) In general, there is no correspondence between the optimal choice of v for identification and the
one for local convergence rate.

100 1 100 1

0.9 0.9

40{ 40
‘ 08 08

0 5 10 15 20 0 5 10 15 20

(a) £1-norm (b) £1,2-norm (¢) Nuclear norm

Figure 7.4: Number of iterations (K) needed for identification and local linear convergence rate (p) as
a function of v when solving problem (4.5.2) with different functions R. (a) ¢;-norm. (b) ¢; 2-norm.
(¢) Nuclear norm.

Stationary vs non-stationary DR We now investigate numerically the convergence behaviour of
the non-stationary version of DR and compare it to the stationary one. We fix A\, = 1, i.e. the iteration
is unrelaxed. The stationary DR algorithm is run with some ~ > 0. For the non-stationary one, four
choices of ~; are considered:

1 1
Obviously, we have {|v; — 7|}ren € ¢} for all the four cases. Problem (4.5.2) is considered again with
R being /1, /1 2 and the nuclear norms. The comparison results are displayed in Figure7.5. Table 7.1
shows the number of iteration K needed for the identification of ME,.

Casel:vy =7+ Case2:v, =7+ Case 3: v, = v+ 0.95%, Cased:~;, =~ + 0.5%.

102 b

i
I — |
Il — |

1010

100 200 300 400 500 600 100 200 300 400 500 600
k k

(a) £1-norm (b) £1,2-norm (¢) Nuclear norm

Figure 7.5: Comparison between stationary (“S-DR”) and non-stationary DR (“NS-DR X”, X stands
for Case X) when solving (4.5.2) with different functions J. (a) ¢;-norm. (b) ¢; 2-norm. (c) Nuclear
norm.

For the stationary iteration, the local convergence rate of the 3 examples are,

f1-norm: p = 0.9196, /1 o-norm: p = 0.9153, Nuclear norm: p = 0.8904.
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Table 7.1: Number of iterations K needed for the identification of M\ for each tested case. “NS-DR

X” stands for the non-stationary DR with choice of 4 as in Case X.

S-DR | NS-DR 1 | NS-DR 2 | NS-DR 3 | NS-DR 4
f1-norm 81 64 77 244 75
{1 2-norm 62 46 58 233 56
Nuclear norm | 114 107 112 7 112

We can make the following observations from the comparison:

(i) The local convergence behaviour of the non-stationary iteration is no better than the stationary
one which is in agreement with our analysis.

(ii) As argued in (ii) of Remark 7.4.11, the convergence rate is eventually controlled by the error
|7k — |, except for “Case 47, since 0.5 is strictly smaller than the local linear rate of the stationary
version (i.e. |yvx — | = o(||zk — 2*|))-

(iii) The non-stationary DR seems to generally lead to faster identification. But his is not a systematic
behaviour as observed for instance for Case 3, where slower identification is obtained for £1, ¢; o-

norms.

7.9 Proofs of main theorems

7.9.1 Proofs of Section 7.2

The following lemma is needed in the proof of Proposition 7.2.1.

Lemma 7.9.1. Suppose that conditions (D.5) and (D.6) hold, and that vy, is convergent. Then

lim A =17.

k—+o00

Proof. Since 7y is convergent, it has a unique cluster point, say limg_, 1o vx = 7. It is then sufficient
to show that 7/ = v. Suppose that 7' # v. Fix some € €]0, |y' — 7|[. Thus, there exist an index K > 0
such that for all k > K,

e — 7| < €/2.
Therefore
e = > 1 ==l =] > €/2.

It then follows that
Me(2 = Mg )e < 2 ke < 4|y — 7).

Denote 7 < supyy As(2 — M) which is obviously positive and bounded since Ay, € [0,2]. Summing both
sides for k > K we get

_ 400 00
€D pen M2 = M) = KT <> T Ae(2= M) <407 Melwe — |
<4 ZkEN Akh/k - 7’7

which, in view of (D.6), implies
Y oren (2 = M) < e Ll — ] + K7) < 400,
which is a contradiction with (D.5). O

Proof of Proposition 7.2.1. To prove our claim, we only need to check the conditions listed in
Theorem 3.5.2.
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(i) As (D.3) assumes the set of minimizers of (Ppr) is nonempty, so is the set fix(JF), since the
former is nothing but prox, ;(fix(%,)) [16, Proposition 25.1(ii)].

(ii) Since JF, is firmly non-expansive by Lemma 2.4.10, F,, », is )‘Q—k—averaged, hence non-expansive,

>Nk
owing to Proposition 3.1.2.

(iii) Let p € [0,4o00] and z € R™ such that ||z|| < p, Then we have
(Fy = F4)(2) = 208 (z) = Do (2)
(Buton () — Tt () — (Tahad () — Bt ()

_ (kaR;%kJ (2) kagﬂ%w (Z)) _ (pI“OXryR(fRWJ(Z)) — prox,ykR(fR«,J(z))) .

Thus, by virtue of (ii) of Lemma 2.3.8, we have

1(Fr, = F) ()] < [lprox,, ;(2) = prox,;(2)] + [Iprox,, p(Ry.s(2)) = prox, (R (2))]-
Let’s bound the first term. From the resolvent equation (2.4.1) and Lemma 2.3.8, we have
[prox,, s (2) — pros s (2)]| = lprox,, () — prox,, s (%2 + (1 — %)prox, ,(2))|

< Ik — 7|

I(1d = prox, ) ) < = 4 fpro @)1, (79.1)
With similar arguments, we also obtain
[prox,, r(Ry.1(2)) = Prox,r(Rys (2))] < W’CVJ(P + [Iprox, g (0)[| + 2l[prox, ;(0)[).  (7.9.2)
Combining (7.9.1) and (7.9.2) leads to
13 = F) ) = P22+ prox, p(0)] + Blprox, , (0)]), (7.93)

whence we get

1Freni = Frn) (D) = Akl (Fry = F) ()] < Akmyi_ﬂ(% + [[prox, r(0)]| + 3[lprox, ; (0)])).
Therefore, from (D.6), we deduce that

{”81“15 1(Fene = Frn) (2) [ wen € £
z[<p

In other words, the non-stationary iteration (7.2.1) is a perturbed version of the stationary one (7.1.2)
with an error term which is summable thanks to (D.6). The claim on the convergence of z* follows
by applying [57, Corollary 5.2]. Moreover, z* o prox, ;(2*) is a solution of (Ppr). In turn, using
non-expansiveness of prox,, ; and (7.9.1), we have

lon = & < Nl = 21+ =21 4 pros,, @)1,

and thus the right hand side goes to zero as k — +oo as we are in finite dimension and since v, —
owing to Lemma 7.9.1. This entails that the shadow sequence {xj}ren also converges to z*. With
similar arguments, we can also show that {uy}ren converges to z* (using for instance (7.9.2) and
non-expansiveness of prox,, p). O

7.9.2 Proofs of Section 7.3

Proof of Theorem 7.3.1. By Proposition 7.2.1, we have the convergence of all the sequences gener-
ated by (7.1.3), that is

2y — 2° € ix(F,), wp, ug, = ¥* = prox, ;(2*) € Argmin(R + J).
The non-degeneracy condition (ND ) is equivalent to

z = 2 cri(OR(xY) and - 2 ¢ 1i(0J(2")). (7.9.4)
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(i) The update of zxy1 and ug,q in iteration (7.1.3) is equivalent to the monotone inclusions

2331@ — 2k — Ukg+1 Zk — Tk
=t € OR(u and “—= € 0J(zy).
” (uk+1) ” (k)

It then follows that

dist(x* ; c ,OR(up11))
< ”.T* —2* _ QIk — Zk — Uk+1 H
Y Yk
- ” (e —)(z* = 2%) + ¥ — 2" 2wy — 2 — Ukg H
YVk Y Vi
— 1
< L@W 2 (1d — prox. ;) (=) + e = ) = 2k =) + (waa = )]

< D =324 4 prox, (0)) +

2k — 2% + 2llxe — ¥ + uprr —
= (Ilzx | + 2[|zg | + lug1 — =),

\Q\»—'

and the right hand side converges to 0 in view of Proposition 7.2.1 and Lemma 7.9.1. Similarly,

we have
. 2 — < 2 —a* oz — g
dist ( > 0 (z1)) < || - - [
— ”(7k —77)(;;* —27) z*;kx* B zk;xk ”
k
<w * 0 l ok Lk 0
< BT+ prox, 0)) + 2l — 2711+ flow — 71D 0.

By assumption, R,J € T'o(R™), hence are subdifferentially continuous at every point in their
respective domains [153, Example 13.30], and in particular at z*. It then follows that R(uj) —
R(z*) and J(xg) — J(x*). Altogether, this shows that the conditions of Theorem 5.1.5 are
fulfilled for R and J, and the finite identification claim follows.

(i) (a) In this case, M. is an affine subspace, i.e. MZ. = z* + T.. Since J is partly smooth

at z* relative to M7, the sharpness property holds at all nearby points in M owing to

z*)
Lemma 5.1.3. Thus for k large enough, i.e. zj sufficiently close to z* on MY, we have

indeed Tz, (M) =
(b) Similarly to (ii)(a).

x>

T =T J as claimed.

(c) It is immediate to verify that a locally polyhedral function around z* is indeed partly

smooth relative to the affine subspace z* + T2

7., and thus, the first claim follows from (ii)(a).

For the rest, it is sufficient to observe that by polyhedrality, for any x € /\/li* near x*,
0J(x) = 0J(x*). Therefore, combining local normal sharpness Lemma 5.1.3 and Lemma
6.3.3 yields the second conclusion.

(d) Similarly to (ii)(c). O
Proof of Proposition 7.3.3. From (7.2.1), we have

Zhr1 = Ty (20) + €x
where {|lex|[}ren = {O(Nk|ve — V]) wen € €1 (see the proof of Proposition 7.2.1). Since ¥, is firmly

non-expansive by Lemma 2.4.10, &, 3, is %’“—averaged non-expansive owing to Proposition 3.1.2. Thus

owing to Lemma 3.1.5, we have
2k = 2*17 < 1Fy a0 (2ho1) = Ty (27 + Cller |
<[ Fya(@r1) = Fyng GNP = 5252 2 — 2 |* + Cllexal|
< lzno1 = 217 = moalluk — 21 * + Cllex
where C < 400 by boundedness of z; and ey. Let gx = (251 — Tg—1)/Vk—1 and hx = (2051 — 2—1 —

ug)/Yr—1. By definition, we have (gg, hy) € 0J(zx_1) x OR(uy). Suppose that neither M7, nor MZ

- 165 —



Chapter 7 7.9. Proofs of main theorems

have been identified at iteration k. That is xp_q1 ¢ Mg* and uy ¢ /\/lf*7 and by assumption, g €

rbd(9J(z*)) and hy € rbd(OR(x*)), which implies that gx + hy = (up — x—1)/Yk—1 € rbd(9J(x*)) +
rbd(0R(x*)). Thus, the above inequality becomes

2k — 2417 < |2kt — 2*1° = 77— 7k 1dist (0, thd(J (%)) + rbd(DR(2¥)))? + Cllex_1 |
< okt = 2| = AR 17k adist (0,1bd (9 (%) + OR(2*)))” + Cllex 1 |
< |20 — 2*|% = kyzdist (0, thd(0.J () + OR(2*)))? + O(SperMelve — 1),
and dist (0, rbd(dJ (z*) + OR(z*))) > 0 owing to condition (ND,, ). Taking k as the largest integer
such that the bound in the right-hand side is positive, we then deduce that the number of iterations

where both M, and MZ have not been identified yet does not exceed the claimed bound (7.3.1).
Thus finite identification necessarily occurs at some k larger than this bound. O

7.9.3 Proofs of Section 7.4

Proof of Proposition 7.4.6. Since Wg and W5 are both firmly non-expansive owing to Lemma 7.4.5,
it follows from [16, Example 4.7 that the composite matrices My and M5 are firmly non-expansive.
As a result, M, is firmly non-expansive Lemma 2.4.10, and equivalently that M) is %—averaged by
Proposition 3.1.2.

Under the assumptions of Theorem 7.3.1, the identification theorem of DR, there exists K € N large
enough such that for all k > K, (zg,uy) € M2 x ME.. Denote TxJk and T}, be the tangent spaces
corresponding to zp and x* € /\/li*, and similarly Tgfi and T ﬁ the tangent spaces corresponding to
u, and #* € M. Denote 7/ : T} — T, (vesp. 7l : TE — T[) the parallel translation along the
unique geodesic on M7, (resp. MZX) joining zj, to z* (vesp. uy to z*).

From (7.1.3), for zj, we have
Ty = prox., ;(2k), 2 — X € Yp0J (),
<~
x* = prox. ;(z*), 2* —x* € y0J (x*).

Projecting on the corresponding tangent spaces, using Lemma 6.3.3, and applying the parallel trans-
lation operator Tl‘f] leads to

’)/kT];]VM;* J(zy) = T];]TTi]k (21 —xp) = ‘PT;* (2 — zk) + (T];]?Ti]k - TTg:f*)(Zk — Tp),
'YVMg* J(x*) = ’.PT;* (2% — ™).
We then obtain
'YkaJvMi* J(@r) =7V, J(27)
=TV g, (k) = AV g, T (@) + (e = NV a0, I ()
= Py (o~ 2) — (2 — ) (7.9.5)

+ (T;;]fPTIJk - TTIJ*)(ZIC — T — 2" + .’L‘*) + (Tl;]j)Tka - ?TIJ*>(Z* — QZ*).

Term 1 Term 2

For (v — )7V M7, J(xx), since the Riemannian gradient V s J(zk) is single-valued and bounded
on bounded sets, we have

1w = N7V gz, I (@)l = Oy = ) (7.9.6)
Combining (7.9.1) and Lemma 2.6.2, we have for Term 1

(T Pry = Py )z — 2 — 2* +2%) = o(|lzx — 2*) + o(lw — 7] (7.9.7)

- 166 —



Chapter 7 7.9. Proofs of main theorems

As far as Term 2 is concerned, with (7.4.1), (7.9.1) and the Riemannian Taylor expansion Lemma
2.6.3, we have

VTRV a2, I () = AV pga, J(@%) = (3 Pry = P ) (2% = a)

= T,;T(’yVMi*J(xk) - :PTaz'k (z* — %)) - (’Yng* J(z*) — ?TQ{* (=% — 2¥))
Va0, T@0) ~ Vg, Ta*) = Py Ty Ty o =) ol =)
= Prs, Vi, J@)Prs, (2 — ) + o[z — 2] + ol — 7).

Therefore, inserting (7.9.6), (7.9.7) and (7.9.8) into (7.9.5), we obtain

Hy(zy — ") = Pry (zx = 27) = Py, (2 — 27) + 0|21 = 27[)) + Ol — )
= (Id+ H3)Ppy, (xx — 2%) = Py, (26 = 27) + o(llzk — 2[1) + Oy — 1)
= Pri, (@ —2%) = W5Pri (2 = 27) + o[lz — 2"[)) + Oy =) (7.9.9)
= Py, (wx — ") = Prs WiPps (2 — 2) + ol||2k — 27[]) + O(m —71)
= = a" = M2, = 27) + o[lzr — 2"[[) + O — D),

where we used the fact that xy — 2* = Prs (2 — %) + o([|z — 2*]|) Lemma 2.6.1.

Similarly for w41, we have

{ Ug41 = Prox.,, p(27) — 2x), { 2xp — 2k — Ugy1 € YOR(ugs1),

x* = prox, g(22* — 2¥), 20 — 2* — 2" € yOR(x™).

Upon projecting onto the corresponding tangent spaces and applying the parallel translation Tlﬁrl, we
get
A Vr R =7, P 21y, — 25 —
TtV R(u1) = 7iia Prp (2ap — 2 — wprn)
= ?Tﬁ (2$k — 2k — uk+1) + (T’E"I?Tzﬁcﬂ — TTg)(ka — 2k — uk+1),

YV pr R(x*) = Prr (22 — 2% — 2¥).
Subtracting both equations, we obtain

77'15+1va* R(upy1) — ’Yva* R(z")
= ’VTlﬁ-lvMﬁ*R(uk+l) - ’YVMER*R(fL’*) + (e — W)TlﬁlngR(ukﬂ)

_p x %
,~ Prr )@ =) (7.9.10)
Term 4
+ (T/€R+1?T£€+1 — TT{‘;) ((2:ck — 2k — Ugy1) — (22" — 2 — az*))

/

= :])Tf* ((ka — 2k — Ugyy) — (2% — 2% — :U*)) + (T16R+1?T1{3}€+

Term 3

As for (7.9.6), we have
[k = N7E Ve Rlugsn) | = Ol — D) (7.9.11)

With similar arguments to those used for Term 1, we have Term 3 = o(||zx — 2z*||) + o(|vx — 7l)-

Moreover, similarly to (7.9.8), we have for Term 4,
WTIEHVMR* R(ugy1) — YV MR, R(z*) — (Tlirl?T@H - :PT%)(x* —z¥) (7.9.12)
x o x x . .1
= Prr Vs R@)Prr (w1 — 2*) + ol |1z — 27]]) + o(lv —21)-
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Then for (7.9.10) we have,

7.9. Proofs of main theorems
Hp(upsr = 2%) = 2Ppr (a0 — %) = Pre (2 = 27) = Prs (up1 — 27)
+o(llzx = 2*[) + Ol — 1)
= (Id+ HR)TTR* (ugrr — %) =22

i (@ — 2%) — Ppr (2 — 2%)
+o([lze = 2"[1) + O(lve = 1)
= Pre (upyr — o%) = 2MzM5 (21, — 2%) — My (21 — 2°
—

) +o(llzx = 2*[) + O(lvk — 1)
U1 — % = 2M7u M5 (2, — 2%) — My(2 — 2%) + o([|l 2 — 2*|) + O(|vk — )

(7.9.13)
where ug11 — 2% = Prr (ug+1 — ) + o(|Jug+1 — 2¥[|) is applied again Lemma 2.6.1.
Summing up (7.9.9) and (7.9.13), we get
(2 + g1 — xg) — (2 + 2" — 2¥)

= (2 — 2") + (up1 — %) — (2 — 2%)

= (14 + 2MpMy = My = My) (2t — =) + ol = 1) + Ol = 7))

= My (2e — 2%) +o([|ze — 27[|) + Ol — 7))-
Hence for the relaxed DR iteration, we have

Zk+1 — ¥ = (1 — )\k)(zk - Z*) + )\k((Zk + Uk4+1 — J,‘k) - (Z* + T~ — x*))

= (1= M)k = ) + MM (21 = =) + ol = 2*]) + OOl = 71)
= M)\(Zk — Z*) — ()\k — )\)(Id — MDR)(Zk

2") + o(llzx = 2"[1) + Okl = 1)
Since Id — M, is also (firmly) non-expansive (Lemma 2.3.8) and A\, — X €]0, 2[, we thus get

ey O = A)(1d = M, (2 — )

| _ i e = A = A ) (2 — =)
k—00 (B k00 Ik — 2*|
< lim |A\x — Al =0,
k—o0
which means that

Zpt1 — 25 = M (2 — 2%) + o(||zx — 27|)) + O(Aklve — 7)s
and the claimed result is obtained.

Proof of Lemma 7.4.8.

(i) Since M, is firmly non-expansive and M) is %—averaged by Proposition 7.4.6, we deduce from
[16, Proposition 5.15] that My, and M) are convergent, and their limit is M{® = Pgy(ar,) =
Px(m,) = Moy [18, Corollary 2.7(ii)]. Moreover, MY — M3 = (My — MSI‘;)’“, Vk € N, and
p(My — M) <1 by [18, Theorem 2.12]. It is also immediate to see that

fix(My,) = ker(MR(Id — Mj,) + (Id — MR)MJ).
Observe that

span(M5) C T
ker(Id — Mz) C TF
span((Id — Mz)M5) C span(Id — Mp)

and span(Mp) C TR

x>

and  ker(Mz) = SE,

and span(Mp(Id — My)) € TE,
where we used the fact that Wz and W5 are positive definite. Therefore, M{®

if, fix(M27 ) = {0}, and for this to hold true, it is sufficient that

0, if and only
span(M5) Nker(Id — Mz) C T nTE = {0},

span(Id — M7) Nker(My) = span(Id — M5) N Salc%* = {0},
span ((Id — Mz)M5) Nspan(Mg(Id — M7)) C span(Ild — Mz) N TE = {0}.
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(ii) The proof is classical using the spectral radius formula (2.5.1).
iii) In this case, we have W5 = W5 = Id. In turn, M+ = Pz and M- = P, , which yields
R J R T3 J T,
MDR — Id + 2‘:PTR; ‘:PTJ* - {JDTIi - ‘:PTJ* — ‘:PTR* :PTJ* + iPSR* iPSJ*,
which is normal, and so is M. From [17, Proposition 3.6(i)], we get that fix(M) = (TL. NTE) @
(S, N SL). Thus, combining normality, statement (i) and [18, Theorem 2.16] we get that
DK AL = 1005~ K,

and || My — M2 | is the optimal convergence rate of M,. Combining together [18, Proposition
3.3] and arguments similar to those of the proof of |17, Theorem 3.10(ii)| (see also [18, Theo-
rem4.1(ii)]), we get indeed that

|My = M2 = /(1= N2 + A2~ A) cos? (65 (T, TE)).

x*) T x*

The special case is immediate. This concludes the proof. O

Proof of Corollary 7.4.9. Define ¢, < o]z, — 2*|)) and ¢r = O\l — 7))
(i) Let K € N sufficiently large such that the locally linearized iteration (7.4.5) holds. Then we have
for k> K
21 — 25 = My(z, — 2%) + tbp + o
= My (M (21 — 2%) + -1 + Pp—1) + Px + b (7.9.14)
= MIFUR (g — 2%) 4 Y MY (5 + ).

Since 2z — z* from Theorem 7.2.1 and M), is convergent to M52 by Lemma7.4.8(i), taking the
limit as kK — oo, we have for all finite p > K,
. k k—i
Jim 5 M, (W54 ¢5) = =M (2, — 2%). (7.9.15)

Using (7.9.15) in (7.9.14), we get
. l —j
Zpy1 — 25 = (My — M3 ) (2 — 2%) + Yr + dx — Jlim Zj:kMi T + ¢5)
. l —j
= (M = M) (s = %)+ u o+ b — lim 3500 MU (0 + 65) — M (o + én)
= (My — M) (2 — 27) + (Id = M2 ) (¥ + ¢5) + ML (2041 — 27).
It is also immediate to see from Lemma 7.4.8(i) that ||[Id — M || < 1 and
(My — M2 )(Id — M2 ) = My — M:.
Rearranging the terms gives the claimed equivalence.

(ii) Under polyhedrality and constant parameters, we have from Proposition 7.4.6 that both ¢ and
1y, vanish. In this case, (7.9.15) reads

2p — 2" € ker(M2? ), Vk > K,

and therefore (7.4.5) obviously becomes (7.4.7). O
Proof of Theorem 7.4.10. Recall in the Proof of Corollary 7.4.9 that ¢y, < o(||z, — 2*||) and ¢, =
Okl = 1)-

(i) Let K € N sufficiently large such that (7.4.6) holds. We then have from Corollary 7.4.9(i)
(1 — M2 ) (g1 — 2%) = (M — MK (1 — M) (25 — =)
k oo \k—j oo
T ijK(M)\ o MDR)k ! ((Id - MDR)¢j + ¢J)
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Since p(My — M2 ) < 1 by Lemma7.4.8(i), from the spectral radius formula, we know that for
every p €]p(My — M%), 1], there is a constant C such that

Iy = MY < ¢
for all integers j. We thus get
I1(1d — M%) (241 — 2¥)||
<P K ek — e Y p’“*"ebj +C3T A - A (7.9.16)
= e (e = 2+ R S )0 e 1 - M,

By assumption, ¢; = C'nJ, for some constant ¢’ > 0 and 1 < p, and we have

1K
KlZJK C/KIZJKn/p) A/ e

= p=n
” /
Setting ¢ =C (HZK — 25| + S_Ln) < +00, we obtain

oo " — k —j oo
I(1d = M3 )(arr — 2 < €K e S5 a1 = M),

This, together with the fact that ||(Id — M2 )iyl = o(||(Id — MY )(z; — 2*)]|) yields the claimed
result.

(ii) From Corollary 7.4.9(ii), we have
2z — 25 = (M) — Mg;)kH*K(zK —2%).
Moreover, by virtue of Lemma 7.4.8(ii), M) is normal and converges linearly to
M =Py, o8 e (s7.058)

at the optimal rate

p= My~ M = /(1= N2 + A2~ A cos? (6r(T, TS)).
Combining all this then entails
21 — 2% < My — M) 5 (2 — 2¥)

k+1-K
= [[My = Mo |* T 2k — 27|
k+17K||ZK

=p _Z*||7

and we conclude the proof. O

Proof of Lemma 7.4.12. When 7 is real, i.e. 1, =0, then (7.4.10) can be simplified as

(n—DA+1:X€ [0, 7],
AN
" (L=mA—1:Ae ;1 +oo].
Next we focus on the case A € [0, n] for which |p, | is a decreasing function of A. Let A > 0, and
define the function f(n) = (n — 1))\ + 1. Then given any eigenvalue n of M., we have n € [n,7], and
moreover

fn) < f(n) < f(m).
Therefore, we have p(My — M) = max{|f(n)l, |f(7)|}, and

tone d ing:\e 0, —2
monotone ecreasmg [ 72*(77+ﬂ)]7

2
72_(7;+ﬂ)’+00}'

max{|f(n)], |f(m)[} =

monotone increasing : A € [

Clearly, the minimum of p(M) — M) is attained at A\ = %
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7.9.4 Proofs of Section 7.6

Proof of Corollary 7.6.1. At convergence, owing to (7.6.4), we have
Yy =2 —yLu* = 2" —ya*, —L*y* = L*(2* — 2y* — yLu").
Then from the update of ugi1,2g+1 in (7.6.2), we have the following monotone inclusions
L*(z — 2y — yLugy1) € OR(ug41) and  zp —yxp € 0J(xg),
L*(z* — 2y* — yLu*) € OR(u*) and ¥ —ya* € 9J (%),
Since L is bounded injective linear operator, it then follows that
dist(—L*y*, OR(ug+1)) < [IL* (2 — 2y — YLugyr) — L* (2% — 2y — yLu*)|
< LI Gz = 2*) = 2(k — ¥7™) = YL(upgr — u¥)]
< L1z = 2* 1 + 2llye = v + AL furs1 = u*])) = 0.
and
dist(y*, 0J (zx)) < (2 — yaw) — (2% —y2")|| < llaw — 2*[ + Y]z — 27| = 0.
G € Ty(R™) and JL € Tx(R™), then by the sub-differentially continuous property of them we have

R(u) — R(u*) and J(xx) — J(«*). Hence the conditions of Theorem 5.1.5 are fulfilled for R and J,
and the finite identification claim follows.

The rest of the proof follows the proof of Theorem 7.3.1. O

Proof of Corollary 7.6.2.
(i) Similarly to (7.4.3), we have W= is firmly non-expansive. Then for W=, since L is injective, so
is Lg, then both L%LR and (LgLR)_1 are symmetric positive definite. Therefore, we have the
following similarity result for W}:?,’

1 -1
2

1 1 1
Wi = La((LRLR) ™ (1d+ (LRLR) "3 Hp(LhLr) %) (LRLR)?)  (LhLr)™'Lr
1

(LELR) 'Ly (7.9.17)

e

= Lr(LhLr) "2 (1d + (LhLR) 2 H=(LhLR)"2)  (LELp)
LiLr) %) (LRLr) *Lp.
Since (LLL R)_%H ]:%(LEL R)_% is symmetric positive definite, then the matrix
(Id + (LhLr) "2 H= (LR L))"
is firmly non-expansive. It is easy to show that matrix ||LR(L£LR)_% | <1, then owing to [16,

Corollary 4.6/, Wﬁ is firmly non-expansive.

(ii) Under the assumptions of Corollary 7.6.1, the identification theorem of ADMM, there exists
K € N large enough such that for all k > K, (z, ux) € M. x M. Denote T;) and T} be the
tangent spaces corresponding to xp and x* € Mi*, and similarly 7, ﬁ and Tﬁ the tangent spaces

corresponding to uj, and u* € ML Denote 7/ : ;) — T3, (vesp. 7t : T — TE) the parallel

translation along the unique geodesic on M. (resp. M) joining x, to z* (vesp. ug to z*).

For convenience, define v = 1/7. From (7.6.2), for xy, we have

Ty = proxW/J(’y’zk), vz — xp €Y' 0J(2),
a* = prox., ;(7'2"), v'2* —a* ey aJ(x*).

Projecting on the corresponding tangent spaces, using Lemma 6.3.3, and applying the parallel
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translation operator 7‘];] leads to
W'T/;]VMg*J(l‘k) = Tic]ipTgk (Y2 — 1)
= Pr (V2 — i) + (TI;]?Tgk = Ppy ) (V2 — k),
’y'VM;* J(x*) = :PT;* (/2% — z¥).
We then obtain
VTRV aa, I () = 7'V pga, I (2¥)

= Ppy (72 —7'2") — (wx — 27))

(7.9.18)
+ (TkJ(PTi]k — ?TIJ*)(’}/Z,Ig — Tk — ’le* + $*) + (T’;]ﬂ)Ti]k — TT;*)(’)/Z* — :L‘*).
Term 1 Term 2
Combining (7.9.1) and Lemma 2.6.2, we have for Term 1
(T Py = Pp ) (V2 — 2 =2 + %) = o(y/||z — 2]). (7.9.19)

As far as Term 2 is concerned, with (7.6.5), (7.9.1) and the Riemannian Taylor expansion Lemma
2.6.3, and recall that v'y* = 7/2* — 2*, we have

VTN o, T (@) = V'V s, T (@) = (5 Prg = Py ) (72" — )

= Tkj (W/VMi* J(xg) — ?Ti]k (’)/Z* — :L'*)) — (’YIVM;’* J(z*) — ':PTZJ* (,712* o I'*))

J = = s =, 4 ) . (7.9.20)
= (PTIJ* Vi/li* j(m*)?Tg* (2 — %) + oy ||z — 2*))-
Therefore, inserting (7.9.19) and (7.9.20) into (7.9.18), we obtain
Hj(xk —z*) = ’ylj)TJ* (zp — 2%) — P (xr — %)+ o(y||zx — 2|

= (Id+ Hj)(PTJ* (xp —a*) = ’)/:PTJ* (zk — 2%) + o(Y||lzx — 27|)
= Prs (zp — %) = ’}//ijPTJ* (21 — 2%) + o(Y ||z — 2*|)) (7.9.21)
— P (xi — 2) = 5/ Ppg, W5Prs, (2 — ) + oy o — )
— xp— 2 = y’Mj(zk — 2%+ o]z — 7)),

where we used the fact that zy — 2% = Pps (2 — %) + o([|zx — 2*||) Lemma 2.6.1.
Similarly for ugyq, we have

L* (Zk — 2y — ’yLuk_H) € aR(uk_H),
L*(2* — 2y — yLu*) € OR(u"),
Upon projecting onto the corresponding tangent spaces and applying the parallel translation
7',5‘“, we get
Tli-lv/\/tf* R(up41) = Tlilﬂijkﬂ (L*(2k — 2yr — vLug41))
=Prr (L*(2k — 29k — vLug+1))
+ (T;§+1TT£€+1 — {‘])Tfi) (L* (Zk — ka — ’yLukJrl)),
VMf* R(u*) = :PTf* (L*(z* — 2y~ — ’yLu*)).
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Subtracting both equations, we obtain
Tlﬁf—lva*R(uk-i-l) — Vur, R(u”)
= Prr (L* (21 — 2k — YLupsr) — L7 (2" — 29" — yLu))

+ (i Prn = Pra ) (L7 (2 = 296 — yLukr) — L (2" = 29" — yLu")) (7.9.22)

Term 3

+ (TEH?TQH — ‘.PT:;) (L* (% —2y* — ’yLu*)).

Term 4
Owing to (7.6.3), we have
ICyr + v Lugir) = (y" + v L)l = [lze41 — 271 <z — 27,
Gz = yie) — (2 =yl = Yllaw — 2| < AV (= — 25) = N2 — =

il

Hence, with similar arguments to those used for Term 1, we have Term 3 = o]z — 2*|)).
Moreover, as z* — 2y* — yLu* = —y*, then similarly to (7.9.20), we have for Term 4,

Tlﬁ-lv/\/lfj* R(ug41) — VMf* R(u*) + (Tlf-l—lﬂij;cH - ?Tg)LT?J* ( )
_ 7.9.23
= 4P V2 R(u)Prn (g — %) + ol[l2x — =°)-

Then for (7.9.22) we have,
H=(upy1 — ) = ’y’fPTf; L*((zk — 2y — vLug1) — (2% — 2y — vLu*)) + o(v ||z — 2¥]))
= 'L ((2k — 2yk — vLugs1) — (2% = 25" — yLu*)) + o(7/[|21, — 2*]])
= v Lz — 2%) = ' LRy — 24%) — LRL(upy1 — w*) + o(y'||21 — 2*])
= ' Li(zk — 2°) =Y L2y — 2y%) — L Lr(up1 — w*) + o3|z — 2*|),
which leads to, (recall that yx = z, — yay)
(1d + (LRLR) ™ H=) (upy1 — u*)
=7 (LpLr) "' Li(2r — 2%) = 7 (LRLR) ™ LR(2yk — 29%) + o(y ||z — 2*[1)
= —'(LRLR) " Li(2 — 2%) + 2(LRLR) ' Li(zx — %) + oy |z — 2*|),
since Vz = (Id + (L%LR)_lHﬁ)_l, then the above equation can be further reformulated as
YL R(up1 — u¥)
= —LRVA(LRLr) " Li(zk — 2%) + 297LrVa(LRLR) ™ Li(zx — ) + o[z — ) (7.9.24)
= —W=(z — 2%) + 29Wx(z — 2*) + o[z — 27]),
Summing up (7.9.21) and (7.9.24), we get
21 — 25 = (2 — v + yLugsr) — (25 — y2" + yLu”)
= (2 = 2%) = y(@p — 2*) + 7L (uggr — ")
= (k= 27) = M5(z, — 2%) + o(|lz — 7))
— Wilak — 2*) + 29 Wi — ) ol — 1)
= (2 — 2%) — M= (2 — 2%) + o[z — 2) — W=(zp, — 2*) + 2W=M= (2 — 2¥)
= (Id - M= — W= + 2W]:%Mj)(zk —2%) = M5(2, — 2") + o(||zk — 2*])
= M pa (2 = 27) + o[z — 27)-

(iii) The convergence rate of sequence {zj, }ren following the proof of Theorem 7.4.10. In the following,

we simply derive the form of M, when both R and J are locally polyhedral around «* and

DMM
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x* respectively. For this case, Hﬁ and Hj vanish and then sz’ Wj become

W Y Ler(LELr)'LE  and W- def P a*,

where WIZ% now is the projection operator opto the subspace Tﬁ’L. As a result, we have
M, = ‘:PTlﬁ,L‘.]DT;* + (Id — CPTﬁ,L)fPSg{*.
The optimal convergence result then follows Theorem 7.4.10.
When M® =0 for R,J are locally polyhedral around u*, x* respectively, we have
l2ke1 — 2" < O(P*F)

hold for any p €]p(M

ADMM)’ 1[
We have from (7.6.2) that xy = prox;,,(zx/7), then owing to the non-expansiveness of prox;,,

(Lemma 2.3.8), we have
1
|24 = 2%l = llprox s (zi1/7) = prox (2" /9 < Sl = 27

Then as ygy1 = prox, s« (zx+1) and yLugy1 = zg 41 — Yk, we have

o1 = 91| = [prose, - (z1c2) = prose e ()] < s = 2], 7925)
YL (upr1 — u)| = [[(zrr1 — yr) — 7 =y < llzrrr — 2%+ vk — 97,
which leads to the claimed result. O
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Primal-Dual Splitting Methods
under Partial Smoothness

Main contributions of this chapter

» Finite activity identification (Theorem 8.2.1) and local linear convergence (Theorem
8.3.6) for the class of Primal-Dual splitting methods.
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In this chapter, we consider a versatile class of Primal-Dual splitting methods for minimizing composite
non-smooth optimization problems. Under the assumption that the non-smooth components of the
problem are partly smooth relative to smooth manifolds, we present a local convergence analysis
framework for Primal-Dual splitting methods. Similarly to the previous two chapters, we first show
that (i) the sequences generated by Primal-Dual splitting methods identify the smooth manifolds in
finite number of iterations. (ii) then enter a local linear convergence regime, which is characterized
in terms of the structure of the underlying active smooth manifolds, the involved functions and linear
operators. We also discuss connections between Primal-Dual splitting on the one hand, and the
FB and DR/ADMM on the other hand. Moreover, practical acceleration techniques for the class of
Primal-Dual splitting methods are discussed.

8.1 Introduction

8.1.1 Problem statement

Let us recall the optimization problem considered in Chapter 6, and add an infimal convolution to
(Popt), and consider the following problem, given in its primal form,

agrel]iRr}l R(x)+ F(z) + (J v G)(Lx), (Pprimal)

where
(P.1) R, F € T'x(R"), and VF is (1/3,)-Lipschitz continuous for some 3, > 0.

(P.2) J,G € T'y(R™), G is differentiable and f-strongly convex for 5, > 0, and (J v G) is the
infimal convolution of J and G (see Definition 2.1.5).

(P.3) L:R™ — R™ is a linear mapping.
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The main difficulties of solving such problem are that the objective function is non-smooth, and the
presence of a linear operator and an infimal convolution. To decouple the composition and make the
problem easier to solve, it is natural to consider the saddle-point problem associated to (Pprimal),
i R F L — (J* G*
min max R(z) + F(z) + (L, v) = (J*(v) + G*(v)), (Psp)

where J*, G* are the Legendre-Fenchel conjugates of J and G respectively. If we fully dualize (Ppyimal),
then we obtain its Fenchel-Rockafellar dual form (Definition 2.1.18 and Theorem 2.1.19),

rgﬂi@n R*(v) + G*(v) + (J* v F*)(—L*v). (Pbual)

v m

Denote by X' and V the sets of solutions of problem (Ppyimal) and (Ppual) respectively, and assume
that

(P.4) The set of minimizers of (Ppyimal) and (Ppyal), i.€. X and V), are both non-empty.

More complex formulations of (Ppyimal) (e.9. multiple infimal convolutions) will be discussed in Sec-
tion 8.6.

The connection between the optimization problem (Ppyimar) and the monotone inclusion problem
(2.4.12) introduced in Section 2.4 can be obtained through the optimality condition of (Ppyimar). Let
(x*,v*) € X xV be a saddle-point of (Pgp), then the corresponding first-order optimality condition is,

OR 0 z* VF L* z*
0e + , (8.1.1)
0o oJ* v* -L VG* v*

which turns out to be a special case of (2.4.13).

8.1.2 The class of Primal-Dual splitting methods

An efficient class of methods for solving (Ppyimal) is the Primal-Dual splitting methods, including
[7, 51, 92, 173, 66, 54, 62| to name a few. The very first Arrow—Hurwicz Primal-Dual splitting method
dates back to the late 1950s |7], where Arrow et al. study (Ppyima) with F' = 0,G = 0. This method
is generalized by Chambolle and Pock in [51], where they propose the following iterative scheme

Th+1 = PTOXVRR(M — YrL k),
Tpy1 = Tpp1 + 0(Tpg1 — 1), (8.1.2)

k41 = Prox, . (ve + v, LTks1)-

Iteration (8.1.2) recovers the algorithm in [7] when 6 = 0, the choice of # is later further generalized
to [—1,1] in [92] by casting (8.1.2) as a PPA [151] in an appropriate metric.

Recently, several Primal-Dual splitting methods were proposed to solve (Ppyimal) for the scenarios
where F' and/or G are not 0. In [66], the authors consider the problem with only G = 0, and build the
connections between Primal-Dual splitting and Forward-Backward splitting [119]. Such a relation is
further investigated in [62]|, where the authors propose a variable metric Forward-Backward splitting
method, and design several Primal-Dual splitting methods for different monotone inclusion problems,
see also [173| for another example. All these works are later formalized in [58], where the Forward-
Backward structure of Primal-Dual splitting methods is proposed. Such a framework also covers |51]
since PPA is a special case of Forward-Backward splitting.

All these Primal-Dual splitting methods without relaxation are summarized in Algorithm 15.
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Algorithm 15: A Primal-Dual splitting method
Initial: Choose v,,7, >0 and 6 € [-1,+o00[. For k =0, g € R", yp € R™;

repeat
Thy1 = prox, p(wr — 7, VF(zk) — 7L 0r),
Tpt1 = Tp1 + 0(Tp41 — T1), (8.1.3)
k1 = Proxy - (vg =7, VG (vg) + 7, LTj 1),
k=k+1;

until convergence;

Remark 8.1.1.

(i) It worth mentioning that Algorithm 15 is somehow new to the literature since here the choice
of 0 is [—1,4o00[ which is larger than the condition # € [—1, 1] imposed in [92]. It recovers the
Primal-Dual splitting methods proposed in [173, 62| when # = 1, and the one in [66] when
moreover G = 0. When F' = 0,G = 0, then it reduces to the Primal-Dual splitting methods in
[7, 51, 92].

(ii) It can be also observed that that Algorithm 15 also covers the Forward—Backward splitting
[119], Douglas—Rachford splitting [76] and preconditioned alternating direction method of mul-
tipliers (preconditioned ADMM) [79] as special cases. Therefore, in Section 8.5, we will build

connections with the result presented in Chapter 6 and 7 for FB-type methods and Douglas—
Rachford/ADMM.

8.1.3 Global convergence

We have seen in Section 2.4.3.3 the Forward—Backward structure of Algorithm 15, and the condition
needed for the convergence.

Define the product space KK = R™ x R™, and the following variable and operators

ai [T, ae |98 L g |(VEO ] /e =L (8.1.4)
o ] —L aJ|’ 0 ver|’ —L  Idp/v,|’

where Id,,Id,, denote the identity operators on R™, R™ respectively. Owing to the result of Section
2.4.3.3, Algorithm 15 can be written as the following Forward—Backward splitting under metric 'V,

21 =(V+A) Y (V-—B)z, =Id+V 1A (1d -V !B)z. (8.1.5)

Proposition 8.1.2 (Convergence of Algorithm 15). For Algorithm 15, suppose that (P.1)-(P.4)
hold. Let 0 =1 and choose 7y,,7y, such that

2min{3,, 3, } min {Wi i}(l — VRl > 1, (8.1.6)

then there exists a saddle point (x*,v*) € X x V such that (vg,vg) — (z*,0*).
Proof. See [173, 62]. O

Remark 8.1.3.

(i) Tt is obvious from (8.1.6) that +,7,||L|* < 1, which is also the condition imposed in [51, 66]. The
values of 7,,7, can be varying along the iteration, which results in a variable metric Forward—-
Backward splitting (4.1.6). The convergence is guaranteed if the variable metric satisfies assump-
tion (i) of Theorem 4.2.5 (see also [62]). However, for the sake of brevity, we do not pursue this
discussion further in this chapter.
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(ii) Proposition 8.1.2 addresses the convergence of Algorithm 15 only for the case § = 1. For the
choices 6 € [—1,1[U]1, +oo], so far the corresponding convergence of the iteration cannot be
obtained directly, and a correction step as proposed in [92] is needed so that the iteration is a
contraction. Meanwhile, such a correction step will lead to a new iterative scheme, not simply
(8.1.3) itself, see [92] for more details. Since the main focus of this chapter is to study the local
convergence property, we shall skip the discussion of the global convergence of Algorithm 15 and
mainly focus on the case # = 1. Nevertheless, as we will see later, locally 6 > 1 gives faster
convergence rate than 6 € [—1,1] does, which points out a future research direction to design
new Primal-Dual splitting methods.

(iii) We could also handle the multi-step inertial version just as well as considered in Section 4.3.3,
the extension of the MUSTARD algorithm 7 to (8.1.3) with 6 = 1.

8.2 Finite activity identification

In this section, we present the local convergence analysis of the Primal-Dual splitting methods. Fol-
lowing the steps of the previous two chapters, we first present the finite activity identification of the
sequences, then show that the fixed-point iteration of Primal-Dual splitting methods locally can be
linearized along the identified smooth manifolds, and finally characterize the local linear regime.

Theorem 8.2.1 (Finite activity identification). For Algorithm 15, let (P.1)-(P.4) and con-
dition (8.1.6) hold such that (zy,v) — (z*,v*). Assume moreover that R € PSF.-(MZE) and
J* € PSF« (M), and the non-degeneracy condition

—L*v* — VF(z*) € 1ri(0R(z)),

La* — VG*(v*) € ri(0J*(v")), (ND

PD)

holds. Then,
(i) there 3K > 0 such that for all k > K,

(zh, vp) € ME x M
(ii) Moreover,
(a) if ME =a* +TE, then Vk > K there holds T =TE, and 7, € ME for k> K.
(b) If ML =v*+TL, thenVk > K, T, =T .
(¢) R is locally polyhedral around x*, then Vk > K, xz), € ME = o* + TE, Tﬁ = TE,
va* R(zy) = va’* R(z*), and me;; R(zy) = 0.

(d) J* is locally polyhedral around v*, then ¥k > K, vy € M} = v~ + T, Td: = T,

See Section 8.8 for the proof.

Remark 8.2.2.

i) In general, we have no identification guarantees for x; and v if the proximity operators are
g g p Yy Op
computed with errors, even if the latter are summable, in which case one can still prove global
convergence.

(ii) Theorem 8.2.1 only states the existence of K after which the identification of the sequences
happen, and no bounds are available. In Chapters 6 and 7, lower bounds of K for the Forward—
Backward and Douglas—Rachford splitting methods are provided, and similar lower bounds can
be obtained here for the Primal-Dual splitting methods. Since lower bound is not that useful in
practice, we choose to skip the detailed discussion in this chapter.
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8.3 Local linear convergence

Relying on the identification result, now we are able to show that the fixed-point iteration (8.1.3) can

be linearized along the manifold M x M7, then the convergence rate of the iteration essentially

boils down the spectral properties of the matrix obtained in the linearized fixed-point iteration.

8.3.1 Locally linearized iteration

Given a saddle point (z*,v*) € X x V, define the following two functions
R(z) ¥ R(x) + (z, L'v* + VE(z*)), J*(y) < J*(v) — (v, La* — VG* (v*)), (8.3.1)

we have the following lemma.

Lemma 8.3.1. Let (2*,v*) be a saddle point of (Psp) such that R € PSFz« (M), J* € PSFue (M),
For the Riemannian Hessian of R and J*,

def

Hy = WRU’T,;%*V%;R@*)?T& and Hy

def

= 0, P VA e TH(07) P (8.3.2)
They are symmetric positive semi-definite under either of the following circumstances:

(i) (ND,,) holds.

(ii) ME and M. are affine subspaces.
Define,

def

Wz = (Id, + Hz) ™' and W = (Id,, + H3=) 7, (8.3.3)

then both Wg and W= are firmly non-expansive.

Proof. See Lemma 7.4.5. O

Throughout the rest of the chapter, we assume that F' and G* are actually locally C? around (x*, v*).
Define the restricted Hessian of F' and G* respectively,

Hp < Pra VPF(@*)Prr and  Hge = Ppp V3G (0%) Py (8.3.4)

Denote Hp = Id, — v, Hp, Hg» = Idy — v, Hge and L= Prye LPrr

. WzH —,WxL*
My, e — K E — _ TR _ N (8.3.5)

Proposition 8.3.2 (Local linearized iteration). Suppose that the Algorithm 15 is run with the
conditions in Theorem 8.2.1 hold. Then for all k large enough, the fized-point iteration (8.1.3) can be
written as

Zky1 — 25 = Moy (2 — 2°) + o||zi. — 2*|))- (8.3.6)
See Section 8.8 from page 192 for the proof.

Remark 8.3.3.

(i) For the case of varying v,,7,, according to the result of [115], (8.3.6) remains hold if they are
converging to some constants such that condition (8.1.6) still stands.

(ii) For the fixed-point operator in (8.3.5), let Hg+ = Id,,, then it recovers the linearized iteration of
the Primal-Dual splitting method proposed in [66]. If we further let H g = Id,,, then it recovers
the linearized version of the method in [51].
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def

Now we study the spectral properties of M, . Let p < dim(TH), ¢ < dim(T2.") be the dimensions
of TE and T} respectively, define SE = (T1)! and S/ = (Ti]**) . Assume that ¢ > p (alternative

x* T
situations are discussed in Remark 8.3.5). Let L = X Y7Y™ the singular value decomposition of L,

denote the rank of I as | & rank(L). Clearly, we have [ < p.

Lemma 8.3.4. For the matriz operator M, of (8.3.5).

(1) If 0 =1, then M, is convergent with the convergent matriz as

M = Jim Mk (8.3.7)

(ii) If F=0,G =0, and R, J* are locally polyhedral around (xz*,v*). Then given any 0 €]0,1], M,
is convergent with

0
Y Id,, v
MR = et . (8.3.8)
X 0; X+

Idmfl_

Moreover, all the eigenvalues of My, — M3’ are complex and the spectral radius is

IO(MPD - MSB) = \/m <1, (8.3.9)

where omin is the smallest non-zero singular value of L.
If g=p andl = p, then
oo {J:)SR*
M5 = x , (8.3.10)
iPSJ:

which is a projection operator onto the normal spaces Sf* X S’;}]:.

See Section 8.8 from page 194 for the proof.

Remark 8.3.5. Let us briefly discuss other possible cases of (8.3.8) when F'=0,G =0 and R, J* are
locally polyhedral around (z*,v*).

(i) When L = Id, then L = Pro+Prr and omin stands for the cosine of the biggest principal angle
(vet smaller than 7/2) between TE and T0. .

i1) The spectral radius formula (8.3.9) means that for the case 8§ = 0, i.e. the Arrow—Hurwicz scheme

(i) p :

[7]. When R, J* are locally polyhedral, let ¥7 = (0;)(j=1,..;3 be the singular values of L, then
the eigenvalues of M, — M3° are

2_7R7J02' + VRVJUZ(FYR’-YJO.Z_ZL)
p]:( /) \/2 d ! L jedl, ..}, (8.3.11)

which apparently is complex (’}/R’)/JO'? < 737J||LH2 < 1). Moreover,

lpjl = \/ —Ve03) = VR, 0 (VY07 —4) = 1.

This implies that M, has multiple eigenvalues with absolute values all equal to 1, then owing
to the result of [18|, we have M, is not convergent.

Furthermore, for 6 € [—1,0[, we have 1 — 6v,v,02, > 1 meaning that M, is not convergent,
this implies that the correction step proposed in [92] is necessary for § € [—1,0]. Discussion on
0 > 1 is left to Section 8.4.
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(iii) If I = rank(L) < dim(T2), then

0y

Id,_; -

8.3.2 Local linear convergence
Finally, we are able to present the local linear convergence of Primal-Dual splitting methods.

Theorem 8.3.6 (Local linear convergence). For Algorithm 15, suppose it is run under the condi-
tions of Theorem 8.2.1. Then

1) given any p €|p - , 1|, there exist a arge enough such that for a > K,
i My, — M5), 1], th K h h that for all k > K
I(Id = M) (21 — =) = O()*F). (8.3.12)

(i1) If moreover, R, J* are locally polyhedral around (x*,v*), there exist a K large enough such that
for all k > K, we have directly
lz1 — 2*] = O(p" "), (8.3.13)

for p € [p(Mpy, — Mﬁg% 1[.
Proof. Direct result of Corollary 7.4.9 and Theorem 7.4.10. O

Remark 8.3.7.

(i) The obtained result can be extended to the case of varying parameters, i.e. the value of (v,,7;)
change along the iteration which results in (7, x,v,.%). Then based on the result of [62] for global
convergence and Chapter 6 and 7 for the local linear convergence, (v, k,v,.k) must converge to
some constants, for instance (v, k, Yo.k) = (7,5 75)-

Moreover, the local linear convergence depends on how fast they converge, meaning that if
(7, k> Vr.k) converge sub-linearly to (v,,7,), then the local convergence rate will eventually be-
come sub-linear.

(il) When F = 0,G = 0 and both R and J* are locally polyhedral around the saddle point, then the
convergence rate of the Primal-Dual splitting method is controlled by 6 and ~,7, as shown in
(8.3.9); see the upcoming section for a detailed discussion.

For general situations (i.e. F,G are nontrivial and R, J* are general partly smooth functions),
the factors that contribute to the local convergence rate are much more complicated, these include
the Riemannian Hessians of the involved functions and the curvatures of the underlying active
manifolds.

(iii) For the relation between partial smoothness and metric sub-regularity, the result for Primal-Dual
splitting is very similar to those of Forward-Backward (Section 6.4.4) and Douglas—Rachford
(Section 7.4.4). Therefore, we choose not to pursue the discussion in this chapter.

8.4 Discussions

In this part, we present several discussions on the local linear convergence result, including the accel-
eration, what will happen when 6 > 1 and the oscillation of the Primal-Dual splitting method.

- 182 —



Chapter 8 8.4. Discussions

For this discussion, to make the result more immediate, we focus on the case where F' = 0,G = 0,
i.e. the Primal-Dual splitting method (8.1.2) in [51], and moreover R, J* are locally polyhedral around
the saddle-point. Under such setting, letting § € [0, 1], the matrix defined in (8.3.5) becomes

Y ~eL? (8.4.1)
v,L Idy, — (1 +0)y,v,LL*

8.4.1 Choice of 0

Owing to Lemma 2.5.6, the matrix M, in (8.4.1) is convergent for § €]0, 1], see Eq. (8.3.8), with the

spectral radius
P(Myy = M) = /1~ 077,02, < 1. (8.4.2)

with omin being the smallest non-zero singular value of L. In general, given a saddle point (z*,v*),
Omin 18 fixed, hence the spectral radius p(Mp, — MZ° ) is simply controlled by 6 and the product v, 7.
To have a faster rate, it is obvious that we need to make 67,7, as big as possible. Recall in the global
convergence of Primal-Dual splitting method or the result from [51], that

2
Y RILN" < 1.
Denote oyay the biggest singular value of L. Tt is then straightforward that v,v,02,. < 7,7 L|* < 1

p(Mpy, — M) = \/m (8.4.3)

> \/1 — 0(omin/|| LI)? > \/1 — 0(Omin/Omax)?
If we define cnd & Omax/Omin the condition number of L, then we have

p(My, — MZ0) > /1 —0(1/cnd)?.

and moreover

To this end, it is clear that 8 = 1 gives the best convergence rate. Next let us look at what happens
if 6 > 1 (assuming that the corresponding iteration converges globally). The spectral radius formula
(8.4.2) implies that bigger value of 6 yields smaller p(My, — M?? ). Therefore, locally we should choose
0 as big as possible. Next we investigate the upper bound of 0 if there is one.

Following Remark 8.3.5, let ¥ = (0)j=1,..;; be the singular values of L, let p; be the eigenvalue

of My, — Mg5, we have known that p; is complex and

(2-(1+ 9)71?%%2.) + \/(1 + 0)%%7303‘ — 471?7',0]24 5
pj = 5 s el =4/1— HVRVJJj'

Now let § > 1, then in order to let |p;| make sense for all j € {1,...,1}, there must holds

1
1-6 02 >0=0< ———
fYR’YJ max — — 7R7J0r2nax7

which means that 8 indeed is upper bounded.

Unfortunately, since L = TTR L?TJ* the upper bound can be only obtained if we had the saddle
point. However, we can use back- tmck;mg or the Armijo-Goldstein-rule to find the proper 6. See
Section 8.7.1 for an illustration of online searching of 8. It should be noted that such updating rule
can also be applied to v,,~, since we have ||L| < |L||, hence locally bigger values of them should be
applicable.

8.4.2 Oscillations

We have seen in Chapter 6 the local oscillation of FB-type methods, when the inertia momentum are
too high. When solving certain type of problems (i.e. F = 0,G =0 and R, J* are locally polyhedral
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around the saddle point (x*,v*)), the Primal-Dual splitting method oscillates too. As revealed in the
proof of Lemma 2.5.6, all the eigenvalues of M, —M2° in (8.4.1) are compler. This means that locally
the sequences generated by (8.1.2) will oscillate.

For omin, the smallest non-zero singular of L, one of its corresponding eigenvalues of M, reads

(2= (L4 0)7,700%00) + 1/ (14 0)229200,, — 47,7,02,,
Po . = )
min 2

and (14 9)27}2730&11 — 4v,y,02. < 0. Denote w the argument of Po,... > then

J— 2 .
COS(LU) — 2 (1 + 9)7J7R20-mm . (844)
\/1 - 07J VRO min
The oscillation period of the sequence ||z; — 2*| is then exactly T. See Figure 8.6 for an illustration.

Remark 8.4.1.

(i) Complex eigenvalues is only a sufficient condition for local oscillation behaviour. When the
involved functions are all polyhedral, the eigenvalues of the local linearized operator of DR are
also complex, however, the iterates of DR do not oscillate.

(ii) The mechanisms of oscillation between Primal-Dual splitting and the FB-type methods are quite
different. The oscillation of FISTA is caused by the inertial momentum being too large, while
the oscillation of Primal-Dual splitting is due to the polyhedrality of the functions. Furthermore,
if F# 0 and/or G # 0, then the Primal-Dual splitting method does not oscillate.

8.5 Relations with FB and DR/ADMM

In this part, we discuss several special cases of the obtained result, and the relations with the previous
chapters.

8.5.1 Forward—Backward splitting

For problem (Pprimal), when J =0, G = 0, Algorithm 15 reduces to, denote vy = 7,
LTh4+1 = prOX'yR(xk - /VVF(:C/C))v Y 6]07 2B[7 (851)

which is the non-relaxed FB iteration [119] with constant step-size.

Let 2* € Argmin(R + F') be a global minimizer such that {xy}reny of (8.5.1) converges to z*
and conditions of Theorem 6.2.1 are satisfied. Then under the notions of Section 8.3, define M., =
Wx(d, —vHF), we have for all k large enough

Tiy1 — @ = My (2 — 27) + o[z — 27])).
From Theorem 8.3.6, we obtain the following result for the FB algorithm.

Corollary 8.5.1. For problem (Prg), suppose that (F.1)-(F.3) hold, and the FB iteration (8.5.1)
creates a sequence xy — x* € Argmin(®) such that R € PSFy«(My+), F is C? near z*, and condition
(ND,.,) holds. Then

(i) given any p €lp(Myy — M25), 1], there exist a K large enough such that for all k > K,
(1 — M%) — 2) ]| = O(F5). (5.5.2)

(ii) If moreover, R are locally polyhedral around x*, there exist a K large enough such that for all
k > K, we have directly
e = 2] = O(p" ), (8.5.3)

for p € [p(My, — M%), 1].
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Proof. Owing to Lemma 2.4.7, M, is %
gence rates in (8.5.2) and (8.5.3) are straightforward from Theorem 8.3.6. O

-averaged non-expansive, hence convergent. The conver-

In view of this result, one my wonder if it was useful to develop the results of Chapter6 since
they seem to be covered to some extent by the current chapter. The answer is affirmative for several
reasons. First, though Corollary 8.5.1 relaxes the restricted injectivity condition (RI), it establishes

|

linear convergence of ||(Id — M2 )(xx — x*)|| rather than |z — 2*|. Second, the rate estimate is not

explicit unlike Theorem 6.3.6. In Chapter 6, we considered a much larger class than the sole FB, which
is not the case in this chapter. Finally, in that chapter, we developed a similar analysis for the non-
convex case which cannot be afforded through the primal-dual setting of this chapter where convexity
is crucial.

8.5.2 Douglas—Rachford/ADMM

Let FF=0,G =0 and L = Id, the problem (Pp,ina1) then reads
min R(z) + J(x).
xER”

For the Primal-Dual splitting scheme (8.1.2), let § = 1 and change the update order, then we obtain
the following iteration

Uk41 = Prox, j« (ve +7,Zk)
Tha1 = prox,yRR(xk — YrUk+1) (8.5.4)
Tpy1 = 2Xpq1 — T
Apply the Moreau’s identity to prox., s« let v, = 1/v, and define zp41 = xp — V,Vk41, iteration
(8.5.4) becomes
U1 = provaJ(ka — 2k)
Zhil = 2k + Upg1 — Tk (8.5.5)
Lh4+1 = PI“OXVRR(ZkH)a
which is the non-relaxed Douglas—Rachford splitting, and we have ug, rp — x* = prox, 7 (w*) where
w* is a fixed point of the iteration. See also the discussions in [51, Section 4.2].

Specializing the derivation of (8.3.5) to (8.5.4) and (8.5.5), we obtain the following two linearized
fixed-point operator of (8.5.4) and (8.5.5) respectively

[ Idn - :PTR (PTJ*
Ml = f = v P
Vs ?TJ: fPTg Idyn — 27,7, [‘PT"** (‘PTf* [‘PT"**
[ Id —Y o Prr Py
M2 = 1 " f Tx* T”*
L9 P 1y — 2Py Py P

Owing to (ii) of Lemma 8.3.4, M, M, are convergent. Let 6 be the largest principal angle (yet smaller
than 7/2) between T and T, then we have the spectral radius of M; — M reads ((i) of Remark
8.3.5),

p(My — M7®) = /1 — 7,7, cos?(6)
> /1 — cos2() = sin() = cos(w/2 — 0).

Suppose that the set of saddle-point is a singleton, i.e. (x*,v*) is unique, and moreover that R and J

(8.5.6)

are polyhedral. Thus we have that if J* is locally polyhedral near v* along v* + T2, then .J is locally
polyhedral near z* around z* + 7., and moreover there holds 77 = (T )*. As a result, the principal

x> r* T
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T;)]: and the ones between Tﬁ,Tiﬁ are complementary, which means that 7/2 — 6
T7.. Thus, following (8.5.6), we have

angles between T,

is the Friedrichs angle between tangent spaces Tﬁ,

p(My — M°) = \/1 — 9,7 cos?(0) > cos(m/2 — 0) = p(My — M35°). (8.5.7)

This means that locally, the convergence rate of Primal-Dual splitting (8.5.4) is slower than that of
DR in (8.5.5).

We emphasise the fact that such connection can be drawn only for the polyehdral case, which justifies
the different analysis carried in Chapter 7. In addition, in that chapter, we were able to characterize
situations where finite convergence provably occurs (Theorem 7.5.1), while this is not (yet) the case
for Primal-Dual splitting even for R and J* being locally polyhedral around (z*,v*) and FF = G =0
but L is non-trivial.

8.6 Sum of more than 2 infimal convolutions

In this section, we consider problem (Ppyimn,1) with more than one infimal convolution. Le m > 1 be a
positive integer. Consider the problem of minimizing

;IEI]%ITIL R(x) + F(SU) + Zznzl(Jl V Gi)(Lix)7 (,Plglrimal)

where (P.1) holds for R and F, and for every i =1, ..., m,
(P.2) J;,G; € I'h(R™), with G; being differentiable and B¢ ;-strongly convex for g ; > 0.
(P’.3) L;: R™ — R™ is a non-zero linear operator.
The dual problem of (PJ, ) reads,
et (V) (= 300 L) + 30 (7 () + G (w): (Plual)
Denote by X and ¥V =V x - - - x V,, the sets of solutions of problem (Pp ;) and (P[; ;) respectively,

Primal
and assume

(P’.4) The set of minimizers of (Pg, .,) and (P} . ), i.e. X and V, are both non-empty.

Primal
By combining the primal and dual problems, the saddle-point problem reads
min max R(x) + F(w) + Y ((Liw, v) — (7 (v3) + G5 (vy))). (Psp)

z€R™ v €R™1 ... v, ER™m

Problem (Ppg. ) is considered in [62], and a Primal-Dual splitting algorithm is proposed there
which is the extension of Algorithm 15, see below Algorithm 16 for details. A similar problem is
consider in [173], where the author considers the weighted sums of the infimal convolutions. The main
difference between [173] and [62] is that when casting the corresponding algorithm into the Forward—

Backward splitting form, they have different metrics.

Product space The following result is taken from [62]. Define the product space IC = R™ x R™ x
-+ x R™n_and let Id be the identity operator on IC. Define the following operators

[ 1d, * x|
OR L --- L VF e Lo L
L 9J et —L Sm
€ - 1 1 € €
PRl e ) R (502
—L, dJ,, vGr ~L, M,
L Y,
Then A is maximal monotone, B is min{ﬁF,/BGI,...,BGm }-cocoercive, and V is symmetric and v-
positive definite with v = (1 — /v, 3,7, HLillz)min{i, ﬁ, ey %} Define z; = (Tg, Vi s+ » Umi)
1 m

then it can be shown that (8.6.1) is equivalent to
i1 =(V+A)(V-—B)z, = (Id+V1A)"}(Id - V!B)z,. (8.6.3)
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Algorithm 16: A Primal-Dual splitting method
Initial: Choose 7,, ('yJi)l- > 0. For k=0, g € R", v;0 € R™, i€ {1,...,m};

repeat
w1 = prox, g(zr — 7, VE(zr) — v, X, Lvig)
Tpt1 = 2Tp41 — Tk, (86.1)
Fori=1,...m
I ['Ui,kJrl = Prox, (vig =7, VG; (vik) + 7, LiTes1),
k=k+1;

until convergence;

Local convergence analysis Let (2*,v7,...,v}) be a saddle point of (Pg}), define the following

oy Uy

functions
def

JF(v) = Jf(v) — (v, Lix* — VGE(v))), i € {1,...,m}, (8.6.4)

and the Riemannian Hessian of J;,

def

HJT*:

def

%ﬂ}ﬁ@mﬁmdmfmhﬂwﬂmum@ (8.6.5)

Owing to Lemma 8.3.1, we have that W=,i € {1, ..., m} are firmly non-expansive if (ND,,) holds. Now

suppose that G locally is C2 around v*, and define the restricted Hessian Hgx < P« V2G* (v})P_» .
' TU*I: T’U;

1 i
def

Define HGT E Id,,, — Y HGT, L, = ?Tj;k LifPTR*, and the matrix

v
i

WgHF Ve WrLT Ve WrLn
def '7]{ WJTE1(2W§HF - Idn) ij (HGT — Q’yjf VREIWT%E’{)
My, = . i . (8.6.6)
Yoz Wi L.2WgHp — 1d,) T Wi (HG,T‘ - 2'7./;; 'YRZ/"'WEEZ)

Using the same strategy of the proof of Lemma 2.5.6, one can show that M, is convergent, which
again is denoted as M2, and p(M,, — M) < 1.

Corollary 8.6.1. For the Primal-Dual splitting algorithm 16, choose 7y, (’y(,i)i > 0 such that

Qmm&%ﬁﬁwwﬁ%}mm{$3iﬂme}@— Yo 357, ILi]12) > 1. (8.6.7)
r T Y :

Then there exists a saddle point (x*,v7],...,v}y) € X XV, such that (X, vk, ..., Vi) = (2,07, ..., 0}).

ey Uy oy Uy

If moreover R € PSF«(ME) and J; € PSF (./\/l;{i ),i € {1,...,m}, and there holds
— > LTvr — VF(2*) € 1i(OR(2))

(NDy)
Liz* — VGf(v*) €ri(0J} (v")), Vie{1,...,m}.
Then,
(i) there AK > 0 such that for all k > K,
(xk,vl,k, ...,U,mk) S MCIE* X Mig X oo X Ml{%
(ii) Given any p €]p(Myy, — M22), 1[, there exist a K large enough such that for all k > K,
(1d — M%) (2 — =) = O(+ ). (5.6.8)

If moreover, R, J5, ..., J% are locally polyhedral around (x*,v},...,v%), then we have directly have

Iz — 2*[ = O(p*~F).
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8.7 Numerical experime

Linear inverse problems

are very tight.
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Figure 8.1:

Consider again the linear inverse problem (4
apply the Chambolle-Pock Primal-Dual splitting method. Figure8.1 displays the profile of ||z — 2z
as a function of k£, and the starting point of the dashed line is the iteration number at which the active
partial smoothness manifold of MZ% is identified (recall that M. = {0} which is trivially identified
from the first iteration). One can see that for the ¢; and ¢ norms, Theorem 8.3.6 applies and our
estimates are exact. For the case of /1 2-norm and nuclear norm, though not optimal, our estimates
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3) of Section 4.5, and
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Observed (solid) and predicted (dashed) convergence profiles of Primal-Dual splitting
(8.1.2) in terms of |z — 2*||. (a) ¢1-norm. (b) fsc-norm. (c) ¢;2-norm. (d) Nuclear norm. The

starting point of the dashed line is the iteration at which the active manifold of R is identified.

Noise removal Now consider the noise removal problem (7.8.1) in Section 7.8. Let J = U], <7

and R =| - ||, then (7.8.1) can be wr

whose saddle point problem reads,

min max
reR" veR™

Clearly, both two indicator functions are polyhedral, and their proximal operator are simple to compute.
The corresponding local convergence profiles are depicted in Figure 8.2(a)-(b). Owing to polyhedrality,

1tten as

min ¢
xER™

U, <r + (D
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our rate predictions are again exact.
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(a) Sparse noise removal p = 1 (b) Uniform noise removal p = co

Figure 8.2: Observed (solid) and predicted (dashed) convergence profiles of Primal-Dual splitting
(8.1.3) in terms of |z — 2*||. (a) Sparse noise removal. (b) Uniform noise removal.

8.7.1 Choices of § and v,,,

In this part, we present a comparison on different choices of 6 and «y,,~, to see their influences on the
finite identification and local linear convergence rate. Two examples are consider for these comparisons,
problem (4.5.3) with R being ¢;-norm and ¢; >-norm.

Fixed § We consider first the case of fixing 6, and changing the value of ~,7,||L||*. 4 different cases
are considered, which are
v, 7:IL]* € {0.3,0.6,0.8,0.99},

and we fix # = 1, moreover we set v, = ,. The comparison result is shown in Figure 8.3, and we have

the following observations

(i) The smaller the value of ,y,||L||?, the slower the iteration converges.

(ii) Bigger value of «, leads to faster identification (since J* is globally C?-smooth, so only the
identification of R for this case).

102 : T T : 10?
I =03 I =03
VoYl LI|” = 0.6 Vi YellLI|” = 0.6
’YJ’YRHLHZ =08 'YJ’Y“HLH; =08
102} ’YJ’VRHLH =0.99 102} ’7,7’YRHLH =0.99
N N
N N
| |
10° 1 : 100 F i
10-10 L L L L 10-10 I L L
500 1000 1500 2000 500 1000 1500 2000
(a) ¢1-norm (b) £1,2-norm

Figure 8.3: Comparison of the choice of 7,,~, when 6§ is fixed.
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Fixed 7,7, | L||*> Now we turn to the opposite direction, fix the value of ,y,||L|* and then change
0. In the test, we fixed v,7,||L|* = 0.9 and 7, = 7,,, 5 different choices of  are considered, which are

0 € {0.5,0.75,1.0,2.0},

plus one with Armijo-Goldstein-rule for adaptive update 6. Although there’s no convergence guarantee
for § = 2.0, in the tests it converges and we choose to put it here as an illustration of the effects of 6.
The result is shown in Figure 8.4, and we have the following observations

(i) Similarly to the previous one, the smaller the value of 0, the slower the iteration converges. Also,
the Armijo-Goldstein-rule is the fastest one of all.

(ii) Interestingly, the value of 6 has no impacts to the identification of the iteration.

102 - - - - - - 102
—0=05 —0=05
—0=0.75 —0=0.75
0=1.0 0=1.0
o2t ——9=20 ] -l — =20 |
. . — — Armijo-Goldstein o . — — Armijo-Goldstein
*N \ *N
[ \ [
X \ X
10° \ 4 100 b
\
\
\
10-10 1 \ 1 1 1 1 1 10-10 1 1 L 1 L
200 400 600 800 1000 1200 140 200 400 600 800 1000 1200
k k

(a) ¢1-norm (b) £1,2-norm

Figure 8.4: Comparison of the choice of § when v, ,~, are fixed.

Fixed ¢ and v,v, For the above comparisons, we fix v, = 7,, so for this comparison, we compare
the different choices of them. We fix § = 1 and v,7,||L||* = 0.99, then we choose

0.99

v, €4{0.25,0.5,1,2} and ~,=—"H.
! )

Figure 8.5 shows the comparison result, we can also make two observations:

(i) For the ¢1-norm, since both functions are polyhedral, local convergence rate are the same for all
choices of v, see (8.3.9) for the expression of the rate. The only difference is the identification
speed, v, = 0.25 gives the slowest identification, however it uses almost the same number of
iterations reaching the given accuracy.

(ii) For the ¢1 o-norm, on the other hand, the choice of v, affects both the identification and local
convergence rate. It can be observed that bigger v, leads to faster local rate, however, it does
not mean that the bigger the better. In fact, too big value will slow down the convergence.

To summarize the above comparison, in practice, it is better to chose ¢ and v,~, as big as possible,

moreover, the choices of v, and 7y, should be determined based on the properties of the functions at
hand (i.e. polyhedral or others).

8.7.2 Oscillation of the method

We decidate the last part of the numerical experiment to the oscillation of the Primal-Dual split-
ting method when dealing with polyhedral functions. As we have seen from the above experiments,
oscillation of ||z — 2*|| happens for all examples where the functions are polyhedral, even for the
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llze — 2"l

10

10—2 L

llz = 2*1I

10-6 .
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k
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100

(a) ¢1-norm

10-10

¥, = 0.25
Yp = 0.5
v, = 1.0
Ve =20

100 200 300 400

500 600 700 800 900
k

(b) £1,2-norm

Figure 8.5: Comparison of fixed 6 and ~,7,, but varying ;.

non-polyhedral ¢; o-norm (for the ¢o-norm, due to the fact that the oscillation period is too small
compared to the number of iteration, hence it is not visible).

Now to verify our discussion in Section 8.4, we consider problem (4.5.3) with J being the ¢;-norm
for this illustration, and the result is shown in Figure 8.6. As revealed in (8.4.4), the argument of the
leading eigenvalue of & — M7 is controlled by 67,7, so is the oscillation period. Therefore, the value
7,75 is tuned such that the oscillation period is an integer, and 7/w = 12 for the example we tested.
Figure 8.6 shows graphically the observed oscillation, apparently the oscillation pattern coincides well

with the theoretical estimation.

102 T T T T T 1T

102

Iz — 27|

10°

[lzx — 2|

40 52 64 76 88 100 112 124 136 148 160 172 184 196 208 220 232 244 256 268 280 292

k

Figure 8.6: Oscillation of the Primal-Dual splitting when solving polyhedral functions.

8.8 Proofs of main theorems

Proof of Theorem 8.2.1.

(i) From the iteration scheme (8.1.3), for the updating of x,1, we have for zj1,

T+l = PI‘OXWJR(l'k — e VF(z)) — ’YRL*”k)

= 71 (zk — ¥ VF (k) — v L 0k — Th41) € OR(Tp11),

R
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then, as Id — 7, VF' is non-expansive,

dist(—L*v* — VF(z*), 8R(mk+1))

< || = L' = VF@") = (a1 = 7, F () = 7L — )|

= |- L*v* — VF(z*) — %( g — 2 — v, VF(xr) — v L v — xpp1 + 27)||
||$ = Ve VE (@) = (@ = 7 VF(21)) = (@re1 — 27)|| + [ L] [lox — 07|

<L
< g(llfﬂk — @[ + |z — ")) + [ Lllvk — 0™ = 0.

Similarly for vg1
Vg1 = prOX'yRJ* (Uk - ’YJVG*(’Uk) + /YJij‘f'l)
= %(Uk — 7, VG (vp) + 7, L1 — vpy1) € 0T (vp41),
J

then we have

dist(La* — VG*(v*), 0" (v11))

< | La™ = VG (") = 5ok = 7, VG (k) + 79, LEks1 — v

< %(Hvk =+ ks = o) + LI + O zrrs — 27| + Ol — 2*[]) — 0.

J

By assumption, J* € I'o(R™), R € I'o(R™), hence they are sub-differentially continuous at every
point in their respective domains [153, Example 13.30], and in particular at v* and z*. It then
follows that J*(vg) — J*(v*) and R(x) — R(x*). Altogether with the non-degeneracy condition

(ND,,,), shows that the conditions of Theorem 5.1.5 are fulfilled for J* and R, and the finite
identification claim follows.

(ii) See proof of Theorem 7.3.1. O

Proof of Proposition 8.3.2. From the update of z, we have
zp =V V() — v L vk — Tpg1 € Y 0R(Tk41),
—Vr VF(2%) = v, L™v" € v, 0R(z").

Denote T,f the parallel translation from Tgfi to T ﬁ. Then project on to corresponding tangent spaces
and apply parallel translation,

VeTi V pr, R(xhi1) = TIE?T&H (e = Ve VEF (k) = v L vk — Tis)
= Prr (2 =7, VE(2r) = vp L0k — k1)
+ (TE:PT,{ZH = Pre )@k =7 VE (k) = 75 L0k — rpa),
VeV e, B(@") = Prr (=7, VF(2") = 7, L707),
which leads to
’YRTlvaf* R(zgy1) — VRvMﬁ* R(z™)
=Py (21 = 1 VEF(@r) = ¥ L 0k — 241) — (27 = 7, VF(2") = 7, L0 — a7))

+ (7 Prr = Pra) (=1 VE(@") = 7, L") (8.8.1)

-~

Term 1

0l Prp = Prr) (on 1 VE(r) = 7 L0k — 2a1) + (1 VEG) + 7, L°0).

Term 2
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Moving Term 1 to the other side leads to
Tl g (i) = 70V agn R — (1 Prn = Py ) (7, V() = 7, L")
= VaTk (Vaur R@ps1) + (L70" + VF(@"))) =7, (Vgr R(2%) + (L*0* + VF(2")))
= %Py, Vo R )Py (501 — 2) + (s — 2],
where Lemma 6.3.3 is applied. Since zp11 = pI‘OXVRR(.Tk — v, VF(zg) — v, L k), Prox, p is firmly
non-expansive and Id,, — v, VF is non-expansive (under the parameter setting), then
(e =7 VF(xk) = v L 0k = 2pg1) — (27 = 7, VF (") — 75 L"0" — 27|
< 1y — 7 VF) () — (1 — 7 V)| + 1l L0 — L0 (3:52)
< lze — 27 + vl Llllvr — ™.
Therefore, for Term 2, owing to Lemma 2.6.2, we have
(T;fTT;;M = Prr) (@ — ¥ VE(@r) = ¥o Lok — 1) — (07 — 7, VE (%) — 7, L70" — 2%))
= o(llzx — ™[ + Y[ Llllve — v*])).-
Therefore, from (8.8.1), and apply Lemma 2.6.1 to (2541 — 2*) and (z — z*), we get
(Idn + Hg)(zp41 — ) + o[|wk41 — 27])
= (wx = 2%) =95 Prr (VF(2r) = V(")) = 75 Prr L (o — v%) + o[|lzr — 27| + v, | Ll [lve — v*[D),
then apply Taylor expansion to VF, and apply Lemma 2.6.1 to (vx — v*),
(Idy + Hg) (241 — 27)
= (Idn — v Hp)(zx — 2*) = 7. L™ (ve = v*) + oz — 2| + v | Ll vw — o).
Then inverse (Id,, + Hy) and apply Lemma 2.6.1, we get
Tpy1 — & = WrHp (g — %) — v, WrL* (vp — v*) + o([|zr — ™| + v, || Lok — v*]). (8.8.4)

(8.8.3)

Now from the update of v41

vk — v, VG (v) + 7, LTk11 — vk € 7,00 (Vk11),
v =, VG*(v*) + 7, La* — v* € v,0J*(v").
Denote 7'];]_:1 the parallel translation from Tﬁ:l to T, then
’YJTI;]-;lvM;]: J* (k1) = TI;:]—:I?TJ;H (v =7, VG (0g) + 7, LTp41 — Vk1)
= ?TUJ** (vg —v,VG*(vg) + v, LTky1 — Vkt1)
+ (Tk]—:lgDTJk*H - :PTUJ** )k — v, VG (vg) + 7, L1 — vk11),
Y p T () = P (0" =7, VG () £, La” — ")
which leads to
’YJT/%]LVM;{: J* (vg11) — VJVMgI J*(v*)
= Ppo: ((vk — v, VG*(vk) + v, L1 — 1) — (v* — v, VG*(v*) + 7, La* — v*))
+ (TE];I?TJk*+1 = Pps) vk =7, VG (k) + 7, LTps1 = vk11)
= CPT;,: ((vk =7, VG*(vk) + v, LTp41 — vt1) — (0" — 7, VG* (v*) + v, La* — v*))
+ (i Prye | = Pra)(y,La” =9, VG ()

(8.8.5)

Term 3
+ (Tiﬁlpraﬁl = P ) ((0k =9, VG™ (0k) + 7, LTks1 = vegn) + 7, (VG (%) = La¥)).

Term 4
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Similarly to the previous analysis, for Term 3, move to the lefthand side of the inequality and apply
Lemma 6.3.3,
'YJTI;]—:lng** J (vk11) — ’YJVM;’** J*(v*) — (Tl;]—:lg)Tgk*_'_l - :PT;’:)('YJL'T* -7, VG*(v"))
= 7,71 (Vpuze T (0rg1) = (La* = VG (v"))) =7, (Vo2 T (07) = (La* = VG (7))
= %?TUJ: Vi/(g** R*(U*)Tng (Vi1 — v*) + o([|vg1 — v*]).
Since 6 < 1, we have
|1Zh41 — 2% < A+ O)|wpsn — 27| + Oz — 27|
< 2[lzk — =" + AR LMok = o) + [l — =7
= 3llzx — 2" + 2y [ Lllor — o]

Then for Term 4, since v,7, [ L?|| < 1, Prox, is firmly non-expansive and Id,, — v,VG* is non-
expansive, we have

(i1Prye Py ) (0 =, VG (W) + 5, Lokt —tin) — (0* =7, VG (") £, La* — "))
= o[lox = V™|l + v, I L]l — =)
Therefore, from (8.8.5), apply Lemma 2.6.1 to (vgy1; — v*) and (v — v*), we get
(Id, + Hys) (vg41 — v%) B (8.8.6)
= (Idm — v, Hae)(vr = v") + 7, L(Zg1 — &%) + o([[ox — o™ + v, [ LIz — 27)-
Then similar to (8.8.4), we get from (8.8.6)
k1 — V" = WHee (v — v%) + 9, W L@k — 2%) + o(ox — v + v, I Lllzx — 27]])
= WrHg(vp = v*) + (1 + 0)y, Wy L(zk — 2%) — 0y, Wy L(ag — 27)
+o(lox = ™|l + v, 1Ll =k — 2*])
= WyxHg(vp —v*) — 0y, Wy L(x), — x*)
+ (1 +0)y, WrL(WgHp(z, — ) — v, WgL* (v, — v¥)) (8.8.7)
+ olllzx — 27l + Vel Llllve — v*[) + ollvk — o™ + v, ILllze — 27]))
= (WrHg — (1+0)7,7, W5 LWRL") (vs — v*)
+ (1 +60)y,W=LWgHp — 0y, W L) (z — z¥)
+olllze — 2l + Vel Llllve — v*[) + ollvk — o™l + v, [ILllze — 27])).

Now we consider the small o-terms. For the 2 small o-terms in (8.8.3) and (8.8.6). First, let a1, a2
be two constants, then we have
ai
|a1| + [az| = V/(Ja1| + lag])? < \/2(a + a3) = V2
az
Denote b = max{1,7, | L], vl L]}, then
(loe = o+ v, I Lllllwe = 2*[)) + (e — 2" + YR [ Llllve — v*])
T —x*
< (g — | + ux — o)) <2v20 | |

v — U*

Combining this with (8.8.4) and (8.8.7), and ignoring the constants of the small o-term leads to the
claimed result. O

Proof of Proposition 8.3.4.
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(i) When 6 =1, M, becomes

WrHp

M

PD

WFH—G*

Next we show that My is averaged non-expansive.
First define the following matrices

H L* H 0
A— J/'YR . B F

—L HR*/'YJ 0

He

—~, WxL*
TRWRE (8.8.8)
_ /v L (8.8.9)
—L  Idp/v,

where we have A is maximal monotone [41], B is min{/,, 3, }-cocoercive, and 'V is v-positive

definite with v = (1 — /3,7, L) min{-1-, 1},
R J

Now we have

Idn+HJ 0 W* O
ViA=| m = (VA= TR ,
—2L m’yJ = 29, %WrELWg v, Wi
and
1 77 T
v_p- |wir Tt
_ | =
As a result, we get
[ W= 0 iﬁp —L*
v+ 'v-B)=| "R -
_2'yjfyRWﬁLWR v, W= —L WHG*
_ WﬁﬁF —’}/RWEE*

which is exactly (8.8.8).

From Lemma 4.6.1 we know that M., : Ky — Ky is averaged non-expansive, hence it is

convergent [16]. Then we have the induced matrix norm

lim ||M*
o 1M

- M;)EHV - klggo HMPD

k
— MZlly = 0.

Since we are in the finite dimensional space and 'V is an isomorphism, then the above limit implies

that

_Ml‘:o

D

lim [|M,,
k—o0

k
(=

0,

which means that p(M,, — M2°) < 1. The rest of the proof is classical using the spectral radius

formula, see e.g. [18, Theorem 2.12(i)].

for any 6 € [0, 1], we have

Id,,
M

PD
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With the SVD of L, for M,,, we have
Id —, L*
My, = 71 I -
v, L Idp, — (1+6)vy,v,LL
| vy YT X
7, XTIV XXF — (14 60)y,7, X322 X~ (8.8.11)
Ly Id,, .1 Y
i X ’YJEL Idp, — (1 + H)FYR’.YJE% L X
Is
Since we assume that rank(L) = [ < p, then ¥, can be represented as
DM 07 e
EL _ l I,n—l :
Om—11 Om—in—1
where ¥; = (0;)j=1,..;- Back to Iy, we have
Id; O1,n—1 —Yr 2 O1,m—1
Op—zy  Idp—y On—1, On—t,m—1
Ty = )
V80 Oppmr I = (1 +0)v,7, 5 Opme
|Om—10 Om—t,n—1 Orm—1,1 Idp—r |
Let’s study the eigenvalues of Iy,
(1—p)Id, Or,n—1 —Yr21 01,m—1
0, 1—p)ld,_ 0,,— 0p—t.mm—
|92 B pldm+n! _ n—1,1 ( P) n—l n—1,l ) n—Il,m—l
7,20 01,n—1 (1=p)Idi = (1 +0)vpv, 5 Orm—1
Om—1,1 Orm—1,n—1 Om—1,1 (1= p)Idm—]
— (1 o p)m+nf2l (1 - p)Idl _’.YREZ
v (L= p)ld = (1+0)7,7, 57
Since (—v,21)((1 — p)Id;) = ((1 — p)Id;)(—7;21), then by [155, Theorem 3|, we have
1—p)ld —YR 2
T — pldgys] = (1 — pymin= | |1 AN T ,
v, (1= p)Idp = (1 +0)v,7,%;
= (1= )™ 2| [(1 = p) (1 = )T — (1 + 0,07, 57) + 77, S|
= <1 - p)m+n_QZ [(1 - )QIdl —(1=p)(1+ Q)VR’VJEIQ + 7R’7JEZEZ] ’
m+n 21

For the eigenvalues p, clearly, except the 1’s, we have for j =1, ...,

[T,

2 - (1 + G)VJ’YR ])p + ( - G,YJ,YRU?)>

l

(2= (1+0)7,700%) £ /(1 +0)272920% — 47,702

Pj

: 2
Since Yy VrO;

2

< WJWRHLHQ < 1, then p; are complex and

|pjl = %\/(2 — (140)7,7,02)" -
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As a result, we also obtain the M2° | which reads

PD’
0
e — Y 1d,, Y*
P X 0 X*
Idmfl
. def iPSJ .. .
Define the matrix Pg = z* ? . For (8.3.10), suppose it is not true. Then there exists a
S
matrix M/ such that
!/ !
M2 =Ps+ M, and PsM _ =0. (8.8.12)

Since dim(T2.) = dim(T%") = p, this means that

rank(Pg) = (n —p) + (m —p) = m+n — 2p.
From (8.3.8) we have also rank(MgS) = m +n — 2p. Since PsM, = 0, then (8.8.12) implies
that rank(M2°) = rank(Pg) + rank(M] ). As a result, we have rank(M] ) = 0, hence M/ =0

which is a contradiction.

If n = m and moreover L = Id,,, then (0j)j—=1,. , corresponds to cosine the principal angles
between the tangent spaces T and TH" [73]. O

Proof of Corollary 8.6.1. Owing to the result of [62], condition (8.6.7) guarantees the convergence
of the algorithm.

(i) the identification result follows naturally from Theorem 8.2.1.

(ii) the result follows Proposition 8.3.2, Corollary 7.4.9 and Theorem 8.3.6. First, for the update of
xy, of (8.6.1), we have

Tpy1 — 2"
= WgHp(zp — %) — v, Wg >, Li(vig — v}) + oz — *| + v, D, [ Lilllvis — vF).
(8.8.13)
Then the update of v; 41, for each i = 1, ..., m, similar to (8.8.7), we get
Vik+1 — Ui*
= (WzHa: — (1+0)y, v, Wi LWgLY) (vig — v7)
| l (8.8.14)

+ (2’}/Ji WfiiWRHF - ’}/Ji WJT*EI) (.Tk - x*)
ok = 2% + 75 22, 1Lilllvik = o7 ) + o(llvik = o7 | + v, | el o — ).

Now consider the small o-terms. For the 2 small o-terms in (8.8.3) and (8.8.6). First, let
ap, ai, ..., a, be m—+ 1 constants, then we have

m m m 2
D iolail = \/(Zi:0|ai|)2 < \/(m+ 1) 2o lail® = Vim+ 1| (o, ... an) |l
Denote b = max{1, ZiaiHLiH, YellLalls - V| Ll }» then
> Ui = vfll + aall Lallllze — 2*11) + (i = 21 + g 22, IZallllvie = oF1)
< 2l — 2| + 22 v — vfll) < 20v/m + 1|25, — 27

Combining this with (8.8.13) and (8.8.14), and ignoring the constants of the small o-term, we

have that the fixed-point iteration (8.6.3) is equivalent to
Zpp1 — 27 = My (2 — 27) + o(||z — 27)).

The rest of the proof follows the proof of Theorem 8.3.6. O
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Chapter 9

Conclusion and Perspectives

This manuscript provides new results on operator splitting methods along three main standpoints:
global convergence rates (Chapter 3); new provably convergent inertial operator splitting schemes
(Chapter 4); and local convergence behaviour of proximal splitting algorithms when solving structure
non-smooth optimization problems (Chapters 6-8).

Our results are not just unifying with an unprecedented level of generality, but also allow to tackle
many problems and algorithms that are not covered by the current literature. Consequently, they
naturally cover existing results as very special cases (e.g. ¢1-norm and FB algorithm), and provide a
theoretical and insightful justification to long-standing phenomena that have been observed in practice
for other problems and algorithms, but were until now open problems. This is in particular true for the
local convergence behaviour that we investigated through the key and insightful notion of partial
smoothness.

All our theoretical results were supported by comprehensive numerical experiments.

Take-away messages: several conclusions and take-away messages can be drawn from this work:

(i) our results reveal that under an appropriate non-degeneracy condition, partial smoothness allows
to transform any globally non-linear proximal splitting method operating on an Euclidean space
into a locally (almost) linearized iteration on a Riemannian manifold. This necessitated key tools
from both non-smooth analysis, convex analysis and Riemannian geometry.

(ii) Our global and local analysis explained the commonly observed phase transition phenomenon
between sub-linear to linear convergence regimes, which was one of the main motivations of
this work. Moreover, the local analysis (based on partial smoothness) revealed the role of the
structure of the manifold in the rate, and allowed to optimize the parameters of the algorithm to
locally accelerate its local linear rate. Even more, identification of the active manifold opened the
door to higher-order acceleration (e.g. Newton or conjugate gradient) in a Riemannian setting.

(iii) In certain circumstances, partial smoothness allows to have finite termination as we showed for
DR in the polyhedral case.

(iv) Our analysis revealed that the supposedly globally faster (in the objective function) FISTA-type
method, is eventually slower than FB. This precisely justifies the use of restarting in practice by
many authors even beyond the strongly convex case.

(v) Under partial smoothness, and once global convergence is ensured for a proximal splitting algo-
rithms, convexity is irrelevant for the local behaviour of the algorithm. The reason underlying
this key conclusion is message (i) above.

Our research program will not stop here, and many open questions are yet to be answered.

Upper bound of finite identification For the finite activity identification, knowing when identifi-
cation happens is of paramount practical interest. Though in Proposition 6.2.3 and 7.3.3, we provided
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two insightful bounds, they still depend on x* which is unknown in practice. We also provide some
practical guidelines in Section 6.2.2, though they are not fully theoretically justified. Therefore, de-
signing theoretically grounded and implementable identification bounds which are independent of x*
is a direction of further research.

Beyond non-degeneracy In our analysis, the non-degeneracy condition (e.g. (ND,,), (ND,.)
and (ND_.)) is a sufficient condition for finite activity identification of proximal splitting methods.
However, in practice local linear convergence still can be observed when this condition fails, which
means that the non-degeneracy can be relaxed.

Beyond restricted injectivity In Chapter 6, a restricted injectivity assumption (RI) is imposed for
the local linear convergence rate analysis of FB-type methods. This allowed to get precise and explicit
rate estimates. In Theorem 6.3.8 we have show that this condition can be removed if the non-smooth
component R is locally polyhedral around the minimizer. In Corollary 8.5.1, we also demonstrated
that this condition can be removed for general partly smooth functions but the linear convergence is
not anymore on ||z — x*|| (see (8.5.2)). Moreover, things will become more complicated when inertia
is involved, since we need to prove that the matrix M, is convergent.

Beyond optimization In Chapter 5-8 we considered only the case of functions and optimization.
In [77], the authors generalized the notion of partial smoothness to set-valued operators. Therefore, it
would be interesting to generalize our results to monotone inclusion problems. The key again is finite
identification.

Finite dimension Another restriction of partial smoothness is that it is defined on finite dimensional
Euclidean space. Extensions to the infinite dimensional setting would be important.

Beyond proximal splitting algorithms It would be also very interesting to extend our results to
analyse the local behaviour of splitting methods based on Bregman distances for solving composite
convex optimization and monotone inclusions problems; see e.g. [135] and references therein. This
would for instance allow to solve problems (P,p¢) without a Lipschitzian assumption on the smooth
part. Extension to other algorithms that are not in the proximal splitting family is another direction
of research.

Partial smoothness versus other assumptions In this manuscript, we related the rates obtained
through partial smoothness (Chapter 6-7) to those with metric sub-regularity (Chapter 3). Recent
results by [31] have established local linear convergence results for the LASSO problem based on
error bounds and the Kurdyka-Fojasiewicz inequality (with exponent 1/2). It would be interesting to
investigate the connections between the rates obtained with these two seemingly different concepts.
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List of Notations

General definitions

R: the set of real numbers
R, : positive real numbers
R: ] — o0, +0oo[U{+00}, the extended real value
E}F: non-negative summable sequence
N: set of non-negative integers
N, : set of positive integers
R™ R™: finite dimensional real Euclidean spaces
‘H,G: real Hilbert spaces
To(H),To(R™): the set of proper convex and lower semi-continuous functions on ‘H and R"
respectively
Id: identity operator on H or R"
Id,,, Id,,: identity operators on R™ and R™ respectively
X, L, L;: linear operators
B,(z*): a ball centered at x* with radius r > 0

Sets related

S: a non-empty (closed) subset of H or R"

ts(-): indicator function
dist(-, S): distance function to a convex set S
os(+): support function
Ns(+): normal cone operator
Ps(+): projection operator onto S
ri(S

: relative boundary of &
: smallest linear subspace of R™ that contains S
: smallest affine subspace that contains S, a.k.a. affine hull of &

)
)
)
)
)
): relative interior of S
)
)
)
)

par(S) = R4 (S — S): the subspace parallel to aff(S)

Functions related

F,G, J, R: functions of I'g(H) or I'x(R™)
dom(J): domain of J
epi(J): epigraph of J
J*: Fenchel conjugate of J
VF: gradient of F
prox, ;: proximity operator of J with v >0
(J ¥ G)(x): infimal convolution of function J and G
VJ(z): Moreau envelope of J parameterised by v > 0
0J: sub-differential of function J
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Ty

def

T, = par(dJ (z ))J'

Monotone operators

A, B,C,D:
AL
gra(A):

: domain of A

maximal monotone operators on H
inverse of A
graph of A

: range of A

: zeros of A

: resolvent of A

: reflection of A

: Yosida approximation of A
: parallel sum of C' and D

Non-expansive operators

Matrices

Manifolds

M:
Tm(z
(M

\_/

PSF,(M):

! non-expansive operator

: the class of a-averaged non-expansive operators
: the class of firmly non-expansive operators

: the set of fixed points of F

: real square matrix in R™*"

: spectral radius of M

: limit of the power limg_, 4 MF
: relaxed matrix

C?-smooth manifold
: tangent space to M at a point z in M

The class of partly smooth functions at x relative to M
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