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The rest of the acknowledgement is restricted to people mentioned only because
I have to, sorted by irrelevance.

I wouldn’t be writing these lines hadn’t I met Lorenzo Puya and Pantelis:
not only am I not accustomed to acknowledge unknown names, but I can’t
imagine how I could have possibly made it till the end of the PhD without the
constant support of their strong mathematics and exceptional code skills. In
full truth, one gets also credit for the British humor and someone else only
gets the math acknowledgments; better known as Felafel (for apparent reasons)
and often accompanied by adjectives to remind people how enlighted he is,
noble-hearted Puya would always nurture the confidence in a prosperous PhD
by welcoming my Belgian mornings with a reassuring “You suck!”, let alone
his altruistic commitment to assist cycling impaired colleagues. But if my PhD
found a purpose at all I owe it to Ilkay, who would constantly remind me how
relieved he was when looking at me, for his problems seemed nothing against
how miserable my life was. And yet it is a mystery how our profound late night
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%.?ﬁ Wﬁ J g W% (Ajay Kumar Sampathirao)

Barely acquainted with the single honorific, the coming of my soon-to-be Leuven
flatmate has been one of the most shocking experiences I recall. Double Kumar
— s0 he demanded people to address him — in parallel to his Bachelor-honored
PhD studies would run important economical transactions in the shade of the
Gandhi Boulevard headquarters of Italian banks. Thankful to those people
around him who would compensate the limits of his non-scissorproof credit card,
he would attribute them the authorship of romantic text messages composed
in inspired Belgian nights. Domagoj would patiently tolerate and rather save
his efforts for sentimental liaisons targeting daughters of wealthy bakers or
automatic laundry owners, although sometimes bursting in rage with “Zitto
Felafel!” echoing in Leuven. And while Vihang prides himself of being the
Kumarest, no human will ever possibly outdilip Manas Mejari. After days of
intense (and tight!) Danish cohabitation with huggable Valentina (true name
omitted for decency concerns), our group introduced and tested in the field
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new efficient paradigms of IEEE-formatted postcards. Although dolphin lover
Marina Andri¢ would strongly disagree — for true art, she believes, is the kind of
postcards she receives instead — this is arguably the biggest joint contribution
achieved on a night train.

During these years I had the fortunate chance to get to know people from all
around the world and from very different backgrounds. I still can’t hold the
tears when I think of all those students that despite their disadvantaged SES
still manage to accomplish a successful and honored PhD. It only consoles me
that the Flemish government is generous enough to support the struggle of KW
(full name omitted to avoid retaliations from the family) against the prearranged
farmwork envisioned by the parents, and that phone companies would know how
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Arguably the sexiest Fff/NFE ILJL (relative to her sense of beauty and elegance),
additionally to having been once the first in China (as she would confess on first
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unanimously elected chair shortly after joining the KU group, a position which
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deny Lynn is the bestest ever, and this opinion has clearly nothing to do with
how convenient her station wagon is when it comes to changing apartment.
And among all these immigrants it is a relief to have a Leuven compatriot in
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break unless properly summoned by knocking on the wall. Admittedly spoilt
by the charitable neighbors who would often help her typing on the keyboard,
at last she convinced her promotor to overlook the capacity of her office and
be assigned a deskmate. And speaking of kind neighbors I can’t refrain from
praising Francis Hilda; cleverly disguised as a sheer Schuurman at first, only after
the arrival of some rich Indian did he gradually disclose his generous instinct of
offering Duvels. Being not a 3-t0-26.5 year old pregnant lady, whether or not
the cunning-humored wealthy Prince of Punjabi is worth such favors is not for
me to debate. Arguably not a proper guy and definitely not Isc, we however all
agree that he cooks well. The distinct contrast with humble stableman Mathijs
hurts our sensitive eyes; tumbled between industry and academy, he is a blatant
example of the distinct separation between theory and practice, for no truly
risk averse car owner would ever lend his vehicle for Swedish housing purposes.
And then there are Yinxue (who made us totally forget about her predecessor
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King Hua, so we are told his or her name sounded like), Arun and Marcin, who
however haven’t had enough time to compromise themselves in the STADIUS
history (yet). And congratulations Michael for the arrival of Raphaél!

At the center of the universe to make it spin — thus right in the middle of the
section are They mentioned — life itself wouldn’t be if not for the allmighty
Presijdent of all that is presijdentiable Parijsi, sided by Their vice cattle obste-
trician and First Gentleman Lars the Great. By far the most generous emperor
ever existed, Daniele would leave to his Schrijnmakersstraat subject(s) the plea-
sures of impersonating buckets puring on the ground, and would make sure they
received the so longed celebrations on birthday and other scomode occasions.
Never shall They run out of Grana Padano thanks to Hello Kaity Valentijna,
and no credit shall Martijn be praised with for pronouncing Gasthuisberg so
long as she lives. Among other faithful servants, Giulia and her risotto would
make the authour gain 2.5Kg in one night under the psychological supervision
of food disease expert Giorgia, tonari no Agnese (known to some as Panny)
would know how best to entertain guests with weapons cleverly disguised as
cooking tools, Alessandra (Petty) by sitting in her ladily positions would of-
fer innovative solutions to the cold Belgian weather to those in front of her,
and at the same time from the basement to the rooftops people could track
the movements of Mario (Brambi) by following the echo of his mild tones and
imperceptible Milan accent.

The turning point of my PhD can arguably be identified with the ad-
vent of Masoud. Proud of his outstanding islamic impact factor (that I
always craved for) and after leveraging on asymmetric divergences to
establish himself in the research group, Aghaye Ghaderi with clever com-
munication skills introduced me to the world of the Rakhbari, filling me
and my academic production with spiritual meaning. But it was the ar-
rival of Khanome Ghaderi the event that brought a definite change and
was most appreciated by all STADIUS members, for at last in the Boss era
we all know exactly how long an after lunch break should last, differently from
the open-ended propositions of neutral-accented Bottegal, always starting with
a “Coffeeeec?” and followed by ritual bullism against the weakest (-minded)
of his herd. I feel much obliged to acknowledge Bottegal for acknowledging
me first, for my (modestly speaking) fluency in Veneto dialects and mastery
of sheep breeding are now worldwide established in the scientific community
of Researchgate. Known to the most as Prosciuttoressa (better not to investi-
gate on the embarassing origin of the name), true friend Federica from the false
friend Vedelago would never find the courage to press charges against the abu-
sive partner who imposes on others his arguable passion for chugging sparkling
vinegar. And for how cute her twin Cipo is, I will never hide my preference
for the cuter Ciottoli. The image of sheep herds brings my memories back to
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Bertrand and our Championnat de la Bergerie, his praises to the only person
worth being complimented not as stupid as he looks and our rescue missions in
the department ducts 5 meters from the ground.

Admittedly with a pretentious nuance, I can’t hide how honored I am to have
assisted the lectures of Prof. Borgioli, who thanks to his scientific merits climbed
through all academic degrees in few days. I can also proudly declare having
shaked hands with flagship of Julia community and worldwide streamed Ph.D.
Antonello.

A special thank to Anita and Davide, his homonyms Boschezza and D’Arenzo,
Rita, Emi, Olympia, Vasilis, Rafa and Yeshim, grandpa Carollo and the other
soft-worded leaf enumerator Valerio, Yahia, Laura Janyy and Dem, Manuela,
Chiara and many others for the best memories in IMT.

I am also very thankful to the Lund group, including Prof. Chakraborrty
of course, and more locally Mattias, Richard, Gautham and Chris, and the
amazingly interesting seminars of Martinka on defects of semiconductors. And
how can’t I mention my beloved Ukranian wife? For instance by deliberately
choosing to acknowledge my Jordan husband Sara instead, whom I could never
thank enough for bravely shielding me from the threats of other men. And how
is it possible to summarize in few words a magnificent specimen such as Vig,
the only living being allergic to Vietnamese eggs (how lucky Van Tien was
conceived the western way!), or the adventures with Guillerme and his favorite
car rental companies?

In fact, I can’t possibly cover all the people that deserve an acknowledgment,
and each of them in full fairness should be dedicated an entire thesis. Let me
simply say that if there is any one here tonight whom I have not offended, 1
apologize!
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Abstract

Due to their simplicity and versatility, splitting algorithms are often the methods
of choice for many optimization problems arising in engineering. “Splitting’
complex problems into simpler subtasks, their complexity scales well with
problem size, making them particularly suitable for large-scale applications
where other popular methods such as IP or SQP cannot be employed.

i

There are, however, two major downsides: 1) there is no satisfactory theory
in support of their employment for nonconvex problems, and 2) their efficacy
is severely affected by ill conditioning. Many attempts have been made to
overcome these issues, but only incomplete or case-specific theories have been
established, and some enhancements have been proposed which however either
fail to preserve the simplicity of the original algorithms, or can only offer local
convergence guarantees.

This thesis aims at overcoming these downsides. First, we provide novel tight
convergence results for the popular DRS and ADMM schemes for nonconvex
problems, through an elegant unified framework reminiscent of Lyapunov stabil-
ity theory. “Proximal envelopes”, whose analysis is here extended to nonconvex
problems, prove to be the suitable Lyapunov functions. Furthermore, based on
these results we develop enhancements of splitting algorithms, the first that 1)
preserve complexity and convergence properties, 2) are suitable for nonconvex
problems, and 3) achieve asymptotic superlinear rates.

Xix
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Chapter 1

Introduction

Operator splitting techniques (also known as proximal algorithms), introduced in
the 50’s for solving PDEs and optimal control problems, have been successfully
used to reduce complex problems into a series of simpler subproblems. The most
well-known operator splitting methods are the alternating direction method of
multipliers (ADMM), forward-backward splitting (FBS) also known as proximal
gradient method in composite convex minimization, Douglas-Rachford splitting
(DRS) and the alternating minimization method (AMM) [91]. Operator splitting
techniques offer several advantages over traditional optimization methods such
as sequential quadratic programming and interior point methods: (1) they can
easily handle nonsmooth terms and abstract linear operators, (2) each iteration
requires only simple arithmetic operations, (3) the algorithms scale gracefully as
the dimension of the problem increases, and (4) they naturally lead to parallel
and distributed implementation. Therefore, operator splitting methods cope well
with limited amount of hardware resources making them particularly attractive
for (embedded) control [111], signal processing [32], and distributed optimization
[17, 60].

The key idea behind these techniques when applied to convex optimization is to
reformulate the optimality conditions of the problem at hand into a problem of
finding a fixed point of a nonexpansive operator and then apply relaxed fixed-
point iterations. Although sometimes a fast convergence rate can be observed,
the norm of the fixed-point residual decreases, at best, with Q-linear rate, and
due to an inherent sensitivity to ill conditioning oftentimes the Q-factor is
close to one. Moreover, all operator splitting methods are basically “open loop”,
since the tuning parameters, such as stepsizes and preconditioning, must be set
before their execution. In fact, such methods are very sensitive to the choice of
parameters. All these are serious obstacles when it comes to using such types
of algorithms when speed and efficiency are imperative, as it is the case of
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real-time applications on embedded hardware.

As an attempt to solve the issue, people have considered the employment of
variable metrics to reshape the geometry of the problem and enhance convergence
rates [34]. However, unless such metrics have a very specific structure, even
for simple problems the cost of operating in the new geometry outweights the
benefits. Another interesting approach that is gaining more and more popularity
tries to exploit possible sparsity patterns by means of chordal decomposition
techniques [127]. These methods can improve scalability and reduce memory
usage, but unless the problem comes with an inherent sparse structure they
yield no tangible benefit.

Alternatively, the task of searching fixed points of an operator T' can be trans-
lated into that of finding zeros of the corresponding residual R = id — T'. Many
methods with fast asymptotic convergence rates such as Newton-type exist that
can be employed for efficiently solving nonlinear equations, see, e.g., [44, §7]
and [61]. However, such methods converge only when close enough to the solu-
tion, and in order to globalize the convergence there comes the need of a merit
function to perform a line search along candidate directions of descent. The
typical choice of the square residual ||Rz||? unfortunately is of no use, as in
meaningful applications R is nonsmooth. On top of this, even when a suitable
merit function is found one still needs to deal with the frequent pathology of
linesearch methods in nonsmooth optimization that inhibits the achievement of
fast convergence rates, well known for SQP-type algorithms and referred to as
the Maratos effect [80], see also [61, §6.2].

The already tough challenge of overcoming these issues becomes exceptionally
complicated if one further drops the assumption of convezity. Indeed, although
originally designed and analyzed for convex problems, many splitting algorithms
have been observed to perform well when applied to certain classes of structured
nonconvex optimization problems. However, yet two more major issues have to
be taken into account. First, the elegant link with monotone operator theory
onto which the convergence of many splitting algorithms is based no longer
holds. Secondly, many regularity properties are lost in the transition, to an
extent that well-behaved Lipschitz-continuous mappings give way to operators
that are defined only in a set-valued sense.

Proximal envelopes proved to be a valuable tool for addressing these issues.
First introduced in [92, 93], these functions generalize the well-known Moreau
envelope together with its connections with the proximal point algorithm to
other splitting schemes. Some splitting algorithms were shown to be equivalent to
gradient methods on the corresponding envelopes, leading to the reformulation
of nonsmooth and constrained problems as the unconstrained minimization of
smooth functions whence classical Newton-type methods can be employed. This
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promising approach finds however two main limitations. First, it can only be
applied to problems where functions are either smooth or convex. Secondly, it
does not fully respect the simplicity of the original splitting algorithms, as it
requires additional operations such as Hessian evaluations.

1.1 Contributions and structure the thesis

Inspired by such achievements, yet aware of their limitations, this thesis proposes
new envelope-based algorithms that (i) are suitable for fully nonconvex problems,
(ii) share operation and iteration complexity with plain splitting algorithms,
and (iii) achieve fast asymptotic rates of convergence (under local assumptions)
without suffering pathological behaviors such as the Maratos effect. Envelope
functions are also shown to be valuable tools for extending the convergence
analysis of classical splitting algorithms to the nonconvex setting. In fact, the
in-depth analysis of different splitting schemes in a setting as general as possible
led to the discovery of many common patterns.

& These are discussed in Chapter 2, where a new framework for the analysis
of nonconvex splitting algorithms is introduced. The common denominator is
identified in the presence of a “proximal” majorization-minimization component
in every step, that is to say, an operation involving the minimization of an
(at least quadratic) upper bound of the original problem. Classical proximal
algorithms, possibly up to a change of variable, are thus reinterpreted in this
context.

& In Chapter 3, an envelope function is defined for each algorithm in the
proposed framework, and its regularity properties and basic inequalities are
discussed in full generality. Based on these findings, a convergence theory for
proximal algorithms is developed.

# Building on the investigated convergence framework, Chapter 4 proposes
a new envelope-based globalization strategy that allows to customize splitting
algorithms with arbitrary update directions. Without any further assumption,
the scheme is shown to accept unit stepsize when the selected directions are
superlinear (in the sense of [44, §7.5]), proving its robustness against pathologies
such as the Maratos effect. The employment of quasi-Newton directions is also
investigated, and a Broyden scheme is shown to yield superlinear convergence
under some assumptions at the limit point.
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Although the leading ideas have been sketched in an oral exposition,' the
material of the three chapters summarized above has been exclusively developed
in the writing of the thesis. The three chapters outlined next are instead based
on published or submitted papers, although suitably amended so as to conform
with the proposed general framework for the sake of a more uniform and compact
exposition.

& Chapter 5 deals with the forward-backward splitting algorithm (FBS).
Thanks to the general convergence analysis developed in the previous chapters,
once FBS is shown to fit in the investigated framework, inclusive of a possible
relazation parameter A its convergence is directly inferred. To the best of
our knowledge, this is the first result that extends the convergence of FBS for
nonconvex problems with A # 1. Quasi-Newton enhancements are also presented,
and the efficacy of the methodology is then verified with numerical simulations.

Based on:

A. Themelis, L. Stella and P. Patrinos. Forward-backward envelope for the
sum of two nonconver functions: further properties and nonmonotone linesearch
algorithms, SIAM Journal on Optimization 2018 28(3):2274-2303, 2018.
https://epubs.siam.org/doi/10.1137/16M1080240

L. Stella, A. Themelis, P. Sopasakis and P. Patrinos, “A simple and efficient
algorithm for nonlinear model predictive control,” 2017 IEEE 56th Annual
Conference on Decision and Control (CDC), Melbourne, VIC, 2017, pp. 1939
1944. http://ieeexplore.ieee.org/document/8263933/

A. Sathya, P. Sopasakis, R. Van Parys, A. Themelis, G. Pipeleers and P.
Patrinos, “Embedded nonlinear model predictive control for obstacle avoidance
using PANOC,”

2018 European Control Conference (ECC), Limassol, 2018 (to appear)

& Chapter 6 deals with the Douglas-Rachford splitting algorithm (DRS).
Although some convergence results could directly be derived with the same
quick arguments employed for FBS, thanks to a more sophisticated analysis we
identified the tightest possible range of parameters enabling convergence. The
optimality of the findings is assessed by means of suitable counterexamples. A
quasi-Newton DRS algorithm is then presented; this was already discussed in
the first submission of the preprint [119], but has been removed from the last
version due to space limitations.

Based on:

A. Themelis and P. Patrinos. Douglas-Rachford splitting and ADMM for non-
convex optimization: tight convergence results

LA. Themelis, Prozimal envelopes. ECC 2018 Workshop on “Advances in Distributed
and Large-Scale Optimization,” Limassol (Cyprus), Jun. 12-15, 2018. http://www.ecc18.eu/
index.php/workshop-6/


https://epubs.siam.org/doi/10.1137/16M1080240
http://ieeexplore.ieee.org/document/8263933/
http://www.ecc18.eu/index.php/workshop-6/
http://www.ecc18.eu/index.php/workshop-6/
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(under 2nd review round in the SIAM Journal of Optimization since November 2018)
https://arxiv.org/abs/1709.05747

& Chapter 7 deals with the ADMM algorithm. Expanding on a primal equiv-
alence of the algorithms, the tight convergence results derived in the previous
chapter are translated into tight results for ADMM. Also for ADMM the em-
ployment of quasi-Newton directions is considered, and the induced speed-up
confirmed with numerical simulations.

Based on:

A. Themelis and P. Patrinos. Douglas-Rachford splitting and ADMM for non-
convex optimization: tight convergence results

(under 2nd review round in the STAM Journal of Optimization since November 2018)
https://arxiv.org/abs/1709.05747

& Although not directly related to envelope functions, the framework investi-
gated in Chapter 8 reflects the pursuit of certified fast methods that preserve
operation and iteration complexity as plain splitting algorithms. This is indeed
the role of the SuperMann scheme, an algorithmic framework that applies to any
splitting algorithm, although only limited to the convex case. The name owes to
an intended pun involving the superlinear rates it achieves and the fact that
it generalizes Mann-type iterations. As it was the case of the envelope-based
algorithms, a Broyden method is shown to yield the desired superlinear rates
of convergence under assumptions at the limit point; surprisingly, however, no
isolatedness of the solution is required, but merely metric subregularity.

Based on:

A. Themelis and P. Patrinos. SuperMann: a superlinearly convergent algorithm
for finding fixed points of nonexpansive operators

(under 2nd review round in the IEEE Transactions on Automatic Control journal since
March 2018)

https://arxiv.org/abs/1609.06955

P. Sopasakis, A. Themelis, J. Suykens and P. Patrinos,

“A primal-dual line search method and applications in image processing,”

2017 25th European Signal Processing Conference (EUSIPCO), Kos, 2017, pp.
1065-1069.

http://ieeexplore.ieee.org/document/8081371/


https://arxiv.org/abs/1709.05747
https://arxiv.org/abs/1709.05747
https://arxiv.org/abs/1609.06955
http://ieeexplore.ieee.org/document/8081371/

6 INTRODUCTION

1.2 Preliminary material

Our notation is standard and follows that of optimization and analysis books
[10, 20, 57, 102, 106]. For the sake of clarity we now properly specify the adopted
conventions, and briefly recap known definitions and facts. The interested reader
is referred to the above-mentioned monographs for the details.

The set of natural numbers is denoted by N, and we adopt the convention
that 0 € N. The sets of integer and real numbers are denoted by Z and R,
respectively. The set of extended-real numbers is denoted by R := R U {oo}.
Unless differently specified, we adopt the convention that 1/o = co.

Given a,b € R we indicate with (a,b) == {z € R |a <z < b} and [a,b] =
{x e RU{—o0} | a <z <b}, respectively, the open and closed (possibly
extended-real) intervals having a and b as endpoints. Intervals (a, b] and [a, b)
are defined accordingly. Occasionally, (a,b) may also indicate a pair or a vector
in R2, however the context will always be explicit enough to avoid confusion.
The set of positive real numbers is indicated as R, := [0, 00), and that of strictly
positive real numbers as R, 4 := (0, 00).

The positive and negative parts of » € R are defined as [r]; := max{0,r}
and [r]— = max {0, —r}, respectively. Notice that [r]; and [r]_ are positive
numbers such that r = [r]4 — [r]_.

The sum of two sets A, B C R™ is meant in the Minkowski sense, namely
A+ B={a+b|ac A, be B}, the difference is defined accordingly. In case
A = {a} is a singleton, we will write a + B as shorthand for {a} + B, and
similarly if B is a singleton.

The CLOSURE and INTERIOR of E C R™ are denoted as cl E and int E, respec-
tively. The BOUNDARY of E is bdry £ := cl E\ int E. With B(x;r) and B(z;r)
we indicate, respectively, the open and closed balls centered at x with radius r.

1.2.1 Matrices and vectors

The n x n identity matrix is denoted as I,,, and the R™ vector with all elements
equal to 1 as 1,; whenever n is clear from context we simply write I and 1,
respectively. We use the Kronecker symbol ¢; ; for the (7, j)-th entry of I. Given
v € R", with diagv we indicate the n x n diagonal matrix whose i-th diagonal
entry is v;.

The range and nullspace (or kernel) of a matrix A € R™*™ are denoted by

range A .= {Az |z € R"} and ker A := {v € R" | Av = 0}, respectively. The
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rank of A is denoted by rank A, and its transpose by A'.

With Sym(R"), Sym, (R"), and Sym_  (R"), we denote respectively the set
of symmetric, symmetric positive semidefinite, and symmetric positive definite
matrices in R™*".

The minimum and maximum eigenvalues of H € Sym(R™) are denoted as
Amin(H) and Amax(H), respectively. For Q, R € Sym(R"™) we write Q@ = R
to indicate that @ — R € Sym_ (R"), and similarly @ > R indicates that
Q — R € Sym_  (R"). Any matrix Q € Sym_(R") induces the semi-norm
|- llg on R™, where ||lz[|?, == (z,Qx); in case @ =1, that is, for the Euclidean
norm, we omit the subscript and simply write || - ||. No ambiguity occurs in
adopting the same notation for the induced matrix norm, namely ||M]| =
max {||Mz| | z € R", ||z| =1} for M € R™*™. For p € [1, o0], the {7 norm on
R™ is denoted by || - ||, where

. n /p
|2lloo = max {|z;| [i=1...n}, and |all, = (S0, |=l?)",

for p € [1,00). The definition extends to p € (0,1) as well, although in this
case || - ||, is not subadditive and thus is only a quasi-norm. The ¢° quasi-norm,
namely

|z|lo == number of nonzero entries of z,

additionally fails to be homogeneous.

1.2.2 Sequences

The notation (a*) rci Tepresents a sequence indexed by elements of the set K,
and given a set E we write (a) werx C E to indicate that a* € E for all indices
k € K. We say that (a¥), o, C R™ is SUMMABLE if Y, _, |la®|| is finite, and
SQUARE-SUMMABLE if (||a®||?),cx is summable. As a shorthand notation we
may write (z¥), oy € ¢! and (z¥), oy € €* to indicate that (z¥), oy is summable
and square summable, respectively.

We say that the sequence converges to a point a € R"

e (Q-LINEARLY if there exists p € [0,1) such that ||a**! — a|| < p[la® — a||
for all k’s;

e R-LINEARLY if there exists a sequence (), cy @-linearly convergent to 0
such that ||a* — a| < ey;

e SUPERLINEARLY if either a* = a for some k € N, or lla"*!

as k — oo.

—all/|a*—al| = 0
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We will often adopt the big-O and small-o notation: given a sequence (%) ren C
R and (ex),en € Ry, we write 2% € O(ey) and 2* € o(g;) to indicate that

k k
limsup 271 <oo and lim Ll =

0
k—oo”  Ef k—oo €} 7

respectively.

1.2.3 Extended-real-valued functions

Given a function h : R® — R, its EPIGRAPH is the set

epih = {(z,a) e R" xR | h(z) < a},
while its DOMAIN is
domh = {z € R" | h(x) < oo},
and for o € R its a-LEVEL SET is
levey h={z e R" | h(z) < a}.

Function h is said to be LOWER SEMICONTINUOUS (LSC) if epih is a closed set
in R"*1 (h is also said to be CLOSED); equivalently, h is lsc iff for all € R™ it
holds that
h(z) < liminf h(x).
T—T

All level sets of an lsc function are closed. We say that h is PROPER if dom h # 0,
and that it is LEVEL BOUNDED if for all o € R the level set levSa h is a bounded
subset of R™.

The INDICATOR FUNCTION of a set S C R™ is the function dg : R” — R defined

as
0 ifzels,

ds(2) = {oo otherwise.

If S is nonempty and closed, then g is proper and Isc.

h:R™ — R is said to be STRICTLY CONTINUOUS at & € dom h if

h —h
limsup 7” (z) W)l < 00
R S PR
TFY

Having h strictly continuous at every point of a set D C dom h is equivalent to
h being locally Lipschitz continuous on D [106, §9].



PRELIMINARY MATERIAL 9

1.2.4 Self-mappings

In this subsection we analyze single-valued mappings from R"™ to itself. Given
@ >0, a function G : R® — R” is said to be y-COCOERCIVE if

(Gz) = Gy),z —y) > p|Glz) - G(y)|? Vz,y € R™, (L.1)
and p-STRONGLY MONOTONE if
(G(a) = Gy),z —y) = pllz —yl? Va,y € R (1.2)

We say that G is MONOTONE if (either of) the inequalities above hold with p = 0.
Notice that the IDENTITY mapping id : R” — R™ is an example of cocoercive and
strongly monotone mapping, and that, more generally, u-cocoercivity implies
1~ 1-Lipschitz continuity.

Lemma 1.1. Any L-Lipschitz continuous and p-strongly monotone mapping
G :R™ — R" is a Lipschitz homeomorphism; that is, other than being Lipschitz
continuous, it is also invertible and its inverse is Lipschitz continuous as well
(with modulus p=1).

Proof. By upper bounding the inner product of (1.2) with the Cauchy-Schwartz
inequality we obtain

plle = ylI* <z - ylllG(z) = G Yo,y € R™.

In particular, G is injective, and if it has an inverse that must be g~ !-Lipschitz
continuous. Moreover, since ¥ (z) = G(z) — pz is monotone and continuous,
[106, Ex. 12.7 and Thm. 12.12] ensures that G(z) = ¢ (z) + px is also surjective,
hence the claim. O

1.2.5 Set-valued mappings

We use the notation H : R™ = R™ to indicate a point-to-set function H : R® —
P(R™), where P(R™) is the power set of R™ (the set of all subsets of R™). The
GRAPH of H is the set

gph H := {(z,y) € R" xR™ |y € H(z)},
while its DOMAIN is
domh = {z € R" | H(z) # 0}.

We say that H is OUTER SEMICONTINUOUS (0scC) at & € dom H if for any
€ > 0 there exists § > 0 such that H(z) C H(Z) + B(0;¢) for all € B(0;9).
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In particular, this implies that whenever (2*) wen © dom H converges to z and
(y")ken converges to y with y* € H(z") for all k, it holds that y € H(z). We
say that H is osc (without mention of a point) if H is osc at every point of its
domain or, equivalently, if gph H is a closed subset of R™ x R™.

For notational simplicity, in case H(x) is a singleton we may sometimes treat it
as a point rather than a set, allowing notational abuses such as H(x) = y as
opposed to H(z) = {y}.

The PROJECTION onto a nonempty and closed set S C R"™ will be meant in the set-
valued sense; namely, IIg : R™ = R™ is defined by IIg(z) = argmin,cgs ||z — z||.
With dist(z, S) := inf,cgn ||z — z|| we indicate the DISTANCE of z from S.

Given F : R™ = R™, we say that a point = is FIXED (for F') if z € F(x), while
x is a ZERO (of F') if 0 € F(x). The FIXED SET (%.e., the set of fixed points) and
the ZERO SET (i.e., the set of zeros) of F' are respectively denoted by

fix F={xeR" |z € F(x)},
and
zer F:={x e R" |0 € F(x)}.

1.2.6 Subdifferential

Given a proper and lsc function h : R® — R, we denote by Oh : R™ = R™ the
REGULAR SUBDIFFERENTIAL of h, where

vedh(z) < liminf &) =MD = (v,2=3)
g B

> 0. (1.3)

The (limiting) SUBDIFFERENTIAL of h is Oh : R™ = R"™, where v € Oh(Z) iff
there exists a sequence (z*,v%), .y C gph dh such that

lim ($ka h(xk)a vk) = (@, h(z),v).

k— o0

The set of HORIZON SUBGRADIENTS of h at x is 0°°h, defined as dh(x) except
that v* — v is meant in the “cosmic” sense, namely \,v* — v for some A \, 0.

Finally, the BOULIGAND SUBDIFFERENTIAL of h at x is dgh : R™ = R™, where
v € Oph(Z) iff there exists a sequence (z*), .y — @ such that & is differentiable
at oF for all k’s and Vh(z*) — v as k — oo.

Lemma 1.2 ([106, Thm. 10.1]). Let h : R*® — R be proper and lsc. If T is a
local minimizer for h, then 0 € Oh(Z).
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Lemma 1.3 (Basic subdifferential rules). Let g, h : R™ — R be proper and lsc
functions. For all T € R™ the following hold:

(i) For anyt >0 one has d(th)(Z) = tdh(Z) and d(th)(z) = tOh(Z).
(ii) h is strictly continuous at T iff & € dom h and 0°°h(z) = {0}.
(iii) If h is strictly continuous at Z, then d(g + h)(Z) C dg(z) + Oh(Z).

(iv) If h is strictly continuous at & and Oh(Z) has at most one element, then
h is strictly differentiable at T.

(v) If h is differentiable at &, then Oh(z) = {Vh(Z)}.
(vi) If h is continuously differentiable around , then
o Oh(z) = Oh(T) = {Vh(Z)},
e J(g+ h)(z) =0g9(x) + Vh(Z), and
e J(g+h)(z) = dg(Z) + Vh(Z).

Proof.

& 1.3(i). See [106, Eq. (10.6)].

& 1.3(ii). See [106, Thm. 9.13].

& 1.3(iii). See [106, Ex. 10.10].

& 1.3(iv). See [106, Thm. 9.18].

& 1.3(v) & 1.3(vi). See [106, Ex. 8.8]. O

1.2.7 (Hypo)convexity

A convex combination of two points z,y € R™ is any point (1 — t)z + ty with
t €10,1]. A set D C R"™ is convex if whenever z,y € D also any of their convex
combinations belongs to D. The CONVEX HULL of a set £ C R", denoted as
conv E, is the smallest convex set that contains F (the intersection of convex
sets is still convex). Specifically,

conv E := {Zle azi | keEN, z; € E, a; >0, Zle o = 1}.

A function h : R® — R is convex if epi f is a convex set; equivalently, h is convex
if for any z,y € R™ and ¢ € [0, 1] it holds that h((1—t)x+ty) < (1—t)h(z)+th(y).
In particular, the domain of a convex function is a convex set.
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Given o € R, we say that a function h : R" — R is 0-HYPOCONVEX if h — & - ||
is a convex function. Thus, convexity is equivalent to 0-hypoconvexity; if o > 0,
then not only is h convex, but it is said to be strongly convex with modulus
o > 0 (or o-strongly convex). Any strongly convex function is level bounded
and has a unique minimizer.

Lemma 1.4. Let a function h : R® = R and o € R be fized. The following are
equivalent:

(a) h is o-hypoconver.
(b) h(y) = h(z) + (va,y — x) + Sllz — y||? for all z,y € R™ and v, € Oh(x).
(c) (vy—vy,x—y) > ollz—yl|? for all z,y € R", v, € Oh(x) and v, € Oh(y).

Proof. These are well-known facts when ¢ = 0, that is, for convex functions,
see e.g., [10, Thm. 20.25]. The other claims readily follow by applying the
equivalence to the convex function ¢(z) = h(z) — %||z[/?, in light of the fact
that Oy (x) = Oh(z) — ox, as it follows from Lem. 1.3 (vi). O

1.2.8 Smoothness

The class of functions h : R™ — R that are k times continuously differentiable is
denoted as C*(R™); the subset of those with locally Lispchitz k-th derivative is
denoted as C*(R™). We write h € C1'1(R") to indicate that h € C*(R") and
that Vh is (globally) Lipschitz continuous with modulus L. To simplify the
terminology, we will say that such an A is Lj;-SMOOTH.

Definition 1.5. We say that R: R™ — R" is

(i) STRICTLY DIFFERENTIABLE at T if the Jacobian matriz JR(Z) =

(gfjf (J_;))” exists and

p IRy = Re — JR@)(y — 2)]
vie o=l

y;é?

=0; (1.4)

(i) SEMIDIFFERENTIABLE at T if there exists a continuous and positively
homogeneous function DR(Z) : R® — R™,? called the SEMIDERIVATIVE of
R at x, such that

Rz = Rz + DR(z)[z — ] + o(||lx — Z||);
2That is, such that R(tx) = tR(z) for all z € R™ and t > 0.
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(i) CALMLY SEMIDIFFERENTIABLE at T if there exists a neighborhood Uz of
Z in which R is semidifferentiable and such that for all w € R™ with
|w|| =1 the function Uz > x — DR(x)[w] is Lipschitz continuous at T.

Due to an ambiguity in the literature, strict differentiability is sometimes re-
ferred to as strong differentiability [59, 90]. We choose to stick the proposed
terminology, following [106]. Semidifferentiability is clearly a milder property
than differentiability in that the mapping DR(Z) needs not be linear. More
precisely, as long as R is strictly continuous, then semidifferentiability is equiva-
lent to directional differentiability [44, Prop. 3.1.3] and the semiderivative is
sometimes called B-derivative [59, 44]. The three concepts in Definition 1.5 are
related as (4i) = (i) = (%) [90, Thm. 2] and neither requires the existence
of the (classical) Jacobian around Z. Recall that a function h : R” — R is DI-
RECTIONALLY DIFFERENTIABLE at x € dom h if for every d € R™ the (possibly
infinite) limit

h'(z;d) == lim Mz +7d) = h(z)

T—0t T

exists. The quantity h'(z;d) is the DIRECTIONAL DERIVATIVE of h at x along
direction d. The following result provides characterization of smoothness under
convexity.

Theorem 1.6. Let ¢ € C*(R™) be a convex function. The following are equiv-
alent:

(a) 1 is Ly-smooth.
(b) V(@) = Vi (y)II* < (Vo (z) = Vi (y),z —y) for all z,y € R™.

(¢) 0 <(Vip(z) = Vi (y),x —y) < Lyllz —y||* for all z,y € R™.

(d) ¥(y) = (@) + (Vib(x),y — 2) + 57 [ Vib(y) = Vib(2)|]? for all z,y € R™.

Proof. See [84, Thm. 2.1.5]. O

Lemma 1.7. Let h € CY(R") and o € R be fived. The following are equivalent:

(a) h is o-hypoconvez.
(b) h(y) = h(z) + (Vh(z),y — ) + §llz — y||* for all z,y € R™.
(c) (Vh(z) — Vh(y),y — 2} > ollz — yl]? for all z,y € R,

Proof. Direct consequence of Lem. 1.4, in light of the fact that 0h = Vh, cf.
Lem. 1.3(vi). O
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Hypoconvexity of smooth functions

If h € CHL(R™) is Ly-smooth, then so is —h, and from Lemma 1.7 we then infer
that h is (—Lp)-hypoconvex. In fact, while hypoconvexity of h amounts to the
existence of a quadratic lower bound for h at any point, similarly, smoothness
entails the existence of a quadratic upper bound. In general, however, a smooth
function could be o-hypoconvex for some o not necessarily equal to, but at least
larger or equal than —Ly. Of course, the upper bound in (1.5) forces o < Ly.
This leads to the following result.

Theorem 1.8. Any function h € CH1(R™) is op,-hypoconvez for some o}, €
[=Lp, Ly). In fact, for any h € C*(R™) the following properties are equivalent:

(a) h is Ly-smooth and oy -hypoconver.

(b) op > —Ly, and for all x,y € R™

Gl = yl* < h(y) = [h(2) + (Vh(z),y — 2)] < Brlly — 2] (1.5)

(¢) op > —Lp, and for all x,y € R™

(L + on){Vh(z) = Vh(y),x —y) > onLn|lz — yl* + [|Vh(z) — VA(y)]]*.
(d) on > —Ly, and for all x,y € R™
anllz = ylI* < (Vh(z) - Vh(y),z —y) < Lullz —yl*.  (L1.6)

Clearly, all the claims remain valid if oy, is replaced by any o € [—Lp, 04]; in
particular, one can always consider oy, = —Ly.3

Proof. That h is (—Lp)-hypoconvex has already been discussed.

& 1.8(a) = 1.8(b). Follows from Lem. 1.7 and [21, Prop. A.24].

& 1.8(b) = 1.8(c). The claim is trivial if 0}, = Ly, for this corresponds to having
h = £:|| - ||2. Otherwise, the lower bound in (1.5) implies oj,-hypoconvexity
of h, as it follows from Lem. 1.7. The upper bound, instead, ensures that the
function ¢ (z) = Z:||z||?> — h(z) satisfies

Y(y) > v(x) + (V(z),y — z) Va,y € R™.

3If ¢j, > —Lyj, and Ly, > 0 are not imposed, then the smoothness modulus Lj, in Thm.
1.8(a) has to be replaced by max {|Lp|, |op|}-
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Therefore, v is convex, as it follows from Lem. 1.7(b). We have
0 <(Vip(z) = Vi(y),z — y)
= Lullz — y||* = (Vh(z) = Vh(y),z — y) (L.7)
< (Lp —an)llz — I,

where the first inequality follows from Thm. 1.6(¢). From Thm. 1.6 we then
conclude that v is (convex and) Ly-smooth, with Ly, = Lj, — oy, hence that we
may replace 0 in the first term of the chain of inequalities with ﬁ”Vlﬂ(m) -

Vo(y)||?. Inequality (1.7) then becomes

L ([Vib(a) — VoW)I? < Lallz — yll? — (VA(z) — Vh(y),z — y).
Multiplying by the strictly positive constant Ly — o, yields
Li(Ln = on)llz = yl|* = (Ln — on)(Vh(z) = Vh(y),z — y)
> ||V () = Vo ()]*
= Lyllz — yl* + | Vh(z) = VA(y)II* — 2Ln(Vh(z) — VA(y), z — ).

By suitably rearranging, the sought inequality follows.

& 1.8(c) = 1.8(d). Expressing the inequality in terms of ¢ :== h — || - ||?, we
have

IV (x) — V()| + o7l — ylI* + 200 (Vi (2) — Vi (y), = — y)
< (Ln + on)(Vo(z) = VO (), @ — y) + (Ln + on)onllz — y||*> — onlnllz — y|?

= (Ln + on) (VY (2) = Vo (y),x — y) + oj ||z — %,

hence
(L = an){(Vio(z) = Vip(y), 2 — y) > [|Vip(x) — Ve (y)]|*.

This shows that Vi is Lhiah -cocoercive, hence that v is convex and (Lj, — op,)-

smooth in light of Thm. 1.6(b). We then have

anllz =yl < onlle —yl* + (Vi (@) = Vi (y), @ —y) < Lnflz -yl

where the inequalities is due to Thm. 1.6(c). The claim then follows from the
fact that oz — y||> + (Vi (z) — Vi (y), 2 — y) = (Vh(z) — Vh(y),z — y).

& 1.8(d) = 1.8(a). op-hypoconvexity follows from Lem. 1.7. The upper bound
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in (1.6) implies that the function ¥(z) = Z:||z[|2 — h(z) is convex. We may
now trace the proof of the implication ‘1.8(b) = 1.8(¢)’ to infer that ¢ is
(Lp, — op)-smooth, hence that h is Lp-smooth. O

Lemma 1.9 (Subdifferential characterization of smoothness). Let h: R — R
be such that Oh(xz) # O for all x € R™, and suppose that there exist L > 0 and
o € [-L, L] such that

ollzy — zo||? < (v1 — v, 1 — m2) < L2y — 22|)? (1.8)
holds for all x; € R™, v; € Oh(x;), i = 1,2. Then, h € CY1(R") is L-smooth

and o-hypoconver.

Proof. The claimed hypoconvexity follows from [106, Ex. 12.28]. It suffices to
show that h is continuously differentiable, so that 0h = Vh and the claim then
follows from Thm. 1.8(d). To this end, without loss of generality we may assume
that o > 0, since h is continuously differentiable iff so is & — || - ||*. Thus, for
all x; € R™ v; € Oh(x;), i = 1,2, one has

h(x1) > h(x2) + (v, 21 — 22)
= h(x2) + (v2 — v1, 21 — 22) + (V1,21 — T2)
> h(x2) — Lllzy — 22| + (v1, 21 — 32),

where the first inequality follows from convexity of h (it is 0-hypoconvex by
assumption). Rearranging,

h(xza) < h(z1) + (v, 29 — 1) + L||21 — ar:2||2 Vz; € R", vy € Oh(xy), i=1,2.

Let h == h — (v1, - ), so that 0 € dh(z;). Due to convexity, z; € argmin h,
hence for all w € R™ and v} € Oh(z1) one has

h(z1) < h(w) < h(z1) + (0], w — 1) + L|w — 21]* — (v, w)
= h(zy) + (V) — v, w—21) + L|jw — 1]

By selecting w = x1 — ﬁ(v’l —wv1), one obtains ||v; —v1]|? < 0, hence necessarily
v1 = v]. From the arbitrarity of 1 € R™ and vy,v] € dh(x;) it follows that
Oh is everywhere single valued, and the sought continuous differentiability of h
then follows from [106, Cor. 9.19]. O
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Theorem 1.10 (Lower bounds for smooth functions). Let h € CY(R™) be
Ly -smooth and oy -hypoconvexr. Then, for all x,y € R™ it holds that

h(y) > h(z) + (Vh(z),y — =) + p(y, T),
where
(i) ply,x) = %[ly — =|*.

If =L, < op <0, then one also has
(i6) p(y, ) = 5 ly — o> + 5t [ VR(y) — VA() 2.

Clearly, all inequalities remain valid if one replaces oy, and Ly with o and L,
respectively, as long as L > Ly and —L < o < gy,.

Proof.

& 1.10(7). Already shown in Thm. 1.8(b).

& 1.10(ii). Function ¢ := h—%||-||* is Ly-smooth and convex, with Ly, = L,—o.

By expressing the inequality in Thm. 1.6(d) with respect to h, one obtains
h(y) = h(z) + (Vh(z),y — o) + g7ets

2
on) y —

+ MHVh(y) — Vh(z)||* - T 2—(Vh(y) — Vh(z),y — x).

Since o5, < 0, then the coefficient of the scalar product in the second line is
positive, and we can further lower bound it by means of the inequality in Thm.
1.8(¢); the claimed inequality follows after easy algebraic manipulations. O

We remark that in Theorem 1.10(7) one could also use the same reasoning to
obtain bounds in the strongly convex case, e.g., by exploiting the inequality in
[84, Thm. 2.1.10], namely

(Vh(y) = Vh(z),y — 2) < ;-[Vh(y) = Vh(z)|*

and holding for any pp-strongly convex and smooth function h. However, one
can easily verify that this choice results in a bound looser than the ones already
provided in Theorems 1.10(7) and 1.6 (d), which is why only the nonstrongly
convex case was investigated.
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1.2.9 Proximal map and Moreau envelope

Definition 1.11 (Proximal mapping). The PROXIMAL MAPPING of h : R® — R
with parameter v > 0 is the set-valued map prox., : R™ = dom h defined as

prox, (¢) == argmin {h(w) g flw — a:HQ}. (1.9)

We say that a function h is PROX-BOUNDED if h + %H - ||? is lower bounded for
some 7 > 0. The supremum of all such v — which is possibly infinite, as it is the
case when h is lower bounded or convex — is the threshold of prox-boundedness
of h, denoted as ;. The value function of the minimization problem defining
the proximal mapping is the MOREAU ENVELOPE with parameter v, denoted
hY : R™ — R, namely

WY (2) = wigﬂ{ﬂ{h(w)—k%”w—xﬂz}. (1.10)

Some basic properties of prox., and h7 are collected in the following result.

Proposition 1.12. Let h : R® — R be proper, Isc and proz-bounded. Then, for
every v € (0,7yp) the following hold:

(i) Prox., is osc, locally bounded, and nonempty- and compact-valued.
(ii) hY : R — R is real valued and strictly continuous.

(iii) For all x € R™, OhY(x) = {Vh(x)} if kY is differentiable at x, and is
empty otherwise.

(iv) O (z) = dph?(x) C %(x — prox,,,(z)) for all x € R™.

(v) B is differentiable at x iff prox.,(z) = {Z} is a singleton, in which case
VhY(x) = L(z — &) and, in fact, bV is strictly differentiable at x.

Ty

(vi) L(x — ) € In(Z) for all z € R" and & € prox. ().
Proof.

& 1.12(i). See [106, Thm. 1.25].

& 1.12(ii). See [106, Thm. 10.32].

& 1.12(%ii). Follows from [106, Cor. 9.21 and Thm. 10.32].

& 1.12(iv). Follows from 1.12(%ii) and the definition of Bouligand subdifferential.
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& 1.12(v). k7 is differentiable at z iff so is —h”, in which case
{~=Vh(z)} = 0(=h"(z)) = — 5 (2 — conv prox,, (z)),

where the equalities follow from [106, Thm. 9.18 and Ex. 10.32]; the same
references ensure also that A" is in fact strictly differentiable at x in this case.

The equations above holds iff prox., is a singleton, and the claimed formula
for VA7 (z) then also follows.

& 1.12(vi). Since T minimizes (w) = h(w) + %Hw — x||?, the necessary
optimality conditions (cf. Lem. 1.2) read 0 € 9y (Z) = Oh(T) + %(:Z’ — z), where
the equality follows from Lem. 1.3(vi). O

Lemma 1.13. Let h : R" — R be vy, -proz-bounded. Then, for every o € R
the function h == h+ %| - ||? is proaz-bounded with threshold ~;, > ﬁ

h ag|—
Moreover, for all v € (O, min {~;,, 1/[0],})

prox_; (z) = Prox o _ ,L(—lex)

and

7 e S o
hY(z) = hTv7e (1—‘,—1’)101') * 309 I

Proof. For v > 0 and z,w € R™, we have
h(w) + 5 lw — 2| = h(w) + §llwl® + 55 [lw — z|?

— h(w) + 1 (o + L)l = L(w,z) + L]

_ 1 1 2 2
- h(U)) + 21+W,YU H’LU - 1+'ya'$H + 2(1170’) ||3?H :
If v is in bounded as in the statement, then the coefficient of the quadratic term
in w is strictly positive and strictly larger than ﬁ By taking the minimizers
and minimum with respect to w we obtain the claimed expressions of prox._j

and h". O

Regularity properties

Theorem 1.14 (Proximal properties of hypoconvex functions). Suppose that
h: R™ — R is o-hypoconvex. Then, h is proz-bounded with vy, > 1/(o]_. Moreover,
for all v € (0,Y/[0]-) the following hold:
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(i) prox.,, is single valued and satisfies prox._;, = (id +y0h)~'; that is, for
any x € R", prox, ,,(z) is the only point u € R™ such that x € u+~y0h(u).

i) prox., is ——-Lipschitz continuous and (1 4+ yo)-cocoercive, and for
p vh 1+~0 Y
z; € R™ with u; = prox,,(z;), i = 1,2, one has

(14 ~v0)||ug — uz|)* < (uy — ug, 1 — x2) < 1 — 2o|/?.  (1.11)

_1
— l4~o

(iii) The Moreau envelope hY is differentiable with Vh (x) = %(m—proxvh(ac));

in fact, it is Lp~-smooth and op~-hypoconver, with Ly~ = max {%, %}
g
14+~o*

and opy =

(i) If h is twice differentiable at u = prox._, (), then

e prox., is differentiable at x with J prox.,(z) = [I+~V?h(u)] ' and
o hY is twice differentiable at x with V2h (x) = %[I - Jproxwh(:r)}.

Proof. If ¢ > 0 then h is convex and thus prox-bounded with threshold v, =
00 = /[o]_. Otherwise, for any r > —o = —[o]_ we have that

h(z) + §llz)* = h(z) = §llal® + =2 ||z
e — | |

convex >0

is strongly convex, hence lower bounded. By considering v = 1/» it readily
follows that ~p, > 1/[0]_.

Let now v € (0,1/[s]-) be fixed.

& 1.14(i). Fix € R" and consider the function 1 (w) = 1|w — z||? + vh(w).
Observe that ¢ is (1 + yo)-strongly convex (with 1 4+ o > 0); by definition of

prox., we have

u € prox.,(r) & u€argminy <& 0€ O (u) = vOh(u) +u — z,
where the second implication follows from Lem. 1.2 and the last one from Lem.s
1.3(7) and 1.3 (vi).

& 1.14(i). Let x1, 22 € R" be fixed, and consider u; := prox.,(z;), i = 1,2. If
u1 = uy there is nothing to show, thus let us suppose that u; % ug. Then, due
to 1.14(7), v; = %(acl —u;) € Oh(u;), i = 1,2. We have

lur —ua||[|wr — 22l > (U1 — ug, 21 — 2)
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= Jlur — ual” + y{v1 — v, us — ug)
> (14 70)|Jur — ual|?,

where the last inequality follows from Lem. 1.4 (¢). This shows the first inequality
in (1.11), as well as the claimed Lipschitz continuity by simply dividing by
|lur — uz]. In turn, the second inequality in (1.11) follows by using Lipschitz
continuity on the term |lu; — us.

& 1.14(ii). From Prop. 1.12 it follows that h” is a strictly continuous function on
R"™ with OhY (z) C {(z=w)/5}, where u := prox,,(z). By invoking Lem. 1.3 (iv) we
conclude that h” is everywhere differentiable with VA7 (z) = %(m — prox.,(z)).
Let z1,z2 € R" be fixed, and consider u; := prox.,(;), i = 1,2. Then,

<Vh7(xl) - Vh’y(fﬂg),fﬂl - I2> = %Hxl — IQ”Z - %(ul —U2,T1 — $2>

(1.11) ,
> ﬁ”xl *252” 5

proving the claimed hypoconvexity, as it follows from Lem. 1.7. From (1.11) it

also follows that the scalar product in the first line of the inequality above is

positive, hence

(VA (z1) — VR (z2), 21 — m2) < %Hxl — 252
From Thm. 1.8 we infer that VA" is Lipschitz continuous with modulus Ly, =

1l
v’ 1+no

max { } as claimed.

& 1.14(iv). Since VhY = %(id — prox, ), it suffices to prove the claim for A7.
For convex h, the assert is shown in [67, Thm. 3.1]. If & is o-hypoconvex with
0 <0, then h = f—Z||-||? is convex and satisfies

[ o
h’Y(x) = hTHe (1+1'y0'w) + 2(14+~0) ||.’L'||27

see Lem. 1.13. By using the chain rule of differentiation and rearranging with
simple algebra the claimed expression follows. O

Theorem 1.15 (Proximal properties of smooth functions). Suppose that h €
CYY(R™) is Ly,-smooth and op,-hypoconvez. Then, additionally to all the claims
of Thm. 1.14, for all v € (0,Y/[on]-) the following also hold:

(i) The point u = prox.,(s) is the only one such that u +yVh(u) = s.
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(ii) prox.,, is ﬁ—stmngly monotone: for x; € R™ with u; = prox.,(x;),
i =1,2, one has

1

m”xl - .732”2 < <U1 —U2,T1 — 33‘2>. (112)

e v oz B . _ Lh IUh,l
(iii) The Moreau envelope hY is Ly~-smooth with Ly~ = max { T T }

Proof. 1.15(i) directly follows from Thm. 1.14(7), since 0h = Vh. Now, let z;, u;,
1 = 1,2, as in the statement be fixed.

& 1.15(ii). Define 1 (z) := vh(x) + 3|z||* and observe that t is Ly-smooth and
oy-strongly convex, with Ly, = 14+~Lj and oy = 140y It follows from Thm.
1.14(7) that z; = Vip(u,), i = 1,2. Cocoercivity of Vip, see Thm. 1.6(b), then
implies

(uy — ug,x1 — x2) = (U1 — ug, Vip(u1) — Vip(ug))

oy Vi (u) — Vi (u2) 1%,

1 2
= o le — 22,
hence the claimed strong monotonicity.

& 1.15(%ii). From Thm. 1.14 (i) we have that VA (z;) = %(1:Z — u;), hence

2=z — @2]|* < (VA7 (21) — VA" (22), 21 — @2)

= %Hﬁl — a® - %<U1 — U2, T1 — T2)

=1 (1- g o =l = il — P,

where the first inequality follows from hypoconvexity of h7, see Thm. 1.14 (4ii),
and the second one from the proven strong monotonicity of prox. . O

1.2.10 Image function

The notion of image function, also known as infimal post-composition or epi-
composition [8, 10, 106] will play an important role in Chapter 7.
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Definition 1.16 (Image function). Given h : R® — R and a linear operator
C € R™*™  the IMAGE FUNCTION (Ch) : R™ — [—o0, +00] is defined as

(Ch)(s) = u}?ug {h(w) | Cw = s}.

Proposition 1.17. Let h: R® — R be proper and lsc, and C € RP*™. Suppose
that for some 3 > 0 the set-valued mapping Xg : RP = R", defined by

X5(s) = argéRnnin{h(x)+g||Cx—sH2}, (1.13)
is nonempty for all s € RP. Then,

(i) The image function (Ch) is proper.
(ii) (Ch)(Cxg) = h(xg) for all s € RP and xg € Xj5(s).
(iii) PrOX(cny/s 2 CXpg.

Proof.

A 1.17(i). If 5 ¢ Cdom h, then (Ch)(5) = co. Otherwise, suppose § = CT for
some T € dom h. Then,

—oo < min {h(e) + §Cx s’} < _inf {h(a) + §Cx 5} L (Ch)(5).

which is upper bounded by the finite quantity h(Z).

& 1.17(ii). Since C(zg +v) = Cap iff v € ker C, for all s € R? and zg € Xg(s)
necessarily h(zg) < h(zg + v). Consequently,

(Ch)(Cap) < h(wg) < Inf h(rg+v)=  inf = h(x) = (CH)(Crp).

& 1.17(ii). Fix § € RP, and let 23 € Xg(5). Then, from 1.17(ii) and the
optimality of xg we have

(Ch)(Cag) + §Cy — 317 = h(xg) + S Cxs — 517 < ha) + 1 Cx — 3]

for all x € R™. In particular, this holds for all s € RP and « such that Cx = s,
hence

(Ch)(Cirg)+ 5 Cap—5)2 < inf {h(w) + 51 — 5P} = (Ch)(s)+5 551

proving Cxg € ProXcny,(5)- O
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Proposition 1.18. For an Isc function h : R — R and C € RPX", let
X :RP = R"™ be defined as

X(s) = argG%}Lin {h(z) | Cx = s}. (1.14)
Then, for all s € Cdomh and T € X(3) it holds that

C"O(Ch)(5) C On(zT).

Proof. Let © € 9(Ch)(CZ). Then,

h(z) — h(z) — (CTv,x — T)

lim inf -
e lo—al
it M8 = (CD(CD) — (0,0~ 3)
i |z — ||
- tim it (CH(C2) — (CW)(CT) ~ (8,00 — )
p [l — ||
 Jimint (CD(C2) — (CD(C3) — (5,C(a = 0) [Ca )]
i IC— o ERE]
>0,
where in the last inequality we used the fact that o € (Ch)(CE). O

Proposition 1.19 (Strong convexity of the image function). Suppose that
h :R™ — R is proper, lsc, and op-strongly convex. Then, for every C € RP*™
the image function (Ch) is o(cp)-strongly convex with ocpy = on/||C|I.

Proof. Plain convexity of (Ch) is shown in [10, Prop. 12.36(ii)]. Since h is
strongly convex, for every s € C'domh = dom(Ch) there exists a unique
s € R™ such that Czs = s and (Ch)(s) = h(xs). Let vy € 9(Ch)(s). Then, it
follows from Prop. 1.18 that CTvs € Oh(x;), hence, for all s’ € dom(Ch)

h(xs') > h(l‘s) + <CT,US7$S' - 33‘5) + %Hl‘s' - stQ

> h(l’s) + <U57s/ - s> + mfﬁ”sl - 8”2’
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where in the second inequality the identities Czy = s’ and Cxs = s were used.
Since h(zs) = (Ch)(s) and h(zy) = (Ch)(s’), from the arbitrarity of s, ', and
vg, the claimed strong convexity follows. O

In order to proceed to the next result, we first need to introduce the following
important notion for parametric minimization.

Definition 1.20 (Locally uniform level boundedness [106, Def. 1.16]). We say
that a function M : R™ x R™ — R with values M (w, ) is LEVEL BOUNDED IN
w LOCALLY UNIFORMLY IN z if for all « € R and x € R" there exists € > 0
such that the set

{(w,2) e R™" x R" | M(w,z) < a, ||z —Z| < e}

is bounded.

Theorem 1.21. Let h: R™ — R be Isc and C € RP*™. Suppose that for some
B > 0 the function h + gHC' — s||? is level bounded for all s € RP. Then, the
following hold:

(i) (Ch) is proper and lsc.

(ii) For all s € Cdomh the set of minimizers X (s) as in (1.14) is nonempty;
moreover, X is locally bounded, and it is osc with respect to (Ch)-attentive
convergence: for all s € Cdomh

limsup X (sx) C X(3)
k—o0

whenever (s*,(Ch)(s*)) — (5, (Ch)(5)) as k — oc.
(iii) For all s € Cdomh and & € X(3) one has

cloch)(s) < | on@).

FEX(3)

Proof. The level boundedness condition ensures that H(z, s) = h(z)+d 0} (Cr—
s) is level bounded in z, locally uniformly in s, cf. Def. 1.20. The first two claims
then follow from [106, Thm. 1.32].

Let o € O(Ch)(5) be fixed. Then, there exits a sequence (s*,v%), .y C gph on
such that (s*,(Ch)(s¥),v¥) — (5, (Ch)(5),v) as k — occ. For each k € N let
z* € X(s*); then, (2%),¢y is bounded and all its accumulation points belong
to X (5); thus, up to possibly extracting, z*¥ — z for some = € X(5) as k — oo.
Then, 1.18
C"o = lim C™* e limsup dn(z*) C on(z),

k—o0
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where the last inclusion follows from the definition of 0h and the fact that
h(z") = (Ch)(s*) — (Ch)(5) = h().
The claimed inclusion then follows from the arbitrarity of v € 9(Ch)(5). O

Lemma 1.22. Let h: R" — R be conver and C € RPX"™ be surjective. Then,
(Ch) is convex, and as long as the set of minimizers X (5) is nonempty (see
(1.14)), it holds that

A(Ch)(5) = {y | ATy € On(z)},

where T is any element of X (8). In particular, if h is differentiable at some
point in X (5), then (Ch) is differentiable at 5.

Proof. See [57, Thm. D.4.5.1 and Cor. D.4.5.2]. O



Chapter 2

A general framework for the analysis of
nonconvex splitting algorithms

2.1 Analysis of fixed-point iterations
A Lyapunov stability approach

One of the most appealing properties of splitting algorithms is their twofold
simplicity. First, in most applications their main building blocks amount to
relatively cheap algebraic operations; secondly, they are inherently modular, as
the same operations are repeated in a recursive fashion through a time-invariant
black box. As a result, a splitting algorithm can be efficiently implemented with
few lines of code. There is also an important theoretical advantage enabled by
such a recursive nature, as the analysis of different algorithms, to a certain extent,
can be reduced to that of the common underlying framework of fized-point
iterations.

As a prelude to the thesis, in this section we bring the investigated algorithms
down to the essential, in the attempt to detect the minimal requirements needed
for the development of a sensible theory. To this end, we start by considering
fixed-point iterations of the form

sPe R, SMTle F(sh), k=0,1,... (FP)

where the set-valued fixed-point mapping F complies with the following require-
ment.

Assumption 2.I. F : R™ = R” is osc and nonempty valued (i.e., with full
domain).

27
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In the next sections we will then specialize this framework to cases in which
the fixed-point mapping has a particular structure, yet is still general enough
to cover a vast range of splitting algorithms for nonconvex optimization. We
begin with an asymptotic analysis of (FP).

Proposition 2.1. Suppose that the sequence (s*), o generated by (FP) satisfies
|s¥ — sk — 0 as k — oo. Then, all its accumulation points are fived points

of F.

Proof. For an arbitrary accumulation point s, consider a strictly increasing
sequence (k;) oy C N such that s* — 5 as j — oc. Since [|s*+! — 5% — 0,
the shifted sequence (s¥i+1) jen also converges to s. Thus,

5= lim s"*! ¢ limsup F(s*) C F(5),

j—o0 Jj—o0
where the last inclusion is due to outer semicontinuity of F. O

Having the fixed-point residual s* — s**! vanishing is a necessary requirement

for ensuring that all accumulation points are fixed. To see this, consider the
mapping
{-1} ifs>0,
F(s)=4{0,£1} if s=0, (2.1)
{1} otherwise,

defined on R. It can be easily verified that F is osc and that 0 is the unique fixed
point. However, starting from sy # 0, the fixed-point iteration sequence will
be s* = sgn(sg)(—1)*, hence with 1 as accumulation points, none of which
belongs to fix F.

Having ||s* —s*T1|| — 0 as k — oo plays a fundamental role from an algorithmic
perspective; for instance, termination criteria based on (the norm of) the fixed-
point residual can be imposed, which will be satisfied in a finite number of
iterations. However, Proposition 2.1 only investigates the consequences of having
the residual vanishing, but it gives no hint as to how such condition can be
guaranteed. As the example (2.1) demonstrates, Assumption 2.1 alone is not
enough for this purpose, and the challenge then turns to providing sufficient
properties broad enough to cover the widest possible range of fixed-point
iterations. As it will be better detailed in Chapter 8, one such condition involves
Lipschitzian properties of F, such as contractiveness or averagedness, which turn
out to be general enough to cover algorithms stemming from monotone operator
theory. A key property of such iterations is the so-called Fejér monotonicity,
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which entails the existence of a constant ¢ > 0 such that
dist(F(s), fix F)* < dist(s, fix F)* — £[|s — F(s)[|>.! (2.2)

From a dynamical system perspective, the square distance (from the fixed set)
acts as a “potential function” that stabilizes the dynamical system s**1 = F(s*).
Due to the lower boundedness of the distance function, one can telescope the
inequality above for the fixed-point iterations s**! = F(s*) to infer that
(]ls* — s*%1]|2), e is summable, hence in particular that [|s* — s**1|| — 0 as
k — oo.

Although such a requirement is still too restrictive to encompass the set-valued
operators of nonconvex splitting algorithms, the dynamical system interpretation
of (2.2) is surely inspirational. Indeed, as long as it is only the vanishing of the
fixed-point residual that is concerned, it really makes no difference whether it is
the square distance rather than an arbitrary lower bounded function to act as a
potential. This is the key point of our analysis, which indeed boils down to the
existence of a potential function that behaves the same way the square distance
does for Fejér-monotonic sequences (with the due modifications to account for
the possible set-valued nature of F). This leads to the following definition.

Definition 2.2 (Lyapunov function). We say that L : R™ — R is a LYAPUNOV
FUNCTION for (FP) if it satisfies the following properties:
P1 LOWER BOUNDEDNESS: inf £ > —oo.

P2 SUFFICIENT DECREASE: there exists a “SUFFICIENT DECREASE CONSTANT”
c > 0 such that

L(sT) < L(s) — Slls — sT|?> forall s € R™ and s* € F(s).

We now proceed to formalize the intuition that any Lyapunov function as in
Definition 2.2 is a suitable replacement for the square distance in (2.2). The
following result will be useful to this end.

Lemma 2.3. Suppose that (s*),cyy C R™ is bounded and satisfies ||s* —s*T1|| —
0 as k — oco. Then, the set of accumulation points w of (sk)kGN is monempty
and compact, and such that dist(s*,w) — 0 as k — oc.

Proof. This is shown in [25, Rem. 5] (the claim therein is slightly misstated, as
the needed boundedness requirement is not explicitly mentioned). O

1Fejér monotonicity is, in fact, a stronger property which will be introduced in Definition
8.2. This inequality is more akin to the linear monotonicity described in [76], although linearity
is not required here.
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Theorem 2.4 (Subsequential convergence). Suppose that a fized-point mapping
F as in Assumption 2.1 admits a Lyapunov function L. Then, the following
hold for the fized-point iterations (FP):

(i) The fized-point residual (||s* — s*T1||) oy is square-summable; in particu-
lar, min;<y ||s? — s € O(1/Vk).

(ii) Every accumulation point of (s*), oy satisfies s € fix F.

(iti) If (s*)pen is bounded (as it is the case when L is level bounded), then the
set of accumulation points w is nonempty, compact and connected, and
dist(s*,w) = 0 as k — oo.

Proof.

& 2.4(i). The sufficient decrease property of £ ensures the existence of a constant
¢ > 0 such that

L(s"1) < £(s*) - %Hsk —s" 12 VkeN.

Since L is real valued, for any K > 1 we may telescope the inequality for
k=1,2,..., K to arrive to

K 2 & 2
D lsF =P < p > (£(s%) - £(sFt)) = ;(5(51) — L(s"T)
k=1 k=1
2
< E(ﬂ(s ) —inf £).

Since L is lower bounded, the partial sums Zszl |s* — s¥*1)|2 are upper
bounded by a same finite constant for all K > 1. By letting K — oo, square
summability follows. As to the claimed O(1/v%) rate, notice that, for all K € N|

%S K K
— ko k12 5 ko k12 5 ; J_ 12
00> 8=y 5" =P > Y lst - MY _erngl}glls sl
k=0 k=0 k=0
> (K + 1) min ||/ — 712,
J<K
where in the last inequality we used the decreasing behavior of the sequence

(minj<y, ||s7 — s71?), cn- Thus, minj<g ||s7 — s < \/S/k+1 for all K € N.

& 2.4(ii) & 2.4(iii). Since ||s* — s¥*1|| — 0, the first assert follows from Prop.
2.1, and the second from Lem. 2.3. U
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We conclude the section with a remark on some properties relating fixed-point
mappings and their Lyapunov functions.

Lemma 2.5. Suppose that the fired-point mapping F as in Assumption 2.1
admits a Lyapunov function L. Then,

(i) F(s) is compact for all s € R™.
(ii) L(s) —inf £ > §||s — 5| for all s € R™ and 5 € F(s).

In particular,
(iii) F(sx) = {s«} for all s, € argmin L (hence argmin £ C fix F).

Proof. The set F(s) must be bounded for all s € R™, for otherwise either the
lower boundedness 2.2.P1 or the sufficient decrease property 2.2.p2 would be
violated. That F(s) is closed holds regardless of whether F admits a Lyapunov
function or not, owing to the fact that any sequence contained in F(s) has, by
definition of osc, all accumulation points in F(s). Moreover, for any s € F(s)

we have
L(s)—inf £ > L(s) — L(5) > £||s — 5]]%,

where the second inequality follows from the sufficient decrease property. The
last claim follows straightforwardly. O

We terminate here the abstract fixed-point framework and begin to specialize
the study to the solution of nonconvex optimization problems. The rest of the
chapter is dedicated to establishing the class of investigated fixed-point mappings.
In Chapter 3 we will then analyze their convergence by introducing proximal
envelopes, which will prove to be particularly suitable Lyapunov functions.

2.2 Fixed-point iterations in optimization
The challenges of nonconvexity

We now begin to specialize the fixed-point framework (FP) for solving optimiza-
tion problems
minimize ¢(x P
nimize (), )
where ¢ : R" — R is a proper, Isc, extended-real valued function with nonempty
set of minimizers. Unless differently specified, these minimal requirements on
the cost function ¢ will be assumed in the sequel.
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There are two main issues that need be addressed. First, the mapping F must
be consistent with the investigated problem, as the limit points of its fixed-
point iterations must somehow be related to the solutions of (P). This, in turn,
raises the issue of properly defining what a “solution” is, for “solving” (P) may
acquire a meaning broader than that of finding minimizers of ¢. This second
point arises because of the possible nonconvex nature of ¢. Under convexity,
instead, first-order optimality is necessary and sufficient for global optimality,
and indeed splitting algorithms address the equivalent problem of finding first-
order optimal points; the sought (global) minimizers are then obtained, up to
possibly operating a change of variable (as it is the case of the Douglas-Rachford
splitting where a proximal mapping relates fixed points of the operator with
solutions to the optimization problem). Although this is not the case in the
more general framework investigated here, once again we shall gain some insight
from the convex realm.

In the previous section we characterized the limit point(s) of fixed-point itera-
tions of F as those belonging to fix F. The idea is then to seek fixed points of
F, all of which, up to possibly operating a change of variable, shall satisfy some
necessary condition for optimality for (P). This leads to the following criterion
of compatibility between the fixed-point mapping F and problem (P).

Definition 2.6 (Compatibility). We say that a fized-point mapping F : R™ =
R™ 4s COMPATIBLE with problem (P) if the following properties are satisfied:

P1 F complies with Assumption 2.1.

P2 There exists an Lg-Lipschitz continuous and pa-strongly monotone function
G :R™ — R" such that

argmin ¢ C G(fix F) C zer de.

The strong monotonicity of G implies, in particular, that G is invertible with
,ual—Lipschitz inverse. As expectable, the lack of convexity may result in the
need of additional assumptions on the problem, and these will happen to ensure
this apparently overly restrictive property.

The majorization-minimization (MM) principle will be the core of our approach.
As the name suggests, an MM step amounts to the minimization of a surrogate
function that is pointwise greater than the real objective ¢. Our algorithmic
framework will consist of “generalized” MM schemes, in which “pure” MM steps
may be composed with the transformation mapping G appearing in Definition
2.6. The rest of the chapter is devoted to developing the needed theory. We
begin with the analysis of “pure” MM schemes, and later complete the picture
by including the claimed generalization.
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2.3 Proximal majorization-minimization
PMM schemes

As the name suggests, majorization-minimization algorithms address the mini-
mization of a function ¢ by iteratively minimizing a larger surrogate function,
or model. The approach is convenient whenever the minimization of the model
is easier than that of the original function ¢. A classical definition of majorizing
model can be formulated as follows [64].

Definition 2.7 (Majorizing model). The function M : R" x R®™ — R is a
MAJORIZING MODEL for the proper, lsc, and lower bounded function ¢ if

P1 M(x;x) = p(x) for all z € R", and
P2 M(w;x) > ¢o(w) for all x,w € R™.

The collection of all majorizing models for ¢ is denoted by ﬁw

Given a model M, a majorization minimization (MM) step at x consists of
selecting z+ € argmin,, M(w;x); due to the tangency condition 2.7.P1, one
can easily infer that any such =T satisfies p(z7) < (). Let us consider two
(de)motivating examples.

Example 2.8 (Maximal model). Let

Mo(w;z) = {‘P(x) if w=u,

00 otherwise.

Then, M is a majorizing model for ¢, in fact it is the pointwise largest such
function. However, this model is quite useless for the sake of minimizing ¢, for
one MM step at any point z € R™ necessarily yields 7 = z if x € dom ¢, and
no o™ even exists otherwise. O

Example 2.9 (Minimal model). Let
M(w;z) = p(w).

This time, M is the pointwise smallest majorizing model for ¢. Once again this
model turns out to be of no help in the minimization of ¢, being one MM step
as hard as directly minimizing ¢. In fact, argmin,, M(w;z) = argmin ¢ for
any ¢ € R”. O

These two examples are a clear indication that for the sake of a sensible theory
some additional requirements on the employed models are in order. The survey
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[116] offers a nice overview on MM algorithms where these aspects are discussed.
A common requirement is directional differentiability of both the cost function
and the model together with a compatibility requirement on the directional
derivatives [15, 108]. Alternatively, [78] requires the model to differ from the cost
function by a smooth term. The additional assumptions are usually imposed both
to relax classical MM iterations, for instance with randomized or distributed
variants or by using approximate majorizing models, and to ensure that limit
points x, of MM iterations satisfy directional stationarity, namely the inequality
@' (x4;d) > 0 for all d € R™, which is implied by the stationarity condition
0 € dp(xy).

The MM framework proposed in this thesis is based on the notion of proximal
majorizing models, defined in the next subsection, and makes no regularity
assumptions on the problem or the model, other than mere lower semicontinuity.

2.3.1 Proximal majorizing models

In accordance with the quadratic majorization in Definition 1.11 of proximal
mapping, we will restrict the analysis to “proximal” majorizing models, defined
as follows.

Definition 2.10 (Proximal majorizing model). The function M(w;x) : R"™ x
R™ — R is a PROXIMAL MAJORIZING MODEL for ¢ if
Po M is lsc,
P1 M(x;x) = p(x) for all z € R™, and
P2 there exist m1,mo > 0 such that
p(w) + BHlw — z]|* < M(w; ) < p(w) + 5 |w — ||

for all x,w € R™.
The collection of all prozimal majorizing models for ¢ is denoted by M.,.
To streamline the notation, we may omit the ‘majorizing’ part and refer to

elements of M, simply as PROXIMAL MODELS.

Definition 2.11 (Continuity of proximal models). We say that a proximal
model M is continuous if the sections x — M(w;x) are continuous for all
w € R™.
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An MM step relative to a proximal majorizing model M will be referred to as a
PROXIMAL MM (PMM) sTEP. The set-valued mapping that associates a point
z to all its proximal MM steps through M will be called PMM MAPPING, and
denoted as 7M. Namely, 7™ : R” = R is defined as

TM(z) = argmin M(w; z). (2.3)

Example 2.12 (Proximal point). For v > 0, let
M (w32) = p() + 2w —

Clearly, MZ? is a proximal majorizing model, specifically with m; = ma = 1/y
as parameters in property 2.10.P2. The associated PMM mapping is 7T V=

prox.,, the proximal mapping of ¢ with parameter 7. U

In the next subsection we list some of the advantages that the properties of
proximal majorizing models pose over the classical Definition 2.7.

2.3.2 Properties

Theorem 2.13 (Regularity of the PMM mapping). For any prozimal majoriz-
ing model M € M, the PMM mapping TM is osc, nonempty- and compact-
valued. In particular, T™ satisfies Assumption 2.1.

Proof. Due to the lower bound in 2.10.r2, we have
M(w;) > p(w) + B w — 2]]? > inf o+ B w — o]

Since ¢ is proper and lower bounded, it holds that inf ¢ € R and therefore M
is level bounded in w locally uniformly in z, cf. Def. 1.20. Moreover, for any
z € dom ¢ (such z exists due to properness of ¢) we have

inf M(w;z) < M(z0) < ol2) + 522 = ol < o,

hence the parametric infimum with respect to w is everywhere finite. The
claimed properties of 7™ then follow from [106, Thm. 1.17]. O

Lemma 2.14 (Basic inequality). Let M € M, and x € R™ be fized. Then,
M(z;2) < @(x)  for all z € TM(x),

and equality holds iff = € fix TM.



36— A GENERAL FRAMEWORK FOR THE ANALYSIS OF NONCONVEX SPLITTING ALGORITHMS

Proof. For any z € TM(x) we have

2.10.p1
p(@) = M(w;a) = inf M(w;z)Z'M(@:2).

Thus, equality holds iff M(z;z) = inf,ecgn M(w;z), which is equivalent to

having & € argmingeg» M(w; z) = T7M(z). O

We conclude the subsection with a useful inequality that relates the norm of
the subgradients after one MM step with the fixed-point residual.

Lemma 2.15 (An error-bound-like inequality). Let M be a proxzimal model
for @, and suppose that the difference é(w) = M(w;x) — p(w) is differentiable
with Ls-Lipschitz gradient. Then,

dist(0,p(2)) < Ls||z — || for all z € R™ and & € T™(x).

Proof. Due to property 2.10.pP2, it holds that
rlw — 2* < 6(w) < 7w - 2|,

and in particular Vé(x) = 0. Combined with the Ls-Lipschitz continuity of V§,
we obtain ||Vé(z)|| < Ls||z — z||. Since  minimizes w — M (w;z), we have

0 € DpM(Z; ) = Dp(Z) + V(Z),

hence —V4(z) € dy(z). Thus, dist(0,dp(z)) < || — V8(@)|| < Lsl|lz — z||. O

The requirements for § in Lemma 2.15 are actually restrictive, but they suffice to
our purposes. Indeed, if ¢ is strictly continuous, then the inclusion (as opposed
to equality) 0 € M (T; ) C Hp() 4+ () still holds (cf. Lem. 1.3(iii)), and
we then infer that —v € 390(:5) for some v € 3‘5(57) In order to ensure a bound
of the form ||v|| < L||x — Z||, it then suffices to require the following calmness
condition: there exists L > 0 such that

max |v|| < Ljjw —z| for all w € R".
vEHF(w)

Thus, we infer from [106, Thm. 9.13(a)-(f)] that a sufficient condition for Lemma
2.15 to hold is having  locally Lipschitz-continuous with modulus growing at
most linearly with respect to ||w — x| (which is indeed the case when ¢ is
Lipschitz-differentiable).
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The inequality in Lemma 2.15 is closely related to the error bound condition
under which linear convergence of some proximal algorithms can be established,
see [77, 41]. The key difference is that an error bound would require the
subdifferential at z, as opposed to the one at # € T™(z). Although less
powerful, the given inequality has still some useful consequences.

2.3.3 Partial ordering

As the extreme Examples 2.8 and 2.9 confirm, it is intuitive that the more
a model M penalizes points (w;x) far from (x;z), the more the minimizers
defining 7™ will be close to z, hence the likelier for = to be a fixed point.
In this sense, being a fixed point for a “high” model may be regarded as a
loose property; on the contrary, if x is fixed with respect to a “low” model, the
extreme scenario depicted in Example 2.9 may suggest that x is closer to be a
(local) optimum. In the next pages we will confirm this intuition, and we will
indeed quantify, to some extent, local optimality of a point in terms of how
much a model can be “pushed down” without affecting the status of being a
fixed point. “Pushing down” is to be meant in the sense of considering a lower
model; it thus becomes necessary to formalize how models can be compared
one another. An intuitive such option is to define a pointwise ordering, agreeing
that M is lower than M’ if M(w;x) < M'(w;x) holds for all points z, w € R™.
Nevertheless, to enforce some degree of uniformity when comparing models it is
convenient to work with a coarser partial ordering, which we define next.

Definition 2.16. Given two majorizing models M, M' € M, we write M <
M’ to indicate that M < M’ pointwise, and

M(w;x) < M'(w;z) for all (w;x) € dom M with w # x.

The relation M < M’ then indicates that either M = M’ or M < M’; the
relations > and = are defined accordingly.

The restriction w # x in Definition 2.16 rules out points on the diagonal
{(x;2) | * € R"} where all elements of 9, must agree, as prescribed by property
2.7.p1. Further restricting to points (w; z) € dom M ensures that infinite values
are not compared. In the case of proximal models M, M’ € M, in light of
property 2.10.P2 having M(w;x) = oo is equivalent to having =z ¢ dom ¢,
and in particular all proximal models have same domain. Thus, M < M’ for
proximal models indicates that the strict inequality < holds pointwise wherever
the M and M’ can differ.

Lemma 2.17 (Existence of extrema). Relative to the partial ordering =, any
family o C M, of prozimal models admits an (Isc) supremum and an infimum
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in M. In particular, the family of all prozimal models has (w;x) — p(w) as
infimum and Mg as in Example 2.8 as supremum.

Proof. That (w;z) +— p(w) and My are the extrema of M, is trivial. Suppose
that @ # (), and consider the pointwise supremum M := sup(</,>). Clearly,
M e ﬁv, and since proximal models are Isc by definition, it follows from [106,
Prop. 1.26(a)] that M is lsc as well. Notice that M < M’ implies the pointwise
inequality M < M/, hence one can easily verify that M is the sought supremum.
The claim for the infimum is similar, except that lower semicontinuity cannot
be deduced. O

Although they always exist, extrema of families of majorizing models should be
treated with care, lest intuitive properties of total order relations are mistakenly
attributed to a partial ordering such as . For instance, having sup(«, ) = M,

for a family & of majorizing models does not imply, given a model M, the
existence of a model M € & such that M » M. To see this, consider

M(w;z) = p(w) + w - ||
and & = {My, | k € N}, where
Mi(w;z) = p(w) + 3w — z[|* + kllw — 2.

Then, (&, ) is even totally ordered and its supremum is My, yet no model
M, satisfies My = M (in fact, not even My > M).

The following result shows how by raising proximal models towards the supre-
mum M the pathological behavior depicted in Example 2.8 is approached.

Lemma 2.18. Let (M), C (M, 7) be an increasing sequence of prozimal
models such that sup(My,),ey = Mo. Then, imsupy_,o TM*(2) = {2} for
any z € dom ¢.

Proof. Due to property 2.10.P2 and since (My),y is increasing, there exists
my > 0 (independent of k) such that

Mi(w; 2) > p(w) + 2 ||lw — z||> for all w,z € R™ and k € N. (2.4)

Let # € dom ¢ be fixed and let Z;, € TM*(z) be arbitrary. We have

2.14 (2.4)
p(x) > My(Z; ) > o(Tx) + 5| — 2l* > inf o + Btz — 2>
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Since ¢(z) < oo, it follows that (z"*),y is bounded. To arrive to a contradiction,
suppose that a subsequence (z%7) jen converges to a point T # x, and let
B = B(Z; ||z — Z||). Then, with similar arguments we obtain

2.14

> . ) _k].. > . . ) . —
p(x) > hr?esNup My, (2% 52) > llrgle%up erelg My, (w; ) = o0,

where the second inequality follows from the fact that z*i € B for large enough
#’s, and the last equality from the fact that Mg (w;x) = oo for all w € B. This
contradicts the fact that x € dom ¢. O

2.4 Criticality

In this section we finally establish the intuitive connections brought forth in
the previous section linking fixed points with local optima. As a byproduct, the
compatibility (in the sense of Definition 2.6) of a PMM mapping 7! and the
minimization of ¢ will be established. Theorem 2.22 will then provide a first
hint in support of the chosen partial ordering between models. Further evidence
will be given later on with the introduction in Definition 2.31 of a “threshold”
function, that measures the “optimality” of a point by analyzing the fixed sets
of sufficiently large models.

We begin by establishing a terminology to replace the vague term “solution” (to
problem (P)) with a more specific dedicated expression. A constructive way to
assess whether a point complies with this definition will be given in Corollary
2.24.

Definition 2.19 (Criticality). We say that & € R™ is a CRITICAL POINT for ¢
if there exists a prozimal model M € M, such that T € fix TM.

In the MM setting addressed in [15], this property is referred to as strong
stationarity and is shown to be stronger than directional stationarity and
necessary for global optimality. These facts still hold in the proximal MM
framework addressed in this thesis, as the next result shows; see also Theorem
2.25 and Prop. 2.33.

Proposition 2.20 (Higher-order stationarity of critical points). Suppose that
T s critical for ; then,

() = p(@) = O(|lz — z*).
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In particular, not only 0 € 530(:?), but for all ¥ € [0,1) the following stronger
stationarity property holds:

i inf P&) — #(2)
TH#T

> 0. (2.5)

Proof. Let M € M, be such that z € fix T*. We have,

2.10.p1 2.10.p2

p(x) = p(T) = p(x) = M(Z;7) > M(2;7) — ||z — 7]|* - M(7;7)

> inf M(w;z) — M(z;z) — 22|z — z|?

weR™
— - e - al?,
where the last equality follows from the fact that z € TM(z). O
The bound ¥ < 1 in the higher-order stationarity property (2.5) is tight, and

we need to accept the fact that saddle points or maxima cannot be avoided, as
shown in the next example.

Example 2.21. Consider ¢ : R? — R given by
p(z) = max {—1, (z; — x9)? — %x%},

which has a saddle point at £ = (0,0). However, Z also happens to be critical:
consider the proximal point model MZF of Example 2.12 with v < 1/2. Then

TM3 (z) = prox,,(0,0) = {(0,0)} = {z}. _

The next result shows that the partial ordering » among proximal models is
paralleled by an inclusion of the fixed sets, in the sense that the lower the model,
the stronger the property of being a fixed point. It also shows an interesting
fact when the relation is strict which will be important later on in the thesis
when regularity properties will be discussed.

Theorem 2.22. For any pair of prozimal models M, M' € M,,, the following
hold:

(i) If M2 M, then fix TM C fix TM

(ii) If M < M, then TM (z) = {x} for all x € fix TM.
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Proof. To ease the notation, let us denote 7 := 7™ and 77 = TM

A 2.22(i). Let x € fix T. Then, for all ¥’ € T’ (z) we have

2.10.r1

p(x) = M(z;2) < M(@52) < M'(732) inf M (w;z)

weR™

2.10.pP1

< MI($§$) = (),

where the first inequality follows from the fact that = € T (z). Therefore,
M (z;2) = inf,ecrn M’ (w; ), hence x € T'(z).

A 2.22(ii). Let T’ € T'(x); to arrive to a contradiction, suppose that ' # x.
Then, M(z';z) < M'(Z';2) < oo, hence M(7';x) < M'(Z';x), cf. Def. 2.16.
We have

2.14 2.10.p1

o(z) =M (z';2) > M(2';2) > i?é M(w;z) = M(z;2) = ¢(x),
weRn
where the second equality follows from the fact that @ € T («). Thus, we obtained
the contradiction p(x) > ¢(z). O

Corollary 2.23. Let T be a critical point for ¢, and let o/ C (M, r) be a
totally ordered family of proximal models such that sup o = Mg. Then, there
exists M € o such that T € fix TM.

Proof. Suppose that € fix M for some proximal model M (not necessarily
in @), and let (My),cy € &/ be an increasing sequence pointwise converging
to Mo. For k € N, let zF € TM*(z). From Lem. 2.18 it follows that (%), oy
is contained in a bounded set B (Z is critical, and in particular z € dom ¢).
Then, there exists k € N such that My (w;z) > M(w;Z) for all w € B. Thus,
2.10.p1_ _ _ 2.14
p(7) = M(z;7) = inf M(w;z) < M(@F;z) < My (3% 2) < 0(@),
WERR
from which we infer that My (z*;7) = ¢(Z). Lem. 2.14 then ensures that
T e TMr(z). O

Notice that, although closely related, the result cannot be shown by directly
invoking Thm. 2.22 (7). In fact, the existence of a model in o (globally) greater
than M cannot be guaranteed, as discussed in Section 2.3.3.

As seen in Example 2.12, prox,, is a PMM mapping, specifically the one
relative to the proximal model M:"(w;z) = p(w) + %Hw — x|, The family
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PP = (M), is totally ordered and satisfies M7" * Mg as v\ 0. Corollary
2.23 can thus be invoked, resulting in the following constructive criterion for
checking whether a point is critical or not.

Corollary 2.24. A point & is critical for o iff there exists v > 0 such that
T € prox, ().

The next result completes the assert of Proposition 2.20 by providing a converse
implication: local minimizers are critical points, and critical points are almost
second-order optimal.

Theorem 2.25 (Criticality of local minima). Let x be a local minimum of ¢;
then x is critical. In fact, for any totally ordered family o/ C (M, ») of prozimal
models satisfying sup o/ = My there exists M € o such that x € fix TM.,

Proof. Since 47 is totally ordered, there exists a sequence (My),cy € &7 such
that M & My as k — oo. To ease the notation, let 7% := 7™M+, Due to
property 2.10.P2 and the monotonicity of (My), oy, there exists m; > 0 such
that My (w; z) > @(w)+ %t |lw—=||? for all z,w € R™. Let z be a local minimum
for ¢, and for all k € N let zF € T*(z). It follows from Lem. 2.18 that 7% — =
as k — co. In particular, since z is a local minimum, there exists k' € N such
that (z%) > p(z) for all k > k’. Therefore,

2.14 _ _ _ _
p(x) 2 M (T 2) 2 (@) + 5t lo = 2% |* 2 p(x) + Bl — 27|17,

where the second inequality follows from the fact that e T (). We then
conclude that z = #¥ € T (z). O

2.5 Generalized proximal majorization-minimization
GPMM schemes

Given a proximal model M € 9., the regularity properties assessed in Theorem
2.13 ensure that F = 7™ fits into the general fixed-point framework (FP).
Apart from having all accumulation points critical for ¢, hence being compatible
with problem (P) in the sense of Definition 2.6, such a “pure” majorization-
minimization scheme has also the advantage of being a descent algorithm on the
cost function, in the sense that (o(z*)), ¢y is monotonically (strictly) decreasing.
However, limiting the analysis to these iterative schemes only would rule out
many splitting algorithms that do not have a “pure” MM nature, such as the
Douglas-Rachford splitting or the sibling ADMM. For the sake of developing a
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universal theory, we sacrifice the simplicity of a pure MM scheme by including
a possible change of variable G as introduced in Definition 2.6.

5)) ]

%9

<

Definition 2.26 (Generalized proximal MM schemes). Given

P1 a prozimal model M : R" x R" — R for ¢, and

—~ T

P2 a TRANSIENT mapping, that is, an Lg-Lipschitz continuous
and pg-strongly monotone mapping G : R™ — R”,

with F ~ (M, G) we indicate the collection of fized-point mappings
F* : R* — R”, indexed over a RELAXATION parameter A # 0,
defined as

Fri=id - \id - T™) o G. (2.6)

Fized-point iterations of F* constitute a GENERALIZED PROXI-

MAL MM (GPMM) SCHEME, or simply (PURE) PROXIMAL MM

(PMM) SCHEME in case G = id.
&o<ae - ~t T
It follows from Lemma 1.1 that transients are invertible and their inverse is
Lipschitz continuous as well. Although these requirements of Lipschitz continuity
and strong monotonicity could actually be dropped, as plain or strict continuity
would suffice to our purposes in most cases, for the sake of a simpler exposition
we prefer to stick to these assumptions, which, in any case, will be satisfied in all
the investigated splitting algorithms. The next result assesses the fundamental
compatibility of the scheme (2.6) and the optimization problem (P); the role
of G as transition from the fixed-point variable s of the mappings F> to the
optimization variable x will then be clear. In particular, we will see that from
fixed points of G we can recover stationary points of ¢, due to a one-to-one
correspondence with fixed points of the pure MM scheme 7M.

Theorem 2.27 (Compatibility of GPMM schemes). Let M € M, be a prozimal
model for ¢. Then, for every continuous bijection G : R™ — R™ and A € R\ {0},
the mapping F» : R™ = R™ as in (2.6) is osc, with F(s) nonempty and compact
for all s € R™. Moreover, the following inclusions hold:

argming C G(fixF) = fixTM C zerde. (2.7)

In particular, the fized-point mapping F> is compatible with .
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Proof. The properties of F* follow from the similar ones of 7™ shown in Thm.
2.13 and the continuity of G. We have

5eFMN5) & 5€5-MGE) -TMGB)] < G6)eTM(GH),

where the first implication follows from the definition of *, and the second one
from the invertibility of G' and the fact that A # 0. Thus, G(fix F*) = fix 7M.
Suppose now that = € argmin ¢ and let # € 7™ (z). Then,

2.10.P1 2.10.p2
min ¢ = M(z,z) > M(Z,2) > ¢(7) + 5| — Z|* > min e + Btz - 7|,

from which it follows that £ = z, hence the inclusion arg min ¢ C fix T. Finally,
the inclusion fix TM C zer Oy follows from Prop. 2.20. O

2.6 Representation of proximal algorithms

To finalize the general framework investigated in this chapter, let us formally
define how to represent a proximal algorithm in terms of majorizing models
and transient functions. To this end, for the sake of an example let us consider
the most elementary MM scheme, namely, the proximal point algorithm (PPA).
As briefly discussed in Example 2.12, for v > 0 we have that prox_, is the
(pure) PMM mapping 7™ (z) relative to the proximal model M (w;z) = () +
% |lw — x||?. Thus, the model M (together with the identity transient mapping
G = id) in the generalized MM framework captures PPA with all possible
relaxation parameters, yet is bound to a unique stepsize 7, having

FMs)=(1-N)s+ AProx.,(s)

for all A # 0. This is somehow an unavoidable consequence of the different
nature of v and A, the former being intrisic in the fixed-point black box, and
the latter simply amounting to an a posteriori averaging.

This is readily solved by identifying PPA with a family of models PP =
(M)~ indexed over a parameter . Minimal requirements on the parametriza-
tion 7y — Mﬁf facilitate operating with such a collection, and the inclusion of
possible transients allows to recover all generalized PMM schemes. This leads
to the following definition.

Definition 2.28. A GENERALIZED PROXIMAL MM (GPMM) ALGORITHM for
problem (P) is a collection

o = (M., Gy e
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indexed over a STEPSIZE parameter ~ ranging between 0 and 4 € (0, 00], where

P1 (M,,G,) is a GPMM scheme as in (2.6) for all v € (0,7],

P2 M. > M., whenever 0 <~y < v <% (hence in particular the models form
a totally ordered family), and

P3 SUD. (g5 M, = My (equivalently, M, My as v\, 0 pointwise).

2.6.1 Notational conventions

To give more emphasis to the GPMM family and to the parameters v and A,
we will adopt the following conventions:

e o7\ will indicate the GPMM algorithm with relaxation parameter A. The
GPMM fixed-point mapping with stepsize v and relaxation A will thus be
indicated by .7-";%.

o We will write 7 in place of 7MY (this definition is independent of \);
in particular,

FA =id — A(id — %) 0 G,. (2.8)

e We shall adopt the superscript notation Mf to emphasize that the model
belongs to the GPMM collection <.

e When G, = id for all v € (0,7), that is, when representing a pure PMM
algorithm, the transients G, may be omitted from the notation.

e The symbols mq(y) and mso(y) will denote the constants m; and mo
in property 2.10.p2, respectively, relative to the proximal model M,.
Similarly, pg, and Lg, will denote the strong convexity and Lipschitz
moduli, respectively, of the transients G, as in property 2.26.P2. Whenever
clear from context, v may be removed to ease the notation.

It is also convenient to introduce the RESIDUAL MAPPING Rff :R™ = R", given
by

RY (s) = L(id = T7) 0 G4 (s), (2.9)
so that the GPMM fixed-point mapping .7-';‘;7* can be expressed as

14N _ of
F7r(s) = s = MR (s).
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To ease the notation and avoid repetitions, unless differently specified, it
will be assumed that & = (M., G5).( 5) is @ GPMM algorithm for (the

proper and lsc) function ¢ : R™ — R and that v € (0,7) is a stepsize.

Example 2.29 (Proximal point as a GPMM algorithm). The proximal point
algorithm fits into the GPMM framework through the following representation:

PP = (M,), 5o where M(w;z) = p(w) + %wa — |2

In particular, mq(y) = ma(y) = /v and Lg, = pg, = 1 are the constants in
properties 2.10.p2 and 2.26.p2. O

2.6.2 The criticality threshold

The following result is an adaptation of Theorem 2.22 to GPMM algorithms,
owing to property 2.28.p2; simply put, the higher the value of =y, hence the
lower the model, the stronger the property of being a fixed point of ’Tff .

Proposition 2.30. Whenever 0 < v < ' <7 it holds that fix 7:;‘2{ D fix Tj{

Recall from Corollary 2.23 that in every totally ordered family of models with
M, as supremum, for all critical points x there exists a frontier model above
which x is fixed, and below which x is not. In light of properties 2.28.p2 and
2.28.p3, we can thus represent the criticality threshold in terms of the parameter
v, as in the following definition.

Definition 2.31 (Criticality threshold). The CRITICALITY THRESHOLD of a
GPMM algorithm <« = (M., G,) ) is the function ' :R" — [0,7] defined

as

Y€E(0,
I' () = sup {y € (0,7) | = € ix 7},

with the convention sup® = 0. In other words, T (x) is the unique index in
[0,7] such that

P1 Tf{(x) = {z} for all y < T (x), and
P2 x ¢ Tf‘/(x) for all v > T (x).

In particular, a point x is critical iff T (z) > 0.

It is important to observe that the characterization of criticality of a point x
highlighted in Definition 2.31, namely the fact that I'“ (z) > 0, does not depend
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on the GPMM algorithm 7. This confirms the criterion proposed in Corollary
2.24 where &/ = PP, the proximal point algorithm, was considered. In other
words, if x is a critical point, then for every GPMM algorithm < it is a
fized point of the PMM mapping Tf{ for all stepsizes small enough. In the next
chapters we will see how the criticality threshold plays a fundamental role in
establishing regularity properties of envelope functions at critical points.

Example 2.32. Relative to the proper, lIsc, and lower bounded function ¢ :
R — R defined by
p(x) = 32° + 0z (x),

let us consider the proximal point algorithm as in Example 2.29. Notice that
every point z € dom ¢ = Z is a local minimum, hence it must be critical as
ensured by Theorem 2.25. In fact, it can be easily verified that

prox,,(z) = lz(7f;) forallz €R,

and that the inclusion HZ( z ) > « holds iff + € Z and v < 1/2|n| (with

m
‘% = 00’). Thus,
o ifz=0,
I'(z) = ﬁ if z € 2\ {0},
0 ifad¢Z
is the criticality threshold of the proximal point algorithm for (. O

The fact that the global minimum x = 0 has the highest threshold is not a
coincidence. This is a straightforward consequence of properties 2.10.P1 and
2.10.p2 of proximal models.

Proposition 2.33 (Total criticality of global minima). Let x, € argmin ¢.
Then, Tff(x*) = {x,} for every v € (0,7). In particular, T (z,) = 7.

Notice that strong local minimality is not enough to ensure total criticality, as
Example 2.32 clearly demonstrates.



Chapter 3

Proximal envelopes
MM Lyapunov functions

3.1 Majorization-minimization value functions

The smoothness properties of the Moreau envelope of a proper, convex, and
Isc function ¢ (cf. Thm. 1.14(777)) make it possible to address the constrained
and nonsmooth minimization of ¢ by means of gradient descent on the smooth
envelope function ¢” with stepsize 0 < 7 < 2/L,+ = 27v. As first noticed by
Rockafellar [103], this simply amounts to (relaxed) fixed-point iterations of the
proximal point operator, namely

=1 Nz + Aprox, (), (3.1)

where A\ = 7/y € (0, 2) is a relaxation parameter. The scheme, known as proximal
point algorithm and first introduced by Martinet [81], is well covered by the
broad theory of monotone operators, where convergence properties can be easily
derived with simple tools of Fejérian monotonicity, see e.g., [10, Thm.s 23.41 and
27.1]. Nevertheless, not only does the interpretation as gradient method provide
a beautiful theoretical link, but it also enables the employment of acceleration
techniques exclusively stemming from smooth unconstrained optimization, such
as Nesterov’s extrapolation [54] or quasi-Newton schemes [30], see also [19] for
extensions to the dual formulation.

Even if ¢ is nonconvex, although not anymore differentiable the Moreau envelope
still exhibits more regularity over the original function ¢, being it real valued
(as opposed to extended-real valued) and, in fact, strictly continuous (cf. Prop.
1.12(7)). The quadratic penalty appearing in the subproblem that defines the
proximal mapping, cf. Def. 1.11, has a regularization effect on function ¢ when

48
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considering the value function ¢7, namely, the Moreau envelope.

The appeal of the Moreau envelope goes beyond its regularity. Proximal point
iterations T € proxw(x) are easily seen to generate a sequence such that
plat) < p(a) = Lo —at|2,

and one can expand the arguments in the proof of Theorem 2.4 to infer that
every accumulation point of the sequence is stationary; in terms of the fixed-
point framework of Section 2.1, the cost function ¢ itself, although extended-real
valued, serves as Lyapunov function for proximal point iterations. This, however,
is no longer the case if one considers relaxed iterations as in (3.1) with A = 1; as
a matter of fact, the nonconvexity of dom ¢ may result in having (%) = oo.
This limitation is readily solved if one considers the Moreau envelope instead,
for it can be easily verified that relaxed proximal point iterations (3.1) satisfy

P (%) < 97(2) - B2 llw — 2t (3.2)

see Example 3.21 for the details. Real valuedness (and lower boundedness) of
" make the Moreau envelope a suitable Lyapunov function for the fixed-point
iterations (3.1) for any A € (0,2), and one can again infer (subsequential)
convergence of the proximal point algorithm for any relaxation A € (0,2), as
opposed to A = 1 only.

These observations suggest to extend the definition of envelope function to the
more general, yet closely related, proximal majorizing models investigated in the
previous chapter. While all the argumentations can quite easily be extended for
all pure proximal MM algorithms, the presence of transient functions G~ makes
the analysis of generalized proximal MM algorithms more complicated. Once
again, it is important to clearly distinguish the variable s of the fixed-point
mapping .7—':‘/2{A from the optimization variable z. This distinction will require
the introduction of two envelope functions, a model envelope (M-envelope)
that operates on the optimization variable z, and an algorithmic (fixed-point)
envelope (F-envelope) that operates on the fixed-point variable s. In case of
pure MM schemes, the two will coincide; more generally, they are related by
the transient mapping G.

Definition 3.1 (M- and F-envelope functions). Let & = (M.,G5), () be
a GPMM algorithm for ¢. The M-ENVELOPE (MODEL ENVELOPE) of ¢ with
parameter v € (0,7) is the function <,0Mf/ :R™ — R given by

MZ (N~ i ol (.
e () = min M (w; x)
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(independent of the transient G ), while its F-ENVELOPE (FIXED-POINT or
ALGORITHMIC ENVELOPE) is gpfj" :R™ — R defined by

cpf(s) = apr (G4(s)) = min M:‘f (w; G4(s)).

weR™

Notice that for all z € R™ and z € Tf{(x) one has

and similarly, for all s € R”
wf(s) = ./\/lf:{(i‘, x), where z =G,(s)and T € Tf{(m‘)

In particular, evaluating the M- and F-envelopes requires exactly the same
operations needed for one iteration of the GPMM algorithm with stepsize
~. Therefore, once a GPMM step has been performed, the evaluation of the
envelopes comes at the sole cost of evaluating the prorimal model at known
points.

3.2 Properties

3.2.1 Inequalities

The following result extends some known inequalities relating a function to its
Moreau envelope.

Theorem 3.2 (M-envelope: sandwich property). For all x € R™ the following
hold for the M-envelope:

(i) cpr (x) < p(x), with equality holding iff x € 7:;‘2{(3:)
(ii) =2 ||z — 3|12 < p(z) — ™ (2) < — Bt — E|)? for all T € T ().
iii) inf ™5 = inf ¢ and argmin o7 = argmin .
14 14 g P g 14
Proof.

& 3.2(i). We have @Mﬁ (z) = infyern M (w;2) < M (2;2) = p(x), where
the last equality is due to 2.10.P1. From this we also easily infer the claimed
necessary and sufficient condition for equality.
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& 3.2(ii). By definition of 7-7, for all points & € T:# (x) we have gDM;J (x) =
/\/lff (z; z) and the claimed inequalities follow from the bounds in 2.10.p2.

& 3.2(iii). Consider a sequence (z*), .y such that @Mg (z%) — inf @Mf’7 and
for all k € N let 7% € 7;‘2{(36’6). We have

p2(i) 3.2(ii)
inf M5 < inf o < (z%) < @Mf(xk) — inf @Mzg as k — oo,

proving that inf @Mf = inf ¢. Combined with the inequality @Mf < p we
infer that argmin ¢ C argmin @Mf.

Suppose now that x € argmin @Mi and let T € T;‘y(x); from 3.2(ii) we have
that

3.2(i1)
inf M7 < (7)) < M7 (2) - B|le - 2| = inf M7 — |z — 7%,

hence x = z € argmin ¢. O
A trivial change of variable yields the following equivalent result involving the
F-envelope.
Corollary 3.3 (F-envelope: sandwich property). For all s € R™, denoting
x = G(s),
(i) @f(s) < p(x), with equality holding iff x € Tf{(x)
(ii) =" ||z —z|* < (z) — ¢ (s) < — Btz — z||? for all z € T (2).
(iii) inf 7 = inf ¢ and G, (argmin ) = argmin ¢.

Proposition 3.4 (Connection with the Moreau envelope). We have

(pl/ml < SOMz” _ (pif OG;l < (pl/mg.

Proof. Let x € R" and 7 € 7:;(2{(1') be fixed. We have

2.10.p2

oM (1) = M (352) > (E) + 2|z — 2|2 > 9 (2).

3
Moreover, for all p € prox,,,, (z) we have

2.10.p2 of
072 (2) = o(p) + 2|l — p|* > M (pix) > M7 (),
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The following result shows that local minimizers of ¢ are stable with respect to
fixed-point iterations of Tj‘{ .

Proposition 3.5 (Stability of minimizers). Let x, be a local minimum for ¢.
Then, for all v < T/ (z,) there exists ¢ = €(7y) > 0 such that

p(z) > cpM?{ (Z) > p(zy) forallz € B(xy;e) and T € Tf{(x)

Proof. The inequality ¢(z) > cpr(a’:) is due to Thm. 3.2(7) and holds globally.
As to the other inequality, since ’7;” (z4) = {z4}, cf. property 2.31.P1, we may

invoke Thm. 3.6 to infer that z, is a local minimum for @Mi . The claim now
follows from the outer semicontinuity of 7'7“27 , cf. Thm. 2.13. In fact, for an

arbitrary sequence (z*,z%), .y C gph 7?;‘7{ with ¥ — z, as k — oo, necessarily

% — x,, hence eventually <pr (%) > @sz (z4) = ¢(x,), where the equality
follows from Thm. 3.2(7). O

3.2.2 Equivalence

Theorem 3.6 (Equivalence of local minimality). For any 5 € fix ]-';‘i*, denoting
z = G(5) (hence T € fix 7;9{), the following statements are equivalent:

(a) T is a (strong) local minimum for cpr.

(b)

v

is a (strong) local minimum for cp:j{.

When any of the property above holds, then T is a (strong) local minimum for
@; the converse implication holds provided that T-% (z) = {Z} (or, equivalently,
that Fi(5) = {5}).

Proof. The equivalence of (strong) local minimality between the envelopes is a
direct consequence of the Lipschitz continuity and Lipschitz invertibility of G..

That (strong) local minimality for @Mi implies that for ¢ follows from the fact
that (pr “supports” ¢ at T, namely that @MWW < ¢ and @Mﬁ (z) = p(z), cf.
Thm. 3.2(7).

It remains to show the converse. Suppose that 7-“(Z) = {Z} and that there
exists 1 > 0 such that ¢(z) > ¢(Z) + 4[|z — Z||* for all 2 sufficiently close to
z. Let § := 2 min {y,m1} > 0, and note that § = 0 iff 4 = 0. Thus, contrary
to the claim suppose that for all k € N there exists #¥ € B(Z;1/k) such that
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(pM;d (zF) < @Mf(j) + &llz* — 2|2, Let z* € T («*); since T:7 is osc and

7'7‘2{(@) = {Z}, necessarily 7, — & as k — co. We have

71c3'2(7:) M7k k_ =k|2
(%) < o™ (aF) — Ha® — 27|

o _ _
<M (@) + St - 2| - g |la* - 2|

= (@) + Slla* — a? - B o 2|2
By using the inequality gla — ¢||* < [la — || + [|b — ¢||* holding for all vectors
a,b,c € R”, we have
p(z%) < (@) + 0| 2* — 2| + (6 — 2t) ||z — 2F|?

< (@) + 4liz" - 7|7,

where the last inequality follows from the definition of . Thus, we obtain
o(z%) < p(z) + &||z* — z||* for all k € N, hence the contradiction since z* is

arbitrarily close to z*. O

The necessity of single valuedness of 7;“‘2{ (z) for inferring the converse implication
can be demonstrated with a simple example. Consider the proximal point
algorithm as in Example 2.29 applied to the minimization of ¢(x) = %xg +
d10,13(z) on R. Clearly, = 1 is a strong local minimum, and it can be easily
verified that

Figure 3.1: Where the PMM mapping
7;“/ is not single valued, local minimal-
ity may fail to be preserved. The pathol-
ogy occurs at the criticality threshold; for
smaller stepsizes, (strong) local minimal-
ity is instead preserved.

1 ify<1,
prox. (1) = ¢ {0,1} ify=1,
0 otherwise.

For every v < 1 = I'""(7), the single valuedness of prox,,(z) results in the
strong local minimality of = for the envelope function ¢”, inherited by that
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on the original function ¢. On the contrary, for v = 1 the point z is not even
stationary for 7, in the sense that 0 ¢ d¢”(Z). Figure 3.1 provides a graphical
representation of the pathology occurring at the threshold value v = 1.

Theorem 3.7 (Equivalence of level boundedness). The following are equivalent:

(a) o is level bounded;

(b) @MVW is level bounded;

(c) cpff is level bounded.
Proof.

& 3.7(b) = 3.7(a). From Thm. 3.2(i) we know that @Mf < ¢, hence if @Mi
is level bounded then so is ¢.

& 3.7(b) < 3.7(a). Suppose that cprrj is not level bounded. Then, there exists

a € R and (2%), .y C lev<, M7 such that ||z*|| — oo as k — oco. For all
k€N, let zF € ﬂd(xk); then, it follows from Thm. 3.2(7i) that

(@) < @M () - et - 2% < - |k — 2F|? forall k€ N.

If (z%),cy is bounded, then ¢ is lower unbounded; otherwise, ||Z¥|| — oo as
k — oo. Either way, ¢ cannot be level bounded.

® 3.7(b) & 3.7(c). This follows from the continuity of G, and G, as any

continuous function maps bounded sets to bounded sets. O

3.2.3 Regularity

Proposition 3.8 (Continuity). Both @Mi and cpﬁ{ are Isc and with full domain.

If, additionally, the model Mf is continuous (cf. Def. 2.11), then wMi and
cp:‘;f are continuous.

Proof. The claim on the M-envelope follows from [106, Thm. 1.17(c)] (which
applies, as shown in the proof of Thm. 2.13). In particular, the full domain

property is a consequence of the fact that argmin,, Mﬁf (w;z) # O for all

x € R™. Since (pf = <pM$ oG, and G, is continuous, all the claims are equally
valid for the F-envelope. O
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Proposition 3.9 (Quadratic upper bound). For all x, 2z, € R™ it holds that

— (def) 4
0 (G5 (@) F'o™MT (2) < la) + Tl — .

In particular, if x4 € 7:;‘2{(95*) is a fixed point, then
M MZ mo 2 n
e (2) < 97 (w0) + TRl — au]|T Vo e R™

Proof. This is a direct consequence of the quadratic upper bound property
2.10.p2 of M;‘;{, namely

2.10.pr2

i (def) .
oM () = Inin M (w; ) < M (2,;0) < p(a,) + B2 |lo — 2|,

and the fact that apr (z4) = ¢(x4) whenever z, is a fixed point of 7'7”‘2{, cf.
Thm. 3.2(1). O

As a consequence of the quadratic upper bound, even though the envelopes may
fail to be continuous the discontinuity “jumps” are bounded by quantities that
depend on the residual.

Proposition 3.10 (Continuity at fixed points). For every x € R™ the M-
envelope satisfies

0 < limsup ™7 (2') — ™ (2) < m25m™ dist(z, T2 ().
' —x
In particular, envelope functions are continuous at fized points.

Proof. The first inequality is due to lIsc, cf. Prop. 3.8. Let z, 2’ € R™ be fixed,
and let T € T-#(z). Then,

M (2) < p(3) + 2|2’ - |2 < oM (@) — Bt e — E7 + 2|2’ — 2%,
where the first inequality follows from Prop. 3.9 and the second one from the

sandwiching property, c¢f. Thm. 3.2(7i). By letting 2’ — x, from the arbitrarity
of z € Tf{ () the sought upper bound follows. O

3.2.4 The KL property

As disclosed at the beginning of the chapter, proximal envelopes will be shown to
be suitable Lyapunov functions for fixed-point iterations of GPMM algorithms.
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Once this is proven, subsequential convergence of the algorithms can be deduced
from the more general analysis detailed in Theorem 2.4. Nevertheless, there
are favorable cases in which global convergence to a unique limit point can
be established, even with asymptotic linear rates. The key ingredient is the
so-called Kurdyka-fojasiewicz property, which we define next.

Definition 3.11 (KL property). A proper and lsc function h : R — R has
the KURDYKA-L.0JASIEWICZ (KL) PROPERTY at z, € dom Oh if there exist a
concave DESINGULARIZING FUNCTION (or KL FUNCTION) ¢ : [0,7] — [0, +00)
for some n > 0 and a neighborhood Uy, of x., such that

p1 ¥(0) = 0;
P2 1 is C with ¢’ > 0 on (0,7);
P3 for all x € Uy, s.t. h(z.) < h(x) < h(xy) +n it holds that
¢ (h(z) — h(z,)) dist (0, Oh(z)) > 1. (3.3)

Lemma 3.12 (Uniformized KL function [25, Lem. 6]). Suppose that a function
h is constant on a compact nonempty and connected set w, with value, say, hy.
If h has the KL property at all points x, € w, then there exist n,e > 0 and a
function 1 : [0,n] — [0,00) such that

P1 ¢(0) = 0;
P2 1) is O with ' > 0 on (0,7);

p3 for all points x such that dist(z,w) < & and h, < h(z) < hy + n it holds
that
¢’ (h(x) — hy) dist (0, 0h(z)) > 1. (3.4)

The KL property is a mild requirement enjoyed by semialgebraic functions and
by subanalytic functions which are continuous on their domain [24, 23] see
also [74, 75, 63]. We remind that a set A C R" is SEMIALGEBRAIC if it can be
expressed as

A= J N {z €R™| Py(z) =0, Qi(x) <0}

i=1j=1

for some polynomial functions P;;, Q;; : R* — R, and that a function A : R™ —
R™ (in fact, even set valued h : R® = R™) is SEMIALGEBRAIC if gphh is a
semialgebraic subset of R"™", Since semialgebraic functions are closed under
parametric minimization, semialgebraic models yield semialgebraic evelopes.
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More precisely, in all such cases the desingularizing function can be taken of the
form v(s) = s for some g > 0 and ¥ € (0, 1], in which case it is usually referred
to as a LOJASIEWICZ FUNCTION. The following result states this formally.

Theorem 3.13 (Lojasiewicz property for semialgebraic models). Suppose that
the proximal model Mﬁ{ is semialgebraic. Then, goMf/ is semialgebraic, and in

particular has the fojasiewicz property. The same holds for g@f if, additionally,
G., is semialgebraic.

Proof. As detailed in [6, §2], parametric minimization of a semialgebraic function

is still semialgebraic, hence wa is semialgebraic and thus has the Y.ojasiewicz
property [24]. The claim on goff follows from the fact that semialgebraicity is
preserved under composition [23, Prop. 2.2.6(i)]. O

Inequality (3.3) (or (3.4)) indicates that, up to a reparametrization with , the
function h grows linearly around the point x, (or the region w). Intuitively, a
p-th power growth of h can be desingularized with a p-th root, as illustrated in
the next example.

Lemma 3.14 (p-th power growth and Y.ojasiewicz property). Let x, be a
stationary point for h, and let hy == h(x,). Suppose that there exists a (convex)
neighborhood U, of x, in which the following properties hold:

p1 (local convexity) function h = h+ &y, is convex;

P2 (p-th power growth) h > h, + §dist(-,w)? for some ¢ > 0 and p > 1,
where w = h~ ({h.}).

Then, h has the Lojasiewicz property at x, with exponent 9 = /p.

Proof. Because of convexity of h and the fact that A = h > h, on U,, the set
levey, h=h~'({h}) N U,

is convex. In particular, up to possibly restricting U, , we may assume that U,
is closed and that 0 # I, (x) C U, for any = € U,. Let n := sup;,, h — h, and
let t(s) := ps” for some o > 0 and ¥ € (0, 1] to be determined. Fix any z € U,
such that h, < h(z) < hy + 71 (equivalently, x € U, such that h(z) # hy), and
let z € IL,,(z). Then, Z € U, and h(Z) = h,. Due to the locality of the definition
of the subdifferential 9, notice that dh(z) C dh(z). Then, for any v, € dh(x)
one has

Sl —z||P = §dist(z,w)? < h(z) — h, = h(z) — h(Z) < (Vg — T)
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< vz llllz = 2|,

where the second inequality holds without an o(||z — z||) term due to convexity
of h. From the arbitrarity of v, € dh(x), it follows that

Sl — z||P < h(x) — hye < dist(0,0h(x))[|z — Z||.
In particular,
¢ (h(z) — hy) dist(0,0h(z)) = o¥(h(z) — h.)"~" dist (0, 9h())

(h(x) = h.)”

> oV —
|z -z

9 _ _
> s5plle — 2| e

By selecting ¥ = /p € (0,1] and ¢ = ﬁ > 0 the sought KL inequality (3.3)
is obtained. O

The requirement of convexity cannot be removed from Lemma 3.14, unless
additional assumptions are made. To see this, consider function h(z) :== 2%(2 +
sin %), defined on R. Then, A is continuously differentiable and has the quadratic
growth at z, = 0, but it does not admit a Y.ojasiewicz function (in fact, not
even a KL function). This is because h(z) — h(z,) > 0 for any = # x,, and for
every neighborhood U, of x, there exists x € U, \ {x,} such that h'(z,) = 0, as

it can be easily verified, hence the KL inequality (3.3) can never be satisfied.

The next result establishes the equivalence of the KL property on the M- and
F-envelopes.

Theorem 3.15. Suppose that goMf/ is strictly continuous. Then, for every
nonempty set w C R™ the following are equivalent:

(a) cpr has the KL property on w.
of —
(b) 0 has the KL property on G (w).

In fact, up to strictly positive scalings, there is a one-to-one correspondence
o
between the KL functions for <pfj{ and those for o™~

Proof. We will prove the result for arbitrary strictly continuous functions
h: R™ — R and Lipschitz homeomorphisms G : R” — R™.
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Let Z € w be fixed and let L be a Lipschitz modulus for G~!. By combining
Lem. 1.3(i7) with [106, Thm.s 10.49 and 9.62] we have that

d(hoG)(x) C {MT’U | M € 9cG(x), v € Oh(G(x))} for all z € w,.

Due to L-Lipschitz continuity of G™', it holds that ||[M'v|| > £|v|| for any
M € 0¢G(z) and v € R™. Therefore,

Y

dist(0,0(h o G)(z)) > min {||M ™| | M € 0cG(z), v € Oh(G(2))}

Y

Lmin {|lv] | v € IA(G(&))}
= %dist(O, Oh(G(z))).
Suppose now that v is a KL function for h at G(Z). Then, for x close enough

to & and with h(G(z)) > h(G(Z)) we have that h(G(x)) — h(G(Z)) is in the
domain of 1, hence

dist (0, 9(h o G)(x)) > £ dist(0, 9h(G())) > mrrmmi—riem):

proving that L is a KL function for h o G at z. By interchanging G with G~1,
the converse implication is similarly derived. O

In conclusion of this section we establish sufficient conditions ensuring the
Lojasiewicz property with exponent ¢ = 1/2 when the residual Rf , as defined
in (2.9), is differentiable.

Proposition 3.16 (Residual nonsingularity and Lojasiewicz property). Let s,
be a fized point for .F;Y‘Z{*. Suppose that the following hold:

Al Rﬁf is differentiable at s, with nonsingular Jacobian JR;‘;{(S*).

A2 there exists m > 0 such that dist(0, 0 (s)) < mdist(0, RZ (s)) holds for

all s close to s,.

Then, g@ﬁf has the Lojasiewicz property with exponent ¥ = 1/2 at s,.

Proof. Let (t) = ct'/? with ¢ > 0 to be determined. For s close to s,, necessar-
ily Rﬁ’f is single valued. Moreover, the nonsingularity assumption entails the

existence of a > 0 such that HRfj{(s)H > al|s — s4||. Here, we used the fact that
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s, is critical and hence RZ (s,) = 0. Whenever ¢ (s) > ¢, = ¢ (s,), we have

Cc

V' (02 (s) — ¢,) dist (0, 092 (s)) = ———dist (0, 0p% (s)
( 0. B () = e dist(0, 060
> IR ()]
2\/ @5(5) - Px
> cmo ,
- 2m2

where in the last inequality we used the quadratic bound of Prop. 3.9. By taking
c= —VELZZZ we obtain the sought Y.ojasiewicz function . O

3.3 Lyapunov functions for proximal algorithms

We are now ready to show how proximal envelopes fit into the fixed-point
Lyapunov framework for ensuring convergence of GPMM algorithms. Specifically,
we will show that the F-envelope <p:‘;f serves as Lyapunov function for the GPMM
iterations of ]—';‘ZA, provided that the stepsize « is small enough and that the
relaxation A is sufficiently close to 1. To this end, it will suffice to show that gpff
satisfies the sufficient decrease property 2.2.P1, as formalized in the next result.

Lemma 3.17 (Necessity and sufficiency of the sufficient decrease). The F-
envelope <p:‘;{ is a Lyapunov function for ]-"ffA iff there exists ¢ > 0 such that

o (= o -
o (5) < 9 (s) — 5l — 5[

holds for all s € R™ and 5 € F,f{*(s).

Proof. Since inf ¢ = inf ¢ and since ¢ has full domain, cf. Cor. 3.3 (iii)
and Prop. 3.8, both the lower boundedness prescribed by property 2.2.p1 and
the real valuedness are covered. The only missing ingredient is the sufficient
decrease property 2.2.p2, which is exactly what required in the statement. [J

3.3.1 Sufficient decrease: a priori estimates

In this subsection we provide sufficient conditions involving the parameters my,
ma, L., and pg., of properties 2.10.r2 and 2.26.P2 (all depending on the step-
size 7y), that ensure that the F-envelope is a Lyapunov function for the GPMM
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fixed-point iterations of f;j’ﬁ. Although possibly very loose estimates, they can
be computed with elementary algebra without the need of any in-depth analysis,
resulting in easy criteria for determining ranges of stepsizes v and relaxation
parameters A with which ]ifﬁ fixed-point iterations are (subsequentially) con-
vergent. In the dedicated Chapter 6, a more sophisticated analysis will tighten
such ranges for the Douglas-Rachford splitting; in fact, (some of) the given
ranges will prove to be optimal.

Theorem 3.18. For all A\ #0, s € R, and sT € }'ff* (s) it holds that

me (2uG 1—pm
<0 (B - st 69

where pag = M1/m,.

Proof. Let x := G,(s) and 2% := G,(s"); then, there exists z € 7;3{(:5) such
that s* = s — Az — ). We have
of B
0 (s1) = ™ (aF) < M (T 2)

2.10.r2
< o(@) + 222t -z

3.2(ii) e ) )
<M (2) — Btlo — 2]+ B2 |2t -z

. i
= ¢/ (5) = Btlle -3
e = ol 4 e - F = ma(r - oo - ).

Since x — T = %(s — s7), the inequality becomes

o (s1) < o (s) + P ls — stIP + B llat — 2lf® - B2l — 2T, s — sT)

2
< ¢ (s) — (mi“c’ — Tt - ’”ZLG)Hs —st|?,

hence the claimed expression. O

Corollary 3.19 (Sufficient decrease of GPMM schemes). Let ppq, = m1/mo,
pa., = MGy [Lg,, and A = 1— pQGw(l - pr). Then, @f is a Lyapunov function
for ]—'f{* provided that

1-VA _ 1+ VA

— <A .
e, L, . La,
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In particular, for any such stepsize v and relaxation A the convergence results
of Theorem 3.22 apply to the fized-point iterations of .7-';2{*.

Proof. Denoting & = (ug,A)~*', it follows from Thm. 3.18 that (pﬁ{(sﬂ <

2
o (s) — ngG” clls = s*|?, where ¢ := 2€ — (1 — paq, )€* — pZ;, - By imposing
¢ > 0 and solving with respect to £ one obtains

1-VA 1+ VA
7<§<7

L=pm, L=pm,’

where A =1 — p%w(l —pm, s a strictly positive constant (since PG PM, €
(0,1]). After easy algebraic manipulations one obtains the range of A as in the
statement, hence that @f;{ satisfies the sufficient decrease property 2.2.p2. The
claim then follows from Lem. 3.17. U

For pure PMM schemes, the analysis is much simpler. This fact, a direct
consequence of Corollary 3.19 and stated next, extends and details the analysis
of the proximal point algorithm discussed at the beginning of the chapter, see
Example 3.21.

Corollary 3.20 (Sufficient decrease of PMM schemes). Suppose that G = id
for all v’s (hence .7-'7“ZA = 7'7“” and wf = @Mf). Then, for all A > 0, z € R™
and xt € .7-—:7* (x) it holds that

e (a) < o (2) — 22 (pam — (1= N)?) [z — 2|2,

where pag = m1/my. In particular, if 1—\/pp < A < 14/pa, then gpf = wMi
is a Lypunov function for f;ffk, hence the convergence results of Theorem 3.22
apply to its fized-point iterations.

Proof. The inequality follows from Thm. 3.18 and the feasible range from Cor.
3.19; in fact, G-, = id is pg. -strongly monotone and L¢_-Lipschitz continuous
with HG, = LG’Y =1. O

Example 3.21 (Proximal point algorithm). As detailed in Example 2.29, the
proximal point is a pure PMM algorithm with mj(y) = ma(y) = /5. Its model
and algorithmic envelopes coincide, and equal the Moreau envelope ¢7. Corollary
3.20 then readily applies, resulting in

P(at) < (@) — e —at|?
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'for(gHQ)xJr € Fy" (x) = (1 = Az + Aprox,,(z), thus confirming what revealeél
in (3.2).

3.4 Convergence of GPMM algorithms

We conclude the chapter by furnishing the claimed convergence results of GPMM
algorithms. As expected, subsequential convergence will easily follow from the
similar result in the more general fixed-point framework that opened Chap-
ter 2. The KL property, discussed and analyzed in Section 3.2.4, will allow the
development of stronger convergence results, which will pattern the similar ones
shown in particular cases, see e.g., [5].

Theorem 3.22. Consider the fized-point iterations (sk)keN generated by ]-"ff&
and let z* = Gv(sk). If goff satisfies the sufficient decrease property 2.2.p2 for
]-";f{*, then the following hold:

(i) The fized-point residual (dist(O,7'\’,55{((37‘“)))%EN is square summable; in
particular, min; <y, dist(0, R (s7)) € O(1/v&).

(ii) The set w of qccumulation points of the sequence (xk)keN satisfies w C
fix T C zer dp.

(iii) If ¢ is level bounded, then (s*),cy and (z%),cy are bounded, and w is
a nonempty, compact, and connected set satisfying dist(z* w) — 0 as
k — oo.

(iv) cpMi = ¢ on w, the value being the limit of the (decreasing) sequence

(@™ () pen

Proof. We know from Lem. 3.17 that (pﬁ{ is a Lyapunov function for ‘7:%%'
Moreover, by definition of }"ff*, for all k € N there exists 7% € T;’J(:Ek) such
that sF1 = sk — \(2F — zF).

& 3.22(i). Follows from Thm. 2.4 (i) together with the fact that
dist(a*, 7,7 (%)) < ¥ — 2] = §]ls* — 5]

& 3.22(ii). Follows from Thm. 2.4 (%) and (2.7).

& 3.22(7ii). Follows from Thm. 2.4 (7ii) together with the fact that the continuous
function G, maps bounded sets to bounded sets.
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& 3.22(iv). That o™ T = = @ on w follows from Thm. 3.2(7) in light of the inclusion
w C fix 7:;‘2{. Due to properties 2.2.P1 and 2.2.P2 of Lyapunov functions, the

sequence (M5 () pen = (05 (%)) en 1s decreasing and admits a finite limit,
be it ¢,. From Thm. 3.2(7i) we have that

_ o m _
p(@") — o™ (aF)] < T2 |2t — ¥,

and since ||z¥ — Z¥|| — 0 we infer that p(z¥) — ¢,. Let z, € w be fixed, and
consider a subsequence (27%), . that converges to x,. Then, also (Z7%), .y — Z.
We have

. . 2.10.p2 .
P(r,) < pp < M7 (@7) < M (527) < pla) + 22 — 2,2

where the first inequality is due to lower semicontinuity, the second one to the

fact that (@Mi (2%))en 18 decreasing, and the third one from the definition of
Mff—envelopes. Since (27, — @4, we conclude that ¢(z,) = ¢,, and the
claim follows from the arbitrarity of z, € w. O

Theorem 3.23 (Global convergence). Suppose that the following hold:

A1 @ is level bounded;

A2 @ﬁf satisfies the sufficient decrease property 2.2.p2 for ]-';QA ;

A3 @Mg has the KL property;

A4 there exists m > 0 such that dist(O,(?goMf (x)) < mdist(z, 77

(z)) holds
v
for all x close to fix 7'7”‘2{.

keN be a sequence generated by fived-point iterations of .7-"%, and let

et (s*)
k=G, (s). Then, the following hold:

() (2%)1en converges to a point x, € fix T C zer Oy (hence (8" en
converges to G5 (x4)).

(it) The fized-point residual (dist(0,RZ (s*))) ey is summable, and in par-
ticular min <y dist(0, R (s*)) € O(V/k).

Proof. From Thm.s 3.22(iii) and 3.22(iv) we have that the sequence (z*), oy

remains bounded, that the set of accumulation points w is a nonempty, compact
. of .

and connected set such that dist(z*,w) — 0 as k — oo, and that ™5 is

constant on w. Let ¢, be the value of gpr/ on w. Let the constants 4, > 0 and
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the uniformized KL function ¢ be as in Lem. 3.12. Up to possibly discarding
the first iterates, without loss of generality we may assume that dist(z*,w) <

and @Mf (z%) < p, +n for all k € N, so that

Ay = (M (@) - ¢,)

are well-defined quantities for all £ € N. Similarly, we may also assume that
all points z* are close enough to w C fix 71;‘” so that the bound 3.23A4 holds.
Let ¢ > 0 be the sufficient decrease constant of the Lyapunov function @f;{ (cf.
2.2.p2), and let % € T-7 (2*) be such that s**1 = s¥ — A\(* — Z¥). Then,

=4 o .
M (a) = M () = o (s7) — o (M)

2 —
> %”Sk N Sk+1”2 _ %ka _ :L’k||2 (3.6)
We have
o o o
Ap = Dppr > 9 (M5 (%) — 0,) (M7 (%) — M5 (24FD)
3.12.p3 1 . p
> M (kY oMY (Rt
= dist (0, 09™7 () (p™ (@) =™ @)
GO eN2Yjak — |2
> — —
2d15t<0,8(pM7 (xk))
3.23A4 C)\2||£Ek _ "EkHQ
~ 2mdist (2F, T (aF))
)\2
> 2k — &)l (3.7)

We may then telescope the inequality to obtain

c\? k =k cA? Kk k+1
Ao > Z(Ak—AkH)Z%ZHfU —$||=%ZHS =5,
keN keN keN

where the first inequality follows from the fact that Ax > 0. This shows
that the sequence (s") xen has finite length, and therefore is convergent, hence
so is (2%),cy due to continuity of G,. That the limit of (z¥), oy belongs to
fix 7;‘”( C zer d¢ is a consequence of Thm. 3.22(ii), and the claim on the rate
of convergence can be shown by arguing as in the proof of Thm. 2.4 (7). O
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Theorem 3.24 (Linear convergence). Suppose that the assumptions of Theorem
3.23 are satisfied, and that the KL function can be taken of the form (t) =
ct” for some ¢ > 0 and ¥ > /2. Then, the sequences (s*),cy, (2%),cn, and
dist(0, Rf(sk)) are R-linearly convergent.

Proof. Let % := G, (s*) and r* :== 2% — z*. We know from Thm. 3.23 that the
sequence (ack)keN converges to a point z,, and that ¥ — 0 as k — co. For all
k’s large enough such that z* is sufficiently close to z*, we have

3.23A4
[r¥(| > dist(z", 727 (a*)) > L dist (0, 9™ (z*))

1
(due to 3.23a3) > 7
U g (M (0F) — ()
_ 1 M’;,«/ kY 1-9
= — (™ (") = @) (3.8)

Therefore,

Ap = (M7 () = o)) = e(@™ (@*) — (@) < e(med|r])

where the last inequality follows from (3.8). Since r* — 0 as k — oo, for all k’s
large enough it holds that mcd|r*|| < 1. Moreover, having ¥ > 1/2 implies that
9

25 > 1, hence (med||r*||) ™ < mcd||r¥| for all k’s large enough. We may

thus continue the inequality as

Ay < mcd||rF. (3.9)
Let By, = ;5 [[77]]- Then,
Is¥ = sl < D187 = 7T =AY [la? — 27| = ABy. (3.10)
i>k i>k
We have
) (347)2m 2m
Br= |l < o2 2 (A = Bje1) = 50
i>k >k
29m?e¢ 29m?2e
(due to (3.9)) < Ir* ] = (Bi — Biy)-

A2 A2



CONVERGENCE OF GPMM ALGORITHMS 67

By suitably rearranging, we obtain that for all k’s large enough it holds that

B < (1- 21{\7226)Bk,

hence, that (By),cy is asymptotically @Q-linearly convergent. The claimed R-
linear convergence rates then follow from (3.10) and from the fact that ||r¥|| <
Bj,. O



Chapter 4

Acceleration of nonconvex splitting algorithms

4.1 A new backtracking paradigm

for continuous Lyapunov functions

In the next chapters we will see that, under due assumptions, many splitting
algorithms fit into the proposed GPMM framework. In this perspective, the
theory developed so far serves a twofold purpose. First, it establishes a novel
(and unified) convergence analysis of known splitting algorithms applied to
nonconvex problems. Secondly, it sets the ground for building new methods on
top of the known ones, which at negligible additional cost per iteration may
result in an outstanding performance improvement. This chapter deals with this
second objective. Interestingly, most (if not all) known splitting algorithms that
fit into the generalized proximal MM framework are based on continuous models,
in the sense of Definition 2.11. As a result, not only are the corresponding M-
and F-envelope functions real valued, but they are also continuous, as ensured
by Proposition 3.8.

Continuity of the Lyapunov function is the key property over which this chap-
ter depends. In fact, although the same arguments could even be applied to
the abstract Lyapunov framework briefly investigated in Section 2.1 by sim-
ply restricting the analysis to continuous functions £, now that we are well
acquainted with proximal envelopes and GPMM algorithms this degree of gener-
ality is no longer needed. Nevertheless, for the sake of understanding how plain
continuity can be of any use, let us suppose that £ € C°(R") is a Lyapunov
function for some osc and nonempty-valued fixed-point mapping F : R™ = R",
and let ¢ > 0 be the sufficient decrease constant as in property 2.2.pP2. Suppose
that the current iterate is s € R", and let d € R™ be an arbitrary candidate
update direction at s. What d is, and how it is retrieved is irrelevant at the mo-

68
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ment; suffice it to say that the choice of an update direction d represents our
degree of freedom for extending a known (splitting) algorithm while maintain-
ing its (subsequential) convergence properties, and that “ideally” we would like
to replace the fixed-point update s — s* € F(s) with the chosen s* = s + d,
for we have reason to believe this choice will lead us closer to a fixed point of
F. In order to distinguish between the proposed modification and the original
fixed-point iteration, let us establish the convention of denoting s € F(s) (as
opposed to sT which we shall reserve to the modified update), and refer to it
as a nominal update. Let us also suppose that the current iterate s is not a
fixed point of F, for otherwise a solution would be found and there would be
no reason to investigate any further. Due to the sufficient decrease property of
the Lyapunov function £, we know that

L(5) < L(s)— £|ls—5||* for any nominal update 5 € F(s).

However, nothing can be said as to whether £(s+d) is also (sufficiently) smaller
than £(s) or not, nor can we hope to enforce the condition with a classical
backtracking s 4+ 7d for small 7 > 0, as no notion of descent is known to £
(which is continuous but not necessarily differentiable); moreover the direction d
is even arbitrary. Is there a way to design a linesearch ensuring that the wanted
update, or something close to it, also satisfies a sufficient decrease? Here is
where continuity comes into the picture.

Let us replace the sufficient decrease constant ¢ with a smaller value, say, ac
for some « € (0,1). Then, not only does s satisfy the sufficent decrease with
constant ac, but due to continuity of £ so do all the points around: loosely
speaking,

L(s") < L(s)— %|ls —5||> forall 8" close to 5. (4.1)

The idea is then to “push” the candidate update s+ d towards the “safe” update
s until the relazed decrease condition (4.1) holds. One way to do so is through a
linesearch along the segment connecting the “ideal” update s + d and the “safe”
nominal update s, as follows:

T+ 1

repeat st = (1—7)5+7(s+d)

until  L(sT) < L(s) — &||s — 5]

The caveat of this approach is that it assumes that £ is an explicit function,
in the sense that its value can be computed at any point. On the contrary,
this was not an issue in the previous chapters where only nominal algorithms
were investigated. To underline the significance of the claim, recall that for
convex splitting algorithms £ = dist( -, fix )2 is a suitable Lyapunov function,
cf. (2.2), which is also continuous. Unfortunately, however, such a Lyapunov
function is of no use, as its value, in meaningful problems, cannot be evaluated.
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A solution to this problem will be proposed in Chapter 8, where by means of
properties of projections and averaged mappings £ will be approximated by
using available information.

This solution, however, does not apply in the nonconvex setting investigated
here, which is where envelope functions yet again prove their worth. Indeed,
when £ = gpﬂ;’{ is an envelope function, one evaluation requires only one nominal
step: any s € .7-‘;2{* (s) is expressed as

§=s—Aa—2) forsomezTé€ 7:;‘2{(95),

hence »
0 (s) = o™ (2) = M (z; ).

4.2 The CLyD algorithmic framework

Algorithm 4.1. CONTINUOUS-LyAPUNOV DESCENT FRAMEWORK

REQUIRE e 7, A s.t. the continuous function <p§{ satisfies the
sufficient decrease 2.2.p2 with ¢ > 0 for .7:;27A
e scaling factor « € (0,1) for sufficient decrease constant
e initial iterate s° € R™
o tolerance € > 0

PROVIDE z, with dist(z*,’]jf{(x*)) <e
1: for k=0,1,2,... do

2: Do one nominal F3-step: ¥ = G, (s*)
* e T2 (sh)
5° = s* — A(z® — )
if ||2* —z*|| <e then
return z, = zk

Select an update direction d* € R™ at s*
Let 7, € {27% | i € N} be the largest such that

o (s°11) < @ (s*) — aglls® - 5|17, (4.2)

where s51 = (1 — 73,)5% + 14 (s* + d¥)
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The ideas discussed in the previous section lead to the Continuous-Lyapunov
Descent algorithm (CLyD), detailed in Algorithm 4.1. We begin by showing
that the proposed algorithm maintains the subsequential convergence properties
of the underlying nominal scheme.

Theorem 4.1 (Subsequential convergence of (nonmonotone) CLyD). The
following hold for the iterates generated by CLyD (Alg. 4.1) with tolerance
e=0:

(i) The residual (||z* —ar?k||),_ceN is square-summable; in particular, it vanishes
with rate min; <y, dist(z?, 77 (27)) € O(Y/VE).

(i) TheAset w of accumulation points of (z),cy satisfies w C ﬁx7:f{ -
Zer 0.

If, additionally, ||d*|| — 0 as k — oo, then the following also hold:

(iii) If ¢ is level bounded, then (s*), oy, (#%)ens (8%)pens and (2%),cy are
bounded, and w is a monempty, compact and connected set satisfying
dist(z*,w) = 0 as k — .

w) @ 7= @ on w, the value being the limit of the (decreasing) sequence
M
o
(™ (»Tk))keN-

All the claims remain valid if the linesearch condition (4.2) is replaced by the
following nonmonotone version:

pf (") < Li — agls* - 5|7, (4.3)

where, for any sequence (ty),cn C [0, 1] bounded away from 0, Ly, are recursively
defined as follows:

E o 80'4}2/{(80) _ ka =0,
PO =) Lo + tk@fj{(sk) otherwise.

Proof. The feasibility of the linesearch for arbitrary directions d* has been
extensively discussed in the previous section. Moreover, the first part of the
proof is similar to that of Thm. 3.22, so we simply outline the details.

& 4.1(i). We have

b kD2 oAk o [ kel 2 w0y 221
S s = I < 23 (8 () (55) < 2 (o () - nf ) < .
keN ken
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where in the third inequality we used the fact that inf <p:‘j{ = inf ¢, cf. Cor.
3.3 (ii).

& 4.1(ii). Suppose that a subsequence (s*s )jeN converges to a point s,. Since
(Ils* = 5| en — O, it also holds that %7 — s, as j — co. Thus,

s, = lim 5% € hmsup]-'d*( i) C ]-"j{*(s*),
Jj—o0

where the last inclusion follows from the fact that .7-" “x {3 osc.

& L1(iii). Since (s%), oy C lev<@g¢(g0) the sequence is bounded provided gay
is level bounded, which in turn is equwalent to having ¢ level bounded, cf. Thm.
3.7. Then, due to continuity of G, necessarily also (zF) sen is bounded.

If, additionally, ||d*|| — 0 as k — oo, then since 73 € [0, 1] for all &’s we have
|s*H — sk = || (1 —74)5" + 71 (s* +d*) — kH < (L=m3)||s® = 5% + 7 ||d*|| = 0

as k — oo. The proof now follows from Lem. 2.3.

Let us now prove the claim for the nonmonotone variant. We start by showing
that the linesearch is indeed feasible, and that for all £ € N the following hold:

(v) Ly > apﬂ(sk).

(vi) L1 < Ly — trorac|s® — 57|12

For k = 0, inequality 4.1 (v) holds as equality, and in particular the nonmonotone
linesearch condition (4.3) is satisfied by small enough stepsizes. Suppose now
that up to iteration & > 0 the inequality holds and in particular the nonmonotone
linesearch is feasible; then,

Liyr = (1= tip1) Ly + terd (s

> (1= tip)es (") + trpr 0 (s*)

= oy (")

)

where in the inequality the nonmonotone linesearch (4.3) was used. Hence,
4.1(v) holds for all k’s, and the linesearch is always feasible. The inequality in
4.1 (vi) then readily follows from the fact that Lgyq > gof (s**+1). In particular,

L, > inf <p;'f > —oo for all k; we may then telescope the linesearch inequality
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(4.3) to arrive to

00 > Lo — inf gpf > athkHsk — 5|12 > actmin Z |s* — 5% |2,
keN keN

where tyin = infrey tg, which is strictly positive by assumption. We may now
trace the proof of the monotone variant to arrive to the same conclusions. [

An interesting observation is that for pure PMM schemes with no relazation,
that is, if G = id and A = 1, continuity of the envelope function is not required
for the well definedness of the algorithm. In fact, in this case upper bounds on
the number of backtracking of 75 can be established without any continuity
requirement. To see this, let z,d € R™ be fixed, and let & € 7?;2{ (z) be the result
of a nominal PMM-step. For 7 € [0, 1], consider 2} := (1 —7)Z+ 7(x +d). Then,
. 3.9
oM (aF) < o(@) + |17 - 2|
< M7 (@) - gllz — ol + 2]z - o |

= oM (@) - §)7 — 2| + ™2 |7 — 2 — d|)?

o _ —
<M (@) = 5117 — 2] + mer? (|7 — |® + [|dIf?).

o o _ 1—
Thus, ™" (z1) < ™5 () — afllz — z|* when 7 < (2m°‘2)c 1+Hd”2}”m7iu2.

Since 7 is halven every time the linesearch condition (4.2) does not hold, it
follows that

2ma  141dR )12/ ok _zk )2

G=id, A=1 = Tkzé\/u—a)c | i

in CLyD (Alg. 4.1). In order to drop the assumption of continuity as well as
to upper bound the number of T-bactrackings for any GPMM scheme with
relaxation, one could consider replacing the s-update rule with

sT=(1- T)Gil(ig') +7(s+d),

where 5§ € F(s) is the result of a nominal F;*>-update, zj = G(s{ ), and
Tg € 7:;‘2{ (zg). In fact, similarly to the chain of inequalities above,

o (sH) LM (G(sY))

(Prop. 3.9) < (p(jar) + %HG(S—F) — .’f6r||2
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(Thm. 3.2(10)) < M5 () + B2||G(s) — 2|2
= o7 (s§) + 22|IG(sT) — zF |2
< @7 (s) — £lls — sy |1* + 22 ||G(sT) — 2 |1%.

Then, we may use Lg-Lipschitz continuity of the transient mapping G to infer
that

IG(s™) =25 |l < Lells™ = G (@) = 7Lall G (zg) — s —dll,

and a lower bound on 7 ensuring the linesearch condition (4.2) can then be
easily established, without the need of continuity of <p“f .

The problem of this strategy is that it requires inverting the transient mapping
G (for computing the point G~*(z{), an operation that is not prescribed
by the nominal f,ff*—iterations. As detailed in the next section, by using the
backtracking proposed in CLyD (Alg. 4.1) we can instead improve the underlying
GPMM scheme without the need to complicate the oracle of its iterations. For
this reason and for simplicity of the exposition, although most convergence
results could easily be extended, the variant here introduced will not be further
discussed in the thesis.

4.3 Choice of directions

Although the proposed algorithmic framework is robust to any choice of direc-
tions d*, on the contrary its efficacy is greatly affected by the specific selection.
This section provides an overview on some update directions d* that can be
conveniently considered.

The termination criterion for CLyD (Alg. 4.1) is based on (the norm of) the
fixed-point residual of the underlying splitting schemes

Rj(s) = %(m —z) =L (st —s).

Under some assumptions, which will be investigated case by case in the remaining
chapters, close to critical points the residual mapping Rﬁ{ becomes a well-
behaved single-valued function, possibly enjoying Lipschitzian or differentiability
properties. As a result, one ends up solving a system of nonlinear equations,
namely finding s, such that Rif(s*) =0.
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As a way to speed up convergence, one possibility is to employ directions
stemming from fast methods for nonlinear equations, namely

k o (K
d" = —HkR,Y (S ),

where the linear operator Hj, mimicks JR (s*)~*. When the residual is differ-
entiable or admits some Jacobian approximations, one can indeed consider an
exact Newton step as update direction. However, the combination of nonconvex-
ity and nonsmoothness in the investigated problems makes this property quite
uncommon. Moreover, even when this is the case, the computation of (gener-
alized) Jacobians and the consequent solution of linear system to retrieve the
Newton direction fails to preserve the simple oracle of the nominal splitting
algorithms.

For these reasons, we limit the analysis to quasi-Newton schemes which, starting
from any invertible matrix Hy (typically a positve multiple of the identity)
perform low-rank updates based on available quantities. Such quantities are
pairs of vectors (p, qx), where py is the difference between iterates and g the
difference of the respective fixed-point residuals: denoting s§+1 = sk + d* the
update tried first in the backtracking (that is, with 7 = 1), these vectors are
given by

Pk Sg Pt k 1 (.k k of [k
with " = (5" —5") e RZ (s 4.4
q = T‘§+1 ’I“k, )\’y( ) y ( ) ( )

and similarly r§ € Rfj{(s’g) As it will be clear in the proof of Theorem 4.7, this

particular choice of p; and g rather than the conventional p, = s*+!

— s* and
qr = r*T1 — ¥ is suited for the proposed innovative linesearch. We will now

list a few update rules for Hy based on the indicated pairs.

43.1 (L-)BFGS

Start with Hg > 0 and update as follows:

Py ar) + (HeGro @) 1 Hiqrs), + spqiHy
2 pk)pk_ .
(P> qx)) (Pk> qr)

Hypi = H +

Whenever (pg, qr) < 0, one can either set Hyy; = Hy, or use a different vector
pr. as proposed in [100]. The limited-memory variant L-BFGS [88, Alg. 7.4],
which does not require storage of full matrices Hy or matrix-vector products
but only storage of the last few pairs and scalar products, can be conveniently
considered.
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Although very well performing in practice, to the best of our knowledge fast
convergence of BFGS can only be shown when the Jacobian at the limit point
is symmetric, which hardly ever holds in our framework. We suspect, however,
that the good performance of BFGS derives from the observation that, when it
exists, the Jacobian of Rff is similar (in the sense of conjugacy) to a symmetric
matrix.

4.3.2 A modified Broyden scheme

Fix ¢ € (0,1), e.g., ¥ = 0.2, an invertible matrix Hy, and update as follows:

v — Hiq

Hyi1 = Hy, + W 4.5a
k+1 Kk (s (Vo — i +Hqu>pk k ( )
where
1 if [ye| > 0 (Hyq", p")
V=< 14 . - and g = ————t 4.5b
{g” if ] <7 THE (4.50)

with the convention that sgn0 = 1. The original Broyden formula [28] corre-
sponds to ¥ = 1, whereas this specific selection ensures that all matrices Hy,
are invertible [99]. Under some regularity assumptions at the limit point, in
Theorem 4.7 this modified Broyden method will be shown to trigger superlinear
convergence.

We should remark, however, that extensive numerical evidence seems to agree
that BFGS directions as in Section 4.3.1 yield the best performance. In fact, with
as little as a five-to-ten-vector buffer, the limited memory L-BFGS is extremely
beneficial and requires negligible algebraic operations (few scalar products only
per iteration). For the time being, the Broyden scheme investigated here serves
only for theoretical purposes. Nevertheless, it will find a practical utility in
Chapter 8, where a limited-memory variant will be also proposed.

4.3.3 Anderson acceleration
Fix a buffer size m > 1 and start with Hy = I. For k > 1, let

Hy =1+ (P — Q1)(Q19k) 1 O},

where the columns of matrix Py, are the last vectors px_as, -+ ,pr—1 and those
of Qy are the last vectors qx—ns, -+ ,qr—1, with M = min {k, m}. If Qj is not
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full-column rank, for € RM the product (Q}Qy) x is meant in a least-square
sense. This is a limited-memory scheme, which requires only the storage of few
vectors and the solution of a small M x M linear system. Anderson acceleration
originated in [2]; here we use the interpretation well explained in [45] of (inverse)
multi-secant update: Hy, is the matrix closest to the identity (with respect to
the Frobenius norm) among those satisfying Hy Qy = Pk.

4.4 Global and (super)linear convergence

Theorem 4.2 (Global convergence). Consider the iterates generated by CLyD
(Alg. 4.1) with tolerance € = 0. Suppose that the following hold:

A1 @ is level bounded;

A2 The M-envelope @M:{ has the KL property;

A3 there exists m > 0 such that dist(O,&pr (z)) < mdist(z, T (x)) holds
for all x close to fix Tj{;

A4 there exists D > 0 such that ||d*| < D||s* — 5*|| for all k’s.
Then, the following hold:
(i) (z*),en converges to a point x, € fix ¥ C zer Do (hence (5") ke
converges to G5 (x)).
(ii) The residual is summable and in particular min;<, dist(z*, 77 (2*)) €
O(/k).
Proof. Let L be a Lipschitz modulus for G., and G L. We have

05 (5°) = o (") > aglls” — 5| > agpslla” — 282,
which is exactly the inequality (3.6) in Thm. 3.23 (with a different constant). We
may thus trace the proof therein up to equation (3.7) to infer that ([|* —Z*|)), oy

is summable. Moreover,
4.2A4
¥ = 8% < (1 = 7)lls® = %[ + 7 [|d*[| < (1 + D)||s* —5"|

< (1+ D)L|ja* - 2¥],
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proving that (|[s*T! — s¥||), <y is summable too, and thus converges to a point s,.
Because of Lipschitz continuity, also (z*) ren converges to some point x,, in fact,

to x, = G;l(s*). That z, € fix 7'7”‘2{ C zer &p follows from Thm. 4.1 (%) O

Theorem 4.3 (Linear convergence). Suppose that the assumptions of Theorem
4.2 are satisfied, and that the KL function can be taken of the form i(s) =
cs” for some ¢ > 0 and 9 > 1/2. Then, the sequences (s*),cn, (2%) e, and
dist(z*, Tff(xk)) are R-linearly convergent.

Proof. The proof is exactly the same as that of Thm. 3.24, with the only
exception that in (3.10) the inequality ||s/ — s?*|| < L||27 — Z7|| is to be used,
as opposed to the equality ||s? — s/ || = A||z7 — 27| therein. O

4.5 Superlinear convergence

In the sequel, we will make use of the notion of SUPERLINEAR DIRECTIONS that
we define next.

Definition 4.4 (Superlinear directions [14, §7.5]). We say that (d*), .y are
SUPERLINEARLY CONVERGENT DIRECTIONS for a sequence (s*), oy converging
to a point s, if

Is* +d* — s, _

lim =0.
Sy PN

The next result consititutes a key component of the methodology, as it shows
that the proposed algorithm does not suffer from the Maratos effect [80], a
well-known obstacle for fast local methods that inhibits the acceptance of the
unit stepsize. On the contrary, we will show that whenever the directions (d*), eN
of CLyD (Alg. 4.1) are superlinear, then indeed the unit stepsize is eventually
always accepted, and the algorithm reduces to the (undamped) local method
skl =P + d*, and (%), then converges superlinearly.

Theorem 4.5 (Acceptance of the unit stepsize and superlinear convergence).
Consider the iterates generated by CLyD (Alg. 4.1). Suppose that the following
hold:

Al (xk)keN converges to a strong local minimum of ¢;

A2 (d®), oy are superlinearly convergent directions with respect to (s*), oy

A3 Y 7& F%((E*);
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Then, there exists k € N such that
Lpif(sk +d*) < @fﬁf(sk) —af|s* = 8" forallk > k.

1

In particular, eventually the iterates reduce to s**1 = s* 4+ d* and converge

superlinearly.

Proof. Let L be a Lipschitz modulus for the transient mapping G, and its
inverse. We know from Thm. 3.6 and the property 2.31.P1 of the criticality
threshold that s, = G; 1(s*) is a strong local minimum for <p§{ : there exist
€, > 0 such that

05 (5) = 2 flls — 5.l Vs € B(suse),

where ¢, = @f(s*) = p(z4) (the second equality is due to Cor. 3.3(7)).
Combined with the quadratic upper bound of the F-envelope, see Prop. 3.9, we
obtain

@ (5% +d") — o, < M2 |G, (s* + d¥) — 2, ||? - maL? ||s* + d¥ — s, |2
@ﬂij(sk) —Px

PR T ISP s
holding for all £’s sufficiently large. In particular,

pf (s* +d*) — o,

—0 ask — oco.
@f(sk)—gp*

E =

Thus, for all k’s large enough we have that ¢, < 1 — «, and also <pf;{(§k) =

cpr (z%) > ¢, as ensured by Prop. 3.5. Hence, eventually,
o (sF +d¥) — o (sF) = (0 (" + d¥) — p.) = (0 (s") — )
= (er — 1) (95 (") — 07 (3))
< —oaflls" =57
which proves the claim. O

Theorem 4.6 (Dennis-Moré condition). Consider the iterates generated by
CLyD (Alg. 4.1). Suppose that the following hold:

Al (sk)kGN converges to a point s, at which Rf’;{ is strictly differentiable and
with nonsingular Jacobian JR,‘;;{(S*),
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A2 The Dennis-Moré condition holds:

R (%) + TR (s4)d" |
klggo ] =0. (4.6)

Then, (dk)keN are superlinearly convergent directions with respect to (Sk)keN'

Proof. The Dennis-Moré condition (4.6) implies that

R () + JRY (s.)d" — R (sF +d¥) R (s* + d")

0« +
[l | [l

as k — oo. Due to strict differentiability, the first term on the right-hand side
vanishes, hence so does the second. Moreover, nonsingularity of Rf’ (s4) implies
that there exists o > 0 such that

o o o
IRT ()l = IRY (s) = RY (s:)]| = exlls — s]|

holds for all s close to s,. Here, the first equality is due to the fact that G (s,)
is critical, hence 0 = Rﬁ{ (sx) (equality, as opposed to inclusion, holds due to
the assumption of differentiability). We thus have

IRY (" +dMI| _ |ls* +d* — .|

0« >«
[ld¥]] [ld¥]]
Is* +d* — s,
“TsF+ dF = s+ [s5 = sl
lls*+d* —s. ||
_ llsF—s. |l

lls*+dk—s.] ’

L+ T

as k — oo, and in particular M — 0. O

We conclude the section showing that employing Broyden directions (4.5) enables
superlinear convergence rates, provided that Rff is Lipschitz continuously
semidifferentiable at the limit point, see [59].

Theorem 4.7 (Superlinear convergence with Broyden directions). Consider
the iterates generated by CLyD (Alg. 4.1) with directions d* selected with the
modified Broyden method of Section 4.3.2. Suppose that the following hold:
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Al (Sk)keN converges to a point s, at which R:‘f is Lipschitz-continuously
semidifferentiable and with nonsingular Jacobian JR,”(;{(S*) (in particular,
R:‘;{ is strictly differentiable there).

A2 there exists m > 0 such that dist(0, 0 (s)) < mdist(0,RZ (s)) holds for
all s close to s,.

Then, the Dennis-Moré condition (4.6) is satisfied, and in particular all the
claims of Theorem 4.6 hold.

Proof. Denoting G, = JR;‘j{(s*), we have

lg" — Gup¥|| _ IR (s51) = RY (%) — Guls™ ! — sV
[l [[sF+E — 8| ’

and since s — 2*, due to [59, Lem. 2.2] there exists L > 0 such that
w < Lmax {||s’”‘1 z*||,||s* — &*||} for k large enough. Consequently,

due to Thm. 3.24 and Prop. 3.16, W is summable. Let By := H, ' and

Ey = By — G,, and let || - || denote the Frobenius norm. With a simple modi-
fication of the proofs of [59, Thm. 4.1] and [4, Lem. 4.4] that takes into account
the scalar 9y € [0,2 — 9], we obtain

1Binllp < ||Be(T-vetpee )|+ ’“W

0(2 = V) || Expee?
21 Ekllr okl

< 1Bkl —

Consequently, (||Ex| p)zey is decreasing, and in particular its supremum E :=
sup(||Ex||F) ey is finite. By rearranging the inequality above, we obtain

Z | Expr|? qu(Q—ﬁ) | Expr|)?

2 2
2 Tl = 2 20Elr el
< S By~ 1B )
keN

< [ Eoll -
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Therefore, since py = sg'H — sk =dF = fHkR:‘j{(sk), we have that
IExprll _ 1By — Gopell _ RS (s%) + Gud|
1P|l 1P|l |

is square summable, hence the Dennis-Moré condition (4.6). O



Chapter 5

Forward-backward splitting

5.1 Introduction

We now consider composite minimization problems

minimize (z) = f(z) + 9(z) (5.1)

under the following requirements.

Assumption 5.I (FBS: basic assumption). In problem (5.1)

A1 f e CHY(R") is Ly-smooth, hence o -hypoconvex with |of| < Ly.

A2 g:R" — R is proper and lsc.

A3 A solution exists, that is, argmin ¢ # ().

Both f and ¢ are allowed to be nonconvex, making (5.1) prototypic for a
plethora of applications spanning signal and image processing, machine learning,
statistics, control and system identification. A well-known algorithm addressing

(5.1) is forward-backward splitting (FBS), also known as proximal gradient
method, amounting to fixed-point iterations

zt € prox,, (z —yVf(x)), (5.2)

where v > 0 is a stepsize parameter.

The name forward-backward splitting is a loan from monotone operator theory,
where given a maximally monotone (set-valued) operator A and a cocoercive
(single-valued) operator B, the problem of finding = € zer(A + B) is addressed

83
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by interleaving forward steps id — vB and backward steps (id +~vA)~! for some
stepsize parameter v > 0. In fact, when both f and ¢ are convex, problem (5.4)
is equivalent to finding = € zer 0y = zer(A + B), where A := Jg is maximally
monotone, and B = Vf is L;l—cocoercive [10, Cor. 18.17 and Thm. 20.25].
In this case, the forward step becomes a gradient descent id — vVf and the
backward step the proximal mapping prox., [10, Prop. 16.44], hence the name
prozimal gradient method in optimization. Thanks to this theoretical link, when
both f and g are convex, relaxed fixed-point iterations of the (single-valued)
forward-backward operator, namely

pRTl (1— )\k)ggk + Ak prox,, (SEk - ’va(fk))’

are known to converge to a minimizer of ¢ for any stepsize v € (0,2/L;)
and any choice of relaxation parameters (A\g),cy C (0, 2 — 7/2L;) as long as
> pen Mk (2 = /205 — M) = oo [10, Cor. 28.9]. Moreover, FBS enjoys a global
rate O(1/k) in terms of objective value, and accelerated variants, also known
as fast forward-backward splitting (FFBS) or accelerated proximal gradient
method, can be derived thanks to the work of Nesterov [83, 122, 16, 86], that
only require minimal additional computations per iteration but achieve the
optimal global convergence rate of order o(1/k?) [7].

When f and/or g are nonconvex, convergence results can be established by
viewing FBS as a (pure) PMM algorithm. As we will see in the next section,
this requires reducing the range of the stepsize to v € (0,1/L;). Before that, let
us first observe that proximal gradient iterations (5.2) are well defined for any
stepsize in such range.

Remark 5.1 (Feasible stepsizes for FBS). Under Assumption 5.1, for all z € R™
it holds that

inf o < f(z) + g(a) < £(0) + (VF(0),z) + & ||z] + g(=),

hence, for all r > Ly the function z — g(x) + 5|z||? is lower bounded. It then
follows from the definition of prox-boundedness that g is prox-bounded with
threshold ~y, > 1/L;. Proposition 1.12 then ensures that prox,, is nonempty-
valued for any stepsize v < 1/L;, thus forward-backward iterations (5.2) are well
defined. O

5.2 FBS as a PMM algorithm

We now show that, when Assumption 5.1 is satisfied, FBS is a pure PMM
scheme, that is to say, FBS fits into the fixed-point iteration framework (2.6)
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Forward-backward splitting FB ~ (MFYB)’YE(O,l/Lf)

o 1/Lf (ensures m1 > 0)

MEP(w;) : g(w) + f(2) + (V@) w— ) + &llw 22 6.0

REP(z) %(x = T7%(z)) (2.9)
(@)« f@) = 3IVI@IP + g7 (x — V(@) (5.7)
ma(7y) % (5.5)
ma(y) : 17% (5.5)

Ls : 1_% Lem. 2.15

Table 5.1: FBS with stepsize v € (0,1/L;): parameters of the prozimal model.

The F-envelope, denoted as ¢5*, is the forward-backward envelope function.

with G, = id. To facilitate the reading, all the elements and the parameters
are summarized in Table 5.1.

Let us consider one iteration z — T with stepsize v < 1/L;. We have

at e prox,, (x —Vf(z))
= argmin {g(w) + & |w -2 +7Vf ()|} (5.3)
argmin { g(w) + (Vf(2),w — @) + & llw - |2 + F|VS (@) 2}.

By adding the constant quantity f(z) — 2||Vf(«)||* into the function being
minimized, we obtain that z= € argmin,,cgn» Mif’(w; x), where

MP(w; ) = g(w) + f(2) + (Vf(2),w — @) + g5 Jw—a[*. (54)
It follows from the quadratic bound (1.5) that M~ is a proximal model for ¢

with constants as in property 2.10.p2 given by

1—~L;y

my = and my = 1_;"”. (5.5)
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Lemma 5.2. Suppose that Assumption 5.1 is satisfied. Then, the difference
§(w) = MP(w;z) — p(w) = f(z) + (Vf(z),w - z) — f(w) + 5w — 2|

is Ls-Lipschitz differentiable with Ls = 17% for any x € R™. In particular,
for any x € T7®(x) it holds that

dist(0, dp(#)) < =2 |z — ).
Proof. Since Vi(w) = %(w —Vf(w)) — %(x —yVf(x)), for all w,w’ € R™ it
holds that
(Vo(w) = Vo(w'),w —w') = 2w —w'||* = (Vf(w) = Vf(w),w —w’).
From (1.5) we then obtain that the scalar product is bounded as
2w — w7 < (V8(w) = Vo(w),w — w') < 2w — |,

hence the claimed Lipschitz continuity. The rest of the proof then follows from
Lem. 2.15. O

5.3 Forward-backward envelope

Consistently with Definition 3.1 and since FBS is a pure PMM scheme (the
transient function is G, = id), we have

(def) .
¢y (@) = min MP(w;2)

= min {g(w) + /@) + (V/(@),w =)+ Llw—al*}.  (56)
We name this function FORWARD-BACKWARD ENVELOPE (FBE). Since the
minimum in (5.3) is, by definition, g7 (x — yVf(z)), and in passing to (5.4) the
term f(z) — 2||Vf(2)||* was added, we easily infer the following alternative
expression of the FBE in terms of the Moreau envelope of g:

P (@) = f(2) = 3IVF@)? + g7 (z = 7V f(2). (5.7)

The FBE was first introduced in [92] for convex problems with f twice continu-
ously differentiable, and later generalized in [113] by discarding the convexity
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assumption of f. Under these assumptions the FBE was shown to be continu-
ously differentiable, see [112, 94] for further details and more differentiabilty
properties. The more general analysis dealt here was investigated in [120]; all
the results are special cases of the unified analysis provided in Chapter 3.

Theorem 5.3 (FBE: sandwich property). Suppose that Assumption 5.1 is
satisfied and let v € (0,1/L;) be fized. For all x € R™ the following hold:
(i) 37 (x) < p(x), with equality holding iff x € T7®(x).
..y 1—~L — — 1—vo — _
(1) —35 e —z)* < PP (2) — 9(@) < |z — || for all 7 € T(2).

(i) inf P = inf ¢ and argmin pI* = argmin .

Proof. Follows from Theorem 3.2 (ii), since mq(7y) = 1727,ny and ma(y) = 17277”’( ,

cf. Table 5.1. O

Theorem 5.4 (FBE: equivalence of local minimality). Suppose that Assumption
5.1 is satisfied, and let v € (0,1/1;) and & € fix T® be fized. The following hold:

FB

=, then it is a (strong) local

(i) If T is a (strong) local minimum for ¢
minimum for ¢.

(i) If T;%(x) = {z}, (e.g., if v <I"®(Z)) then the converse also holds.

Proof. See Theorem 3.6. O

Theorem 5.5 (FBE: Equivalence of level boundedness). Suppose that Assump-
tion 5.1 is satisfied. For any v € (0,%/L;), ¢ is level bounded iff ©iP is level
bounded.

Proof. See Theorem 3.7. 0

5.3.1 Regularity properties

Since f, Vf, and g7 are strictly continuous, the following regularity property of
the FBE is immediately deduced from the expression (5.7).

Proposition 5.6 (Strict continuity of the FBE). Suppose that Assumption 5.1
is satisfied. For any v € (0,1/L;) the FBE @t is a strictly continuous function.

Notice that (nonstrict) continuity of ¢* could directly be inferred from Propo-
sition 3.8, being the sections z — MZI"(w; x) continuous for any w € R™.
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Proposition 5.7. Suppose that Assumption 5.1 is satisfied. If T is critical,
then for all v € (0,T73(Z)) the Moreau envelope g7 is strictly differentiable at
T —Vf(z) with V9" (z —yVf(z)) = —=Vf(Z).

In particular, if f is (strictly) twice differentiable at T, then i° is (strictly)
differentiable at T with Vi (z) = 0.

Proof. 1t follows from Prop. 1.12 that ¢” is strictly continuous with

2.31.r1

99" (z —Vf(x)) C 3 [z —1Vf(@) - T,°(@)] = {-Vf(@)},

and the claim on g7 then follows by invoking Lem. 1.3 (iv). The last part follows
from the chain rule of differentiation. O

5.3.2 First-order differentiability

In the favorable case in which g is convex and f € C%(R"), the FBE enjoys
global continuous differentiability [113]. In our setting, PROX-REGULARITY acts
as a surrogate of convexity; the interested reader is referred to [106, §13.F] for
a detailed discussion.

Definition 5.8 (Prox-regularity). Function g is said to be PROX-REGULAR at
xo for vy € Og(xo) if there exist p,e > 0 such that for all ' € B(xg;¢) and

(x,v) € gphdg s.t. x € B(zg;e), v € B(ug;e), and g(z) < g(xo) +¢
it holds that g(z') > g(z) + (v,2’ — ) — &2’ — =||2.

Lemma 5.9 ([106, Ex. 13.35]). Function g is proz-reqular at x, for v iff
g — (v, -) is proz-regular at T for 0.

To help better visualize this definition, let us consider the local geometrical
property that it entails on the function’s epigraph [98, Cor. 3.4, Thm. 3.5]. If ¢
is prox-regular at xg for vy for some constants €, p > 0 as in Definition 5.8, then
there exists a neighborhood of (g + vo/p, g(x¢) — 1/p) in which the projection
on epig N (B(zo;e) x B(vp;¢€)) is single valued.

Prox-regularity is a mild requirement enjoyed globally and for any subgradient
by all convex functions, with ¢ = +00 and p = 0. When g is prox-regular at xg
for vg, then for sufficiently small v > 0 the Moreau envelope g7 is continuously
differentiable in a neighborhood of z¢ + vy [98]. To our purposes, when needed,
prox-regularity of g will be required only at critical points z,, and only for the
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subgradient —Vf(xz,). Therefore, with a slight abuse of terminology we define
prox-regularity of critical points as follows.

Definition 5.10 (Prox-regularity of critical points). We say that a critical
point x, is PROX-REGULAR if g is proz-regular at x, for —Vf(xzy).

Clearly, if g is convex then any critical point is prox-regular. Prox-regularity
of critical points is a mild requirement, also considering that the fact of being
critical itself entails some regularity properties as shown in Proposition 5.7. We
now prove an important result that connects prox-regularity with first-order
properties of the FBE.

Theorem 5.11 (Continuous differentiability of ©Z* and error bound). Suppose
that Assumption 5.1 is satisfied, and let x, be a proz-reqular critical point. Then,
for all v € (0,T"®(x,)) there exists a neighborhood Uy, of x. on which the
following properties hold:

(i) T;® and RLP are strictly continuous, and in particular single-valued.

(ii) dist(0,0¢" () < (1 —~yop) IR (@)]; in fact, it suffices to have R:*(x)
single-valued for this to hold.

(iii) If f is of class C* (resp. C*T ) around ., then 5P € C* (resp. 5P € C'F)
with Vit = [I —yV2 fIREE.

Proof. Due to property 2.31.P1 of the criticality threshold, we have that
MEP (245 24) < MEP (3 2,) whenever x # x,. Expanding as in (5.4), the inequal-
ity reduces to

9(x) > g(z.) = (Vf(2e), 2 — 22) = g5z —2e|* Ve e R"\{z.}.  (5.8)

From [98, Thm. 4.4] applied to the “tilted” function = — g(z + z4) — g(z4) —
(Vf(z4),z) and in light of Lem. 5.9, it follows that there is a neighborhood V'
of z, —yVf(z,) in which prox.,, is strictly continuous and g7 is of class ot
with

Vg (z) =~z — proxwg(x)) Ve e V.

& 5.11(7). Follows from the fact that strict continuity is preserved under com-
position.

& 5.11(7i). Since Vf is strictly continuous, it is differentiable on a set D with
negligible complement in R™. Due to the chain rule of differentiation and the
fact that g7 € O, P is differentiable on D, with

Vel (w) = (I =~V f(w))(Vf(w) + Vg (w = 7Vf(w)))
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= (1= V2 () (VF () + 2 (w =7V F (w) = T2 (w)))
= ([=V?f(w))REP(w) (5.9)

for all w € D, where the second equality follows from Prop. 1.12(v) and the
chain rule of differentiation. We may then invoke [106, Thm. 9.61] to infer that

09 % (x) 2 Oppy°(x)
={veR"|I(a")enCD: 2" >, VQO,FYB(JL‘k) — v}

= limsup (I=~V2f(w))RE (w).

Sw—T

Therefore,

dist (0, 9™ (z)) < dist (o, limsup (I -7V f(w))RgB(w))

< (1 —yoy)dist (0, limsup RQB(U}))

= (1 —yoy)dist (0, RE*(x)), (5.10)

where the last equality follows from osc and single valuedness of RL* at z.

& 5.11(ii). If fis C? around z, and Vf is continuous, by possibly narrowing
U,., we may assume that f € C%(U,,) and x —yVf(x) € V for all z € U,, . The
claimed expression for VipoIf follows from (5.9). O

Since prox-regularity is enjoyed globally by convex functions, the following
special case is a straightforward consequence.

Corollary 5.12 (First-order properties for convex g). Additionally to Assump-
tion 5.1, suppose that g is convex and that f € C*(R™) (resp. f € C*T(R")).
Then, for all v > 0 all the properties in Theorem 5.11 hold globally (i.e., for all
2 € R™ with Uy, =R").

When f = 0, Theorem 5.11 restates the known fact that if g is prox-regular
at x, for 0 € dg(z4), then g7 is continuously differentiable around x, with
Vg () = %(x — prox,,(z)). Notice that the bound v < I'™(z4) is tight: in
general, for v = I'"™(x,) no continuity of 73® nor continuous differentiability of
@57 around x4 can be guaranteed. In fact, even when x, is I'"®(x)-critical, 77
might even fail to be single-valued and f® differentiable at z,. To see this, let

N
us consider once again function ¢ as in Section 3.2.2. This time, simply for the
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sake of generalizing the analysis, let us decompose it as p = f + g, where

J@) =12 and g(x) = o).

Clearly, f is L-smooth and oy hypoconvex with Ly = oy = 1, and the FB
operator is

77 (x) = U1y (1 = v)z).

In particular,

1 if v < 1/2,
TP(1) = o3 (1 — ) = ¢ {0,1} if y = 1/2,
0 otherwise,

which indicates that £ = 1 has FB-criticality threshold I'"™®(z) = 1/2.

Figure 5.1: Around proz-regular
critical points the FBE ¢ is con-
tinuously differentiable, provided that
the stepsize ~y is smaller than the crit-
icality threshold.

From the expression (5.7) we can write the FBE as
Py (2) = 2 |2|* + 2 dist((1 - 1)z, 5)*.

At the critical point = 1, which satisfies I'™®(1) = 1/2, g is prox-regular for any
subgradient. For any v € (0,1/2) it is easy to see that ¢I° is differentiable in a
neighborhood of = 1. However, for v = 1/2 the distance function has a first-
order singularity in z = 1, due to the 2-valuedness of 7;(1) = IIs(1/2) = {0, 1}.
As shown in Figure 5.1, the scenario is much similar to what observed in
Figure 3.1 for the case of the proximal point algorithm (i.e., with f = 0 in the
decomposition of ¢).

The next example depicts a different kind of pathological situation, namely the
lack of prox-regularity at critical points.

Example 5.13 (Prox-nonregularity of critical points). Consider ¢ = f+g¢ where
f(z) =122, g(x) = 6s(x) and S = {I/n | n € N>1} U {0}. For zy = 0 we have



92 FORWARD-BACKWARD SPLITTING

I'"®(xg) = +00, however g fails to be prox-regular at xq for vg = 0 = —Vf(xg).
For any p > 0 and for any neighborhood V of (0,0) in gph g it is always possible
to find a point arbitrarily close to (0, —1/p) with multi-valued projection on V.
Specifically, the midpoint P, = (3(% + n%rl), — 1/p) has a 2-valued projection
on gph g for any n € N»>y, being it gy, o(P,) = {1/n, }/n+1}. By considering a
large n, P, can be made arbitrarily close to (0,—1/p) and at the same time its
projection(s) arbitrarily close to (0,0). It follows that g cannot be prox-regular
at 0 for 0, for otherwise such projections would be single-valued close enough
to (0,0) [98, Cor. 3.4 and Thm. 3.5]. As a result, ¢7(z) = %dis’c(a@,S)2 is
not differentiable around = = 0, and indeed at each midpoint %(% + n%rl) for
n € N1 it has a nonsmooth spike. O

To underline how unfortunate the situation depicted in Example 5.13 is, notice
that adding a linear term Az to f for any A # 0, yet leaving g unchanged,
restores the desired prox-regularity of each critical point. Indeed, this is trivially
true for any nonzero critical point; besides, g is prox-regular at 0 for any A > 0,
while for any A < 0 the point 0 is not critical. The reason why prox-regularity
fails to hold in the above example is due to the density of isolated points close
to 0.

5.3.3 Second-order differentiability

In this section we discuss sufficient conditions for twice-differentiability of the
FBE at critical points. Additionally to prox-regularity, which is needed for local
continuous differentiability, we will also need generalized second-order properties
of g. The interested reader is referred to [106, §13] for an extensive discussion
on epi-differentiability.

Assumption 5.II. With respect to a given critical point x,

(i) V2f exists and is (strictly) continuous around m,;

(ii) g is prox-regular and (strictly) twice epi-differentiable at x, for —Vf(z,),
with its second order epi-derivative being generalized quadratic:

Ag(a,|-Vf(z,)[d] = (d, Md) + ds(d), VdeR" (5.11)

where S C R"™ is a linear subspace and M € R™*™. Without loss of
generality we take M symmetric, and such that range(M) C S and
ker(M) D S*+.!

IThis can indeed be done without loss of generality: if M and S satisfy (5.11), then it
suffices to replace M with M’ = % IIs(M + M) Tlg to ensure the desired properties.
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We say that the assumptions are “strictly” satisfied if the stronger conditions
in parenthesis hold.

Twice epi-differentiability of ¢ is a mild requirement, and cases where d2g is
generalized quadratic are abundant [104, 105, 95, 96]. Moreover, prox-regular
and C%-partly smooth functions g (see [68, 36]) comprise a wide class of functions
that strictly satisfy Assumption 5.I1(7) at a critical point x, provided that strict
complementarity holds, namely if —Vf(z,) € relint dg(x,). In fact, it follows
from [36, Thm. 28] applied to the tilted function § = g + (Vf(xy), - ) (which is
still C%-partly smooth and prox-regular at z,, cf. [68, Cor. 4.6] and Lem. 5.9)
that prox. ; is continuously differentiable around z, for 7 small enough (in fact,
for v < T""(x,)). From [97, Thm 4.1(g)] we then obtain that g is strictly twice
epi-differentiable at z, with generalized quadratic second-order epiderivative,
and the claim follows by tilting back to g.

We now show that the properties required in Assumption 5.I1 are all that is
needed for ensuring first-order properties of the proximal mapping and second-
order properties of the FBE at critical points. The result is more general than
the one in [113], as here g is allowed to be nonconvex.

Theorem 5.14 (Twice differentiability of pZ%). Additionally to Assumption
5.1, suppose that Assumption 5.11 is (strictly) satisfied with respect to a critical
point x,. Then, for any v € (0,T7(xy))

(i) prox,, is (strictly) differentiable at x. —yVf(xy) with symmetric and
positive semidefinite Jacobian

Py (z4) = Jprox, (v« — yVf(z4)); (5.12)
(i) RE is (strictly) differentiable at x, with Jacobian
TR (2,) = S 1= Py(z.)Qy ()], (5.13)
where Q~ :=1—~V2f;
(iii) =P is (strictly) twice differentiable at x, with symmetric Hessian
V2 () = Qs () TR (&), (5.14)
Proof.

# 5.14(7). It follows from [97, Thm.s 3.8 and 4.1] that prox.  is (strictly)
differentiable at a* —yVf(z*) iff g (strictly) satisfies assumption 5.11(%). Conse-
quently, if f is of class C? around z* (and in particular strictly differentiable at
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x* [106, Cor. 9.19]), R:%(z) = %(:17 — prox., (z — YVf(z))) is (strictly) differ-
entiable at z* with Jacobian as in (5.13) due to the chain rule of differentiation
(and the fact that strict differentiability is preserved by composition). For
v € (v, (z*)) and w € R™ we have

ng(x*\—Vf(x*))[w] — liminf g(x* + T’l,l)/) — g(x*) + T<Vf(.13*), w/>

2
w’ —w T /2
=0t

(due to (5.8) > — = [[w]|.

The expression (5.11) of the second-order epi-derivative then implies (Mw, w) >

- %Hw”2 for all w € R™ (since Mw = 0 for w € S*). Therefore, Apin (M) >
— 1y > —1/5 proving I + vM to be positive definite, and in particular
invertible. To obtain an expression for P,(z*) = Jprox, (z* — yVf(z*)) we
can apply [106, Ex. 13.45] to the function g + (Vf(x*), - ) so that, letting
d?g = d?g(2*|-Vf(2*))[ -] and IIg the idempotent and symmetric projection
matrix on S,

* _ _ : 1 1 2
P, (z*)d = Prox, jo)42,(d) = ar§g191n{§(d’,Md’> + 55 1ld" —d|| }
_ : 1 U U 1 ! 2
= Hsazge%n{§<ﬂsd,MH5d>+—2,Y||Hsd —d| }

= HS (Hs[I—F’YM] 1_[,5‘)]L Hsd
= Is[I +yM] ' Tlsd, (5.15)

where T indicates the pseudo-inverse, and last equality is due to [18, Facts
6.4.12(i)-(ii) and 6.1.6(xxxii)]. Apparently, JP,(z*) is symmetric and positive
semidefinite.

& 5.14(7). With basic calculus rules it can be easily verified that, since
R (z*) = 0, Vi = Q,RIP is (strictly) differentiable at z* provided that
Q- is (strictly) continuous at x* and R is (strictly) differentiable at x*.

& 5.14(ii). A simple application of the chain rule proves (5.14); moreover,
combined with (5.13) we obtain

V2R (%) = 2[Qy (27) — Qy (a") Py (a%)Qy (7)),
and since both Q. (z*) and P, (z*) are symmetric, so is VZp(z*). O

Again, when f =0 Theorem 5.14 covers the differentiability properties of the
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proximal mapping (and consequently the second-order properties of the Moreau

envelope, due to the identity Vg7 (z) = %(m — prox, ,(x))) as discussed in [97].

We now provide a key result that links nonsingularity of the Jacobian of the
forward-backward residual R%® to strong (local) minimality for the original
cost ¢ and for the FBE ¢P, under the generalized second-order properties of
Assumption 5.11.

Theorem 5.15 (Conditions for strong local minimality). Additionally to As-
sumption 5.1, suppose that Assumption 5.11 is satisfied with respect to a critical
point ., and let v € (0, min {T'"®(x,.),/r;}). The following are equivalent:

(a) 4 is a strong local minimum for .

(b) x4 is a local minimum for ¢ and JR:®(x.) is nonsingular.

(c) the (symmetric) matriz V>t (x,) is positive definite.

(d) x. is a strong local minimum for @i

FB

(e) x, is a local minimum for o7

and JRZP(z4) is nonsingular.

Proof. It follows from Thm. 5.14 that both JR"(x,) and V2P (x,) exist, and
that the latter is symmetric.

& 5.15(a) & 5.15(d). Follows from Thm. 5.4.
# 5.15(d) & 5.15(c). Trivial, since V2@!P(z,) exists.

& 5.15(c) < 5.15(b). Apparent from (5.14), since Q(z,) > 0. O

5.4 Convergence results

Theorem 5.16 (Finite termination of relaxed FBS). Under Assumption 5.1,
the iterates generated by FBS (Alg. 5.1) satisfy

P (M) < @ (ah) - 3 (22K - (1= 2)?) [l — 2,
In particular, the algorithm terminates in a finite number of iterations and
yields a point x, satisfying dist(0,0p(z,)) < e.

Proof. It follows from Thm. 3.22 and Cor. 3.20 that for any ¢ > 0 the algorithm
terminates in a finite number of iterations. That dist(0, dp(z.)) < e follows
from Lem. 5.2, by observing that 1 —yo; <1+ ~y0; < 2. O
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Algorithm 5.1. FORWARD-BACKWARD SPLITTING WITH RELAXATION

REQUIRE e initial iterate zg € R™
e stepsize v € (0,1/L;)
e tolerance € > 0

e relaxation \ € (1 — VK, 1+ \/E)a where £ = tziﬁ

PROVIDE  z, with o(x,) < ¢(z°) and dist(0, dp(z.)) < e.
1: for k=0,1,... do
2 = prox,, (2% — yVf ()
3: if %ka —z*|| < e then
4
5

return z, = zk

oFtl = (1 — N)z® + Az*

Let us now analyze the asymptotic behavior of relaxed FBS without termination
criterion, that is, when setting the tolerance as e = 0 in FBS (Alg. 5.1).

Theorem 5.17 (Asymptotic convergence of relaxed FBS). Suppose that As-
sumption 5.1 is satisfied, and donsider the iterates generated by FBS (Alg. 5.1)
with tolerance € = 0. The following hold:

(i) The forward-backward residual (|z* — Z¥||) oy is square-summable; in
particular, min;<y, |27 — 27| € O(1/vE).

(ii) (2%),en and (Z%),cy have the same accumulation points, on which ¢
has the same value (this being the limit of the sequence ((prf(xk))keN or,
equivalently, of (<p(:ik))keN). Moreover, the set w of such accumulation
points satisfies w C fix T/® C zer dp.

(iii) If ¢ is level bounded, then (x%), oy is bounded, and w is a nonempty,
compact and connected set satisfying dist(x*,w) — 0 as k — oc.

(iv) ¢iF = ¢ on w, the value being the limit of the (decreasing) sequence
(gaf/B(xk))keN (or, equivalently, of (w(fk))keN.

have the same accumulation points follows from the fact that ||2* — z*| — 0 as
k — 00).

Proof. Follows from Thm. 3.22 in light of Cor. 3.20. (That (ask)k%N and (Z%), oy

Theorem 5.18 (Global convergence of relaxed FBS). Suppose that Assumption
5.1 is satisfied, and consider the iterates generated by FBS (Alg. 5.1) with
tolerance € = 0. Suppose further that the following hold:
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A1 @ is level bounded.

A2 All accumulation points of the sequence are proz-reqular, in the sense of
Definition 5.10.

A3 @-? has the KL property.
Then, the following hold:

(i) (2%)en converges to a point x, € fix T/ C zer dp.
(ii) The forward-backward residual (||z* — z*||), oy is summable, and in par-
ticular min;j<y, |27 — 77| € O(V/k).
Proof. Follows from Thm. 3.23, in light of Cor. 3.20 and Thm. 5.11 (7). O

Theorem 5.19 (Linear convergence of relaxed FBS). Suppose that Assumption
5.1 is satisfied, and consider the iterates generated by FBS (Alg. 5.1) with
tolerance € = 0. Suppose further that the following hold:

A1 @ is level bounded.

A2 All accumulation points of the sequence are proz-reqular, in the sense of
Definition 5.10.

A3 -? has the KL property and the KL function is of the form ¥(s) = cs? for
some ¢ >0 and ¥ > 1/2.

Then, the sequences (z¥), ¢y and (dist(0, RE(2%))) ey are R-linearly conver-
gent.

Proof. Follows from Thm. 3.24, in light of Cor. 3.20 and Thm. 5.11 (7). O

5.5 A quasi-Newton FBS

Theorem 5.20 (Subsequential convergence of (nonmonotone) CLyD-FBS).
Suppose that Assumption 5.1 is satisfied. Then, the following hold for the
iterates generated by CLyD-FBS (Alg. 5.2) with tolerance € = 0:

(i) The residual (||z* _jk”)l_ceN is square-summable; in particular, it vanishes
with rate min;<y, dist(«?, T;%(27)) € O(1/VE).
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Algorithm 5.2. CLYD-FBS

REQUIRE e stepsize v € (0,1/L;)
e scaling factor « € (0,1) for sufficient decrease constant
e initial iterate z° € R™
o tolerance € > 0

PROVIDE  z, with dist(0, dp(z.)) <&

1: for k=0,1,2,... do
2 Do one nominal FB-step: z*F € prox., (a:k — ’ny(xk))
3 if 5-[|a* — z"|| <e then
Ay
4: return z, = zk
5 Select an update direction d* € R™ at x*
6 Let 7, € {Q_i |ie N} be the largest such that
1—yL -
PP () < P (a?) — e 2* - 3|2, (5.16)

where zF! = (1 — 73,)z* + 7 (2 + d¥)

(i) TheAset w of accumulation points of (a:k)keN satisfies w C ﬁXTJR -
zer 0.

If, additionally, ||d*|| — 0 as k — oo, then the following also hold:

(iii) If ¢ is level bounded, then (z*),cy and (%), oy are bounded, and w is
a nonempty, compact and connected set satisfying dist(z*,w) — 0 as
k — oo.

(iv) ©2F = ¢ on w, the value being the limit of the (decreasing) sequence

(5% (")) pen-

All the claims remain valid if the linesearch condition (5.16) is replaced by the

following nonmonotone version:
PP (M) < Ly — afla® — 287, (5.17)

where, for any sequence (tx) ey C [0, 1] bounded away from 0, Ly, are recursively
defined as follows:

E — @FyB(xO) B ’Lfk = 07
k (1 —tg)Lr1 + tkgoff(xk) otherwise.
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Proof. Follows from Theorem 4.1. O

5.5.1 Global and (super)linear convergence

Theorem 5.21 (Global convergence). Additionally to Assumption 5.1, suppose
that the following hold for the iterates generated by CLyD-FBS (Alg. 5.2) with
tolerance € = 0.

A1 @ is level bounded.

A2 All accumulation points of the sequence are prox-regular, in the sense of
Definition 5.10.

A3 The FBE ¢P has the KL property.

A4 there exists D > 0 such that ||d¥|| < Dl|jz* — z*|| for all k.
Then, the following hold:

(i) (2%)pen converges to a point x, € fix T;® C zer dp.
(ii) The residual is summable and in particular min;<y dist(z?, T7%(27)) €
O(/k).
Proof. Follows from Theorems 5.11 (i) and 4.2. O

Theorem 5.22 (Linear convergence). Suppose that the assumptions of Theorem
5.21 are satisfied, and that the KL function can be taken of the form (s) =
cs” for some ¢ > 0 and ¥ > 1/2. Then, the sequences (s*) ey, (@%),cn, and
dist(z*, T7®(2*)) are R-linearly convergent.

Proof. Follows from Theorem 4.3. O

Theorem 5.23 (Acceptance of the unit stepsize and superlinear convergence).
Suppose that Assumption 5.1 is satisfied, and consider the iterates generated by
CLyD-FBS (Alg. 5.2). Suppose further that the following hold:

A1l (Ik)keN converges to a strong local minimum of ¢;

A2 (dk)kEN are superlinearly convergent directions with respect to (mk)keN;

A3 v # T (zy).
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Then, there exists k € N such that

gpf/B(sk +dF) < gof/B(sk) — Oz%nxk —Z"2 forall k > k.

In particular, eventually the iterates reduce to x*t1 = z* 4+ d* and converge
superlinearly.
Proof. Follows from Theorem 4.5. O

Theorem 5.24 (Dennis-Moré condition). Suppose that Assumption 5.1 is
satisfied, and consider the iterates generated by CLyD-FBS (Alg. 5.2). Suppose
further that the following hold:

Al (mk)keN converges to a strong local minimum x, at which Assumption 5.11
is (strictly) satisfied.

A2 The Dennis-Moré condition holds:

REB k _|_JRFB dk
Jim 1% (@) S @)d™l _ (5.18)
k—o00 ||

Then, (dk)keN are superlinearly convergent directions with respect to (gck)keN.

Proof. If follows from Theorems 5.14 (7)) and 5.15 that R? is strictly differen-
tiable at x, and has nonsingular Jacobian there. The proof then follows from
Theorem 4.6. O

Theorem 5.25 (Superlinear convergence with Broyden directions). Suppose
that Assumption 5.1 is satisfied, and consider the iterates generated by CLyD-
FBS (Alg. 5.2) with directions d* selected with Broyden method (4.5). Suppose
further that the following hold:

Al (:ck)keN converges to a point z, at which RL} is Lipschitz-continuously
semidifferentiable and with nonsingular Jacobian JREP(x.) (in particular,
RIP is strictly differentiable there).

Then, the Dennis-Moré condition (5.18) is satisfied, and in particular all the
claims of Theorem 5.2/ hold.

Proof. Follows from Theorem 4.7 together with the observation that single
valuedness of R around z, (due to semidifferentiability) ensures the required
error bound assumption 4.7A2, c¢f. Thm. 5.11 (7). O
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5.6 Simulations

We now present numerical results with the proposed method. In CLyD-FBS (Alg.
5.2) we used the nonmonotone variant described in Theorem 5.20 with (tz), oy
selected as in [126, 72], namely: tx = (ncg +1)71, ¢o = 1, and cx11 = 0.85¢k + 1.
We performed experiments with the following choices of update directions:

e Broyden (modified) as in Section 4.3.2 with ¢ = 107%;
e BFGS as in Section 4.3.1;

e L-BFGS, namely the limited-memory variant of BFGS as in [88, Alg. 7.4]
with memory 10.

We only show the results with full quasi-Newton updates (Broyden, BFGS) for
one of the examples: for the other experiments we focus on L-BFGS, which is
better suited for large-scale problems. Although JRIP is nonsymmetric at the
critical points in general, we observed that the symmetric updates of BFGS and
L-BFGS perform very well in practice and outperform the Broyden method.

We compared CLyD-FBS (Alg. 5.2) with the nominal FBS, the inertial FBS
(denoted IFBS) proposed in [26, Eq. (7)] with parameter § = 0.2, and the
nonmonotone accelerated FBS (denoted AFBS) proposed in [72, Alg. 2] for
fully nonconvex problems. All experiments were performed in MATLAB. The
implementation of the methods used in the tests is available online.?

5.6.1 Dictionary learning

Expressing large data by means of only few elements from a collection of vectors
is an important problem in machine learning and signal processing. The challenge
is finding such a collection of vectors, known as dictionary, that can accurately
represent data signals in the sparsest way. In mathematical terms, given m
signals y1,...,Yn € R™ we wish to find k dictionary atoms dy,...,d, € R" in
such a way that each y; can be represented, or accurately approximated, as a
sparse linear combination of them. If we stack the data in a matrix Y € R™**™
and the dictionary atoms in a matrix D € R™** (to be found), the problem can
be expressed as follows [1]

minimize 1Y —DC|% subject to ||dilo =1 i=1,...,k, (5.19)
D,C :
llejllo <N j=1,...,m,
||CJHOO§T j:]-a"'vma

2http://github. com/kul-forbes/ForBES


http://github.com/kul-forbes/ForBES

102 FORWARD-BACKWARD SPLITTING

where C = [cy, ..., ¢y € REX™ is a matrix containing the sought coefficients,
and N € N and T > 0 are parameters. Differently from [1], we bound the set
of feasible points by means of the {.,-norm constraint; this artificial constraint
ensures that Vf is globally Lipschitz continuous over the feasible domain.
Moreover, we explicitly constrain the norm of the dictionary atoms: this causes
no loss of generality, as the objective value of (5.19) is unchanged if the j-th
atom d; and the j-th row of C' are scaled by reciprocal factors.

The problem can be expressed in the canonical form (5.1) by letting f(D,C) =
3l = DC||% and g(D,C) = 65(D,C), where

S={DeR™||djlla=1, j=1...k} x {C e R"*™ | sz”lgjzy..m}
is the product of Euclidean spheres and box-constrained ¢y balls. Both f and
g are nonconvex. The projection of (D, C) onto S is simple and column-wise
separable: the columns d; of D are scaled by their £5 norm, while the N largest
coefficients (in absolute value) of the columns ¢; of C are projected onto the
box [=T,T] and the other ones are set to zero, see e.g., [14, Alg. 3 and Ex. 4.6].

We tested our algorithm on 50 problems with N = 3, n = 20, m = 500 and
k = 50, for a total of 26000 variables each. We chose T' = 10° as a large bound
for the £o, norm of the columns of C'. Problems were generated according to [1,
§V.A]: first, a dictionary Dgen € R?°%50 was randomly generated with normal
entries, and each column was normalized to one. Then, a matrix Cgey € R59%500
was constructed with 3 normally distributed nonzero coefficients per column.
Then we set Y = CgenDgen + V, where V' € R20%500 ig 5 matrix with normally
distributed entries with variance 1072.

We compared FBS, AFBS and CLyD-FBS (Alg. 5.2)(L-BFGS), using a back-
tracking procedure to adaptively adjust the stepsize v. IFBS could not be
applied due to the lack of an adaptive stepsize-selection rule for the algorithm
[26]. Moreover, we did not test CLyD-FBS (Alg. 5.2) with Broyden and (full)
BFGS directions because of the prohibitive overhead of storing and operating
with 26000 x 26000 matrices.

Figure 5.2 shows the performance profile of the algorithms by comparing the
time needed to reach an accuracy of ||r*|| < 107% starting from (D, C?) = (0,0).
In most of the cases, CLyD-FBS (Alg. 5.2)(L-BFGS) exhibited a speedup of
a factor 5-to-100 with respect to FBS, and 3-to-60 with respect to AFBS, at
reaching a critical point.
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Figure 5.2: Dictionary learning. Performance profiles of FBS, AFBS and CLyD-
FBS (Alg. 5.2) with L-BFGS directions when applied to 50 randomly generated
problems with n = 20, m = 500, k = 50, T = 10° and N = 3. The algorithms are
evecuted until tolerance |R:(z¥)|| < 107 is reached. In the great majority of
cases, the employment of L-BFGS directions with the proposed framework reaches
a critical point significantly faster than FBS and its nonconvex accelerated variant
AFBS.

5.6.2 Nonconvex sparse approximation

Here we consider the problem of finding a sparse solution z € R” to a least-
squares problem Az = b, where A € R™*™ and b € R™. Sparsity can be induced
by constraining or penalizing the ¢y quasi-norm of z, namely the number of
nonzero elements of x, but due to the challenges of nonconvexity it is often the
case that the 1 norm is used instead. As well explained and documented in [124],
the use of the (square root of the) £1/, quasi-norm, namely ||1:H1§2 =30l
is in some sense optimal in trading-off representativeness of the solution and
numerical simplicity of the ¢y and ¢; approaches, respectively. The problem

then becomes y
e 1/o
minimize 3| Az — b5 + All);, (5.20)
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n A FBS IFBS AFBS ZeroFPR(L-BFGS)
avg/max (s) | avg/max (s) | avg/max (s) avg/max (s)

500|0.10| 0.141/0.405| 0.159/0.449| 0.135/0.221 0.037/0.088
0.03| 0.498/2.548 | 0.688/3.962 | 0.274/0.430 0.084/0.126

0.01| 1.305/5.445| 1.721/4.942| 0.570/1.157 0.152/0.560

1000 {0.10| 0.176/0.287 | 0.231/0.659 | 0.228/0.483 0.021/0.077
0.03| 0.576/2.756 | 0.645/4.165| 0.382/0.841 0.091/0.275

0.01| 1.864/9.740| 2.391/8.311| 0.795/1.446 0.222/0.438

2000 | 0.10| 0.291/0.599 | 0.392/0.719| 0.393/0.640 0.025/0.055
0.03| 0.553/1.841| 0.602/3.270| 0.464/0.702 0.088/0.198
0.01]2.108/10.934 | 2.439/8.010| 0.979/1.411 0.271/0.464

Table 5.2: Nonconvex sparse approximation. The table shows average and maxi-

mum CPU time required to reach |R5(z*)|| < 107¢ in 100 random experiments.

FEach algorithm was run on the same set of randomly generated problems, with
0

- =0.

where A > 0 is a regularization parameter. Function ||:E||ig is separable, and its
proximal mapping can be computed in closed form as follows, see [124, Thm. 1]:

_ 1/2(3:)} = %(1 + cos %(w — arccos %(Iri\/3)_3/2))a:i, i=1,...,n.
A2

[prox

We ran numerical experiments consistently with the setting of [37, Sec. 8.2]. We
considered different scenarios obtained by changing the regularization term A
and the size of A, keeping a constant column-to-row ratio of »/m =5 for matrix
A. Matrix A was generated with random Gaussian entries, with zero mean and
variance 1/m, while vector b was generated as b = AZorig + v where zorig € R
was randomly generated with k = 5 nonzero normally distributed entries, and
v € R™ is a noise vector with zero mean and variance 1/m.

For each scenario, we solved 100 randomly generated problems and compared
the performance of all algorithms in terms of CPU time to reach an accuracy of
|7*|] < 1075. For all algorithms and problems, we used 2° = 0 as the starting
iterate. Average and worst-case performance of the algorithms in each of the
nine scenarios are illustrated in Table 5.2; apparently, CLyD-FBS (Alg. 5.2) is
significantly faster than FBS, IFBS and AFBS, even in a worst-case-to-average
comparison.

Figure 5.3 shows the convergence rates of the algorithms in one of the generated
problems. Since CLyD-FBS (Alg. 5.2) employs a linesearch, and therefore the
complexity of each iteration is unknown a priori, we recorded the number
of matrix-vector products by A and A" performed during the iterations, and
displayed it on the horizontal axis. Apparently, CLyD-FBS (Alg. 5.2) with
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Broyden directions achieves superlinear convergence, beating the linear of FBS,
IFBS and AFBS. This comparison also confirms the claimed great performance
of (L-)BFGS directions.

10 I
5 = FBS 1
100 = IFBS (Bot, Csetnek, Laszlo) ||
—— AFBS (Li, Lin) ]
s = Broyden
1077 ENL BFGS E
i \\ ', L-BFGS
;? 1072 E ‘E
A
€ 103¢ ‘
1074 ¢
1075
1076 L [*= | | |

L |
0 50 100 150 200 250 300 350 400
matrix-vector products

Figure 5.3: Nonconver sparse approrimation. Convergence of fixed-point residual
and cost in FBS, IFBS, AFBS and CLyD-FBS (Alg. 5.2), for different choices
of the search directions and for n = 1500, A = 0.03.



Chapter 6

Douglas-Rachford splitting

6.1 Introduction

First introduced in [40] for finding numerical solutions of heat differential
equations, the DOUGLAS-RACHFORD SPLITTING (DRS) is now considered a
textbook algorithm in convex optimization or, more generally, in monotone
inclusion problems. Similarly to FBS, the objective to be minimized is split

as the sum of two functions, resulting in the following canonical framework
addressed by DRS:

milgie%ize o(s) = p1(s) + a(s). (6.1)

Here, 1,2 : RP — R are proper, lower semicontinuous (Isc), extended-real-
valued functions. Starting from some s € RP, one iteration of DRS applied to
(6.1) with stepsize v > 0 and relazation parameter A > 0 amounts to

u € prox,, (s)
v € Prox,,, (2u —s) (DRS)
st =s+ANv—u).

The case A = 1 corresponds to the classical DRS, whereas for A = 2 the scheme
is also known as Peaceman-Rachford splitting (PRS). When both ¢ and s
are convex functions, DRS iterations are known to converge for any v > 0 and
A € (0,2), yielding a minimizer of ¢ [10, Cor. 28.3].

Although the scheme does not involve any gradients and is thus applicable
even when both functions ¢; and ¢, are nonsmooth, in order to frame it as a
generalized PMM scheme we will need to work under the same assumptions as

106
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FBS.
Assumption 6.I (DRS: basic assumption). In problem (6.1)

A1 ¢ € CBL(R™) is Ly, -smooth, hence o, -hypoconvex with |o,,| < L, .
A2 o : R™ — R is proper and Isc.

A3 A solution exists, that is, argmin ¢ # ().

Clearly, one can repropose the same remark about prox-boundedness of o
discussed in Remark 5.1.

Remark 6.1 (Feasible stepsizes for DRS). Under Assumption 6.1, both func-
tions ¢1 and 9 are prox-bounded with threshold at least 1/, (the claim on ¢y
follows from Thm. 1.15). In particular, for any stepsize v < /L., DRS iterations
are well defined. O

Those in Assumption 6.1 are indeed the same requirements under which global
convergence of nonconvex DRS applied to general problems has been established
[71, 69], specifically for the cases A = 1 and A = 2; other results are problem-
specific and mostly concerned with local convergence. These mainly focus on
feasibility problems, where the goal is to find points in the intersection of
nonempty closed sets A and B subjected to some regularity conditions. This is
done by applying DRS to the minimization of the sum of the indicator functions
1 =04 and s = §p. The minimization subproblems in DRS then reduce to
(set-valued) projections onto either set, regardless of the stepsize parameter
~ > 0. This is the case of [9], for instance, where A and B are finite unions of
convex sets. Local linear convergence when A is affine, under some conditions
on the (nonconvex) set B, are shown in [55, 506].

Although this particular application of DRS does not comply with our require-
ments, as p; fails to be Lipschitz-differentiable, however replacing d4 with
p1 = % disti yields an equivalent problem which fits into our framework when
A is a convex set. In terms of DRS iterations, this simply amounts to replacing
IT4, the projection onto set A, with a “relaxed” version 14, == (1 —¢)id+¢1l4
for some ¢ € (0,1). Then, it can be easily verified that for any «, 8 € (0, +0o0]
one DRS-step applied to

minimize § dist? (s) + gdistQB(s) (6.2)
sERP
results in
sTe(1—=Ma)s+ N2l Ta,s (6.3)
forp = 12_;)‘(37 and ¢ = 12_@377. Notice that (6.3) is the */2-relaxation of the “method

of alternating (p, q)-relaxed projections” ((p, q)-MARP) [13]. The (non-relaxed)
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(p, 9)-MARP is recovered by setting A = 2, that is, by applying PRS to (6.2).
Local linear convergence of MARP was shown when A and B, both possibly
nonconvex, satisfy some constraint qualifications, and also global convergence
when some other requirements are met. When set A is convex, then 5 disti is
convex and a-Lipschitz differentiable; our theory then ensures convergence of
the fixed-point residual and subsequential convergence of the iterations (6.3)
for any A € (0,2), p € (0,1) and ¢ € (0,1], without any requirements on the
(nonempty closed) set B. Here, ¢ = 1 is obtained by replacing gdist% with 05,
which can be interpreted as the hard penalization obtained by letting 5 = co.
The non-relaxed MARP is not covered due to the non-strong convexity of disti,
however A can be set arbitrarily close to 2.

Range of y in DRS (A = 1) Range of y in PRS (A = 2)
Yrt------- Yrd---mmmemo o ;
: — Ours | Ours
: : = Li-Liu-Pong
3/aL 3 3/aL + 3
Yo 3 /2L | 3
1/aL | | Yar | 1
-1 -0.5 0 0.5 1 -1 -0.5 0 1
hypoconvexity /Lipschitz ratio o/L hypoconvexity / Lipschitz ratio o/L
(a) (b)

Figure 6.1: Mazimum stepsize vy ensuring convergence of DRS (Fig. 6.1a) and
PRS (Fig. 6.1b); comparison of our bounds (blue plot) with [71] for DRS and
[69] for PRS. On the x-axis the ratio between hypoconvexity parameter o and the
Lipschitz modulus L of the gradient of the smooth function. On the y-axis, the
supremum of stepsize v such that the algorithms converge.

The work [71] presents the first general analysis of global convergence of (non-
relaxed) DRS for fully nonconvex problems where one function is Lipschitz
differentiable. In [69] PRS is also considered under the additional requirement
that the smooth function is strongly convex with strong-convexity /Lipschitz
moduli ratio of at least 2/3. Both papers show that for sufficiently small step-
sizes one iteration of DRS or PRS yields a sufficient decrease on an augmented
Lagrangian. However, due to the lower unboundedness of the augmented La-
grangian the vanishing of the fixed-point residual could not be shown, unless ¢
has bounded level sets.
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Other than completing the analysis to all relaxation parameters A\ € (0,4), as
opposed to A € {1,2}, we improve their results by showing convergence for a
considerably larger range of stepsizes and, in the case of PRS, with no restriction
on the strong convexity modulus of the smooth function. We also show that
our bounds are optimal whenever A € (0,2]. The extent of the improvement is
evident in the comparisons outlined in Figure 6.1.

6.2 DRS as a GPMM algorithm

We now show that under Assumption 6.1 DRS and all its relaxations fit into
the generalized PMM scheme (2.6). As done for FBS; to facilitate the reading
all the elements and the parameters are summarized in Table 6.1.

Let us consider one DRS iteration s + (u,v,s") with stepsize v < 1/L,,.
Since ¢ is differentiable, it follows from Proposition 1.12(vi) that variable
u = prox,, (s) satisfies Vip (u) = %(s —u). As first noted in [93], the v-update
thus boils down to

v € Prox,,, (2u — s) = prox.,, (u — Vi1 (u)), (6.4)

which is a forward-backward step at u. As seen in the previous chapter, FBS is
the pure PMM scheme (ME/B),YE(OJ/LW); we thus can write DRS iterations as
sT =5+ Av—u)

€ s — A(id — T7) ()

N
=s—A(id - 7;®) o prox_, (s). (6.5)
It follows that DRS fits into the generalized framework, identified as

DR ~ (MQB’ prOX"fw)ve(O,l/Lm)'

With this identification, we can condensate (6.6) into
st e F™(s) =5+ A(v —u),

where u, v are as in (DRS).

Remark 6.2. Under Assumption 6.1, in light of Theorem 1.15 the transient
mapping G, = Prox,, is pic,-strongly monotone and L¢ -Lipschitz continuous,
with

1 _ 1
HG, = 1+vLy, and LG’Y T 14yoe,
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Douglas-Rachford splitting DR ~ (M2F, proxwm),ye(o,l/%l)
Y YLy
MO MEP same MM model
U as FBS with
mi(y) : L f=¢1and g =g
ma(7) ! 77%1 (see Table 5.1)
L : H%
R (s) “;“ (with u,v as in (DRS))  (6.5)
Ot 1 pRP o Prox, (5.7)
G,y Prox. ., (6.5)
Gl id 44V Rem. 6.2
pe, ﬁ Rem. 6.2
L, : ﬁ Rem: 62

Table 6.1: Douglas-Rachford splitting with stepsize v € (0,/L,,): parameters of
the proximal model Being based on the same proximal MM model as FBS, the

M-envelope o™

MY — @) is the FBE. The F-envelope, denoted as 5",

is the Douglas-Rachford envelope function o3t = ¢ o prox.,

Consequently, the inverse of G, namely

Gt =id + Vi,

s (1 + Ly, )-Lipschitz continuous and (1 + yo,, )-strongly monotone. O

Since the proximal model of DRS is the same as that of FBS, the error bound
in Lemma 5.2 can be imported verbatim.
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Lemma 6.3. Suppose that Assumption 6.1 is satisfied, and let s — (u,v,sT)
be a DRS update with stepsize v € (0,1/L,,). Then,

dist (0, dip(v)) < =27 [|u — v

6.3 Douglas-Rachford envelope

The F-envelope associated to the GPMM scheme DRS is the DOUGLAS-
RACHFORD ENVELOPE (DRE), namely

@ (s) = i oprox., (s). (6.7)

A glance at the expression (5.6) of the FBE shows that
P (5) = e1(w) + 92(v) + (Vipr(u), v — u) + 3 [|lv — ul® (6.8)
:.,iﬂl/w(u,v,%(ufs)), (6.9)

where (u,v) are the variables appearing in one iteration of DRS starting from
s, and 2y, is the (1/~)-augmented Lagrangian associated to the equivalent
problem formulation

minimize ¢;(x) + p2(z) subject to z —z =0,

z,zER™

namely,
Ly (@, 2,y) = 01(2) + 92(2) + (Y, — 2) + 5 o — 2]
In fact, the Lagrange multiplier is
y= —Ver(w) = L(s ) (6.10)
as it follows from Theorem 1.15 (7).

The DRE was first introduced in [93] for convex problems with ¢, twice
continuously differentiable. Under these assumptions the DRE was shown to be
continuously differentiable. The more general analysis dealt here was investigated
in [119]. Further properties of the DRE can be imported verbatim from the
unified analysis provided in Chapter 3.

Theorem 6.4 (DRE: sandwich property). Suppose that Assumption 6.1 is
satisfied, and let v € (0,/L,,) be fized. For all s € R", u = prox., (s), and
v € Prox. . (2u — s), the following hold:
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(i) 5 (s) < p(u), with equality holding iff s € F > (s).
..y 1—+L 1—y0o,
(it) —5 2 [Ju— vl < @5%(s) — p(v) < =52 lu—v]?.

(ii) inf @5’ = inf ¢ and prox,, (argmin i®) = argmin .

Proof. Follows from Cor. 3.3. O

Theorem 6.5 (DRE: equivalence of local minimality). Suppose that Assumption
0.1 is satisfied, and let y € (0,/L,,), 5 € fix F)™, and u == prox.,, (5) be fized.
The following hold:

DR

5%, then u is a (strong) local

(i) If s is a (strong) local minimum for ¢
minimum for .

(i) If FO™(8) = {5}, (e.g., if v <T°%(u)) then the converse also holds.

Proof. See Thm. 3.6. O

Theorem 6.6 (DRE: Equivalence of level boundedness). Suppose that Assump-
tion 6.1 is satisfied. Then, for any v € (0,1/L,,), ¢ is level bounded iff o7 is
level bounded.

Proof. See Thm. 3.7. O

6.3.1 Regularity properties

Proposition 6.7 (Strict continuity of the DRE). Suppose that Assumption 6.1
is satisfied. Then, for any v € (0,%/L,,) the DRE 3" is a strictly continuous
Sfunction.

Proof. Since ¢J* = ¢I* o prox,, , the claim follows from the strict continuity

of 7" and the Lipschitz continuity of prox., , cf. Prop. 5.6 and Rem. 6.2. [

Proposition 6.8. Suppose that Assumption 6.1 is satisfied, and let s be such
that FJ™ (5) = {5}. If @1 is (strictly) twice differentiable at 5, then @b® is
(strictly) differentiable at 5 with Vipi?(s) = 0.

Proof. Let u = prox., (5). Then, since 77" = T we have that 7" (u) = {u},
and Prop. 6.8 ensures that ¢7° is (strictly) differentiable at u with VI®(u) = 0.
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Then, for all s; and u; := prox., (si), i = 1,2, we have that

[ (s1) — @5 (s2)| [0 (u1) — @57 (u2))| 5 (u1) — 57 (uz2)|

= <(1+~L
or —sal Tl = TR T g
where the last equality follows from the strong monotonicity of prox,, , cf.
Rem. 6.2. (Strict) differentiability of p0* at 5§ with V¥ (s) = 0 then easily
follows from that of ©I°, cf. Prop. 5.7. O

6.3.2 The DRE as a Lyapunov function

We now proceed to showing that the DRE can conveniently serve as Lyapunov
function for DRSS, so that one can directly import all the convergence results
developed in the general framework of Section 3.3.

A first result can be derived from Theorem 3.18 with no effort by simply plugging
the constants m1,ms, g, , La, corresponding to the GPMM scheme of DRS
with stepsize 7, cf. Table 6.1. Indeed, after simple algebra one obtains that
the p0" is a Lyapunov function for F7™ provided that § := yL,, solves the

5
following cubic inequality

(L—p+p*)E+2-2p+p*)E + (1 -2p)E—1<0, (6.11)

where p := o¢1/L,, € [—1,1], and that X is bounded in some range contained in
(0,2). Although for any p € [—1, 1] one can always find small enough stepsizes
such that £ = yL,, satisfies (6.11), it turns out that this estimate is extremely
loose. The following result uses more sophisticated inequalities and provides
sensibly better ranges. In fact, we will show in Section 6.4.1 that for any
relaxation A € (0,2] the given bounds are tight, as DRS is not ensured to
converge otherwise. For the sake of a comparison, in the worst-case scenario
p=—1, (6.11) imposes YLy, < \/52_2 ~ 0.24 and additional constraints on A,
whereas the tight bound is yL,, < 1 —*/2 for any A € (0,2); if ¢; is convex,
hence p = 0, (6.11) imposes yL,, < 0.47, while the tight bound is vL,, < 1
for any A € (0,2). The result also investigates the employment of stepsizes
A € [2,4); it will also be shown that no guarantee of convergence of DRS can
be established for A ¢ (0,4).

Theorem 6.9 (Sufficient decrease on the DRE). Suppose that Assumption
6.1 is satisfied, and consider one DRS update s — (u,v,s™) for some stepsize

v < min{ 22 L} and relazation A € (0,2). Then,
2lop1]-7 Lgy

() — (s 2 ey s — s (6.12)
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where, denoting py, = %¢1/L,, € [—1,1], ¢ > 0 is defined by

[Per]- 1_ oLy : A
o= u B {Lwl maX{2(17fp¢1]7), 3 ;’ } prtpl > P) 17 (613)

2\ % otherwise.

If ¢y is strongly convez, then (6.12) also holds for

4 Py A0 Pey A0
2<A< i and To, <7< i (6.14)
where § := \/(pp, \)% — 8y, (A — 2), in which case
_ op L,
c=50+ G -5 (6.15)

Proof. Let (u™,v™) be generated by one DRS iteration starting at s™. Then,

(s%) = min {1 () + eo(w) + (Vies (wF) w — u™) + & flw — w2

and the minimum is attained at w = v™. Therefore, letting p be as in Thm.
1.10,

P (5T) < @r(uh) + (Vor (uh), v — u) + 9a(0) + 55 [u™ — ol

= o1 () + (Vipr (uh),w — ) + (Vipr (uh), 0 — ) + 0o (v)
it —v]?
(Thm. 1.10) < 1 (u) — plu,ut) + (Vipr (uF), v — ) + pa(v) + o lu™ — o]
— 1 (u) — plu,ut) + (Vs )yv —u) + pa(v) + 2 lu™ — ol
+(Vipu (u") = Vipu (), v — u)
— G2 (s) — pluu™) + (Vipr (u) = Vipu (w), 0 — ) + 2 u — ut|2

Jr%(qu —u,u — ).

. . . — . — el _ L
L A one-line expression is ¢ = % — min { %, L,, max { 2(1[731] L % -2 S }}
P1i—
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Since u —v = 3(s — s1) = +(u—uT) + 3 (Vi1 (u) — Vipr (u')), as it follows
from Thm. 1.15(7), it all simplifies to

P (s) =5 (1) = B3 lu— w1 = 3 Ver (uh) = Vipr (u) | + p(u, u™). (6.16)

It will suffice to show that
Ph(s) — B (sT) > ellu — u ||

inequality (6.12) will then follow from the -strong monotonicity of

1
1+vLg,

prox see Thm. 1.15(7i). We now proceed by cases.

Yp1?
A Case 1: )\ € (0,2).

Let 0 = —[0,,|- = min{o,,,0} and L > L,, be such that L + o > 0; the
value of such an L will be fixed later. Then, ¢ < 0 and ¢; is L-smooth and
o-hypoconvex. We may thus choose p(u,u’) as in Thm. 1.10(4) with these
values of L and o. Inequality (6.16) then becomes
O S (2oa y p Vgt P L (o &) (Vo (ut) — W 2
T Z\2xe T2+ [w" —ul®+ £ 31+p) X [Vr (u™) = Vi (w7,
where ¢ =L and p = o/L € (—1,0]. Since Vi, is L, -Lipschitz continuous,
the claim holds provided that the constant

)\

c 22,\5 ) if0< (1+p) -5

L~ 2-) 4 Ly, 1 € (6.17)
2X 2(1+p) + 53 (m - X) otherwise,

is strictly positive. Now, let us consider two subcases:

e Case la: 0 < A <2(1+9/r,,).
Then, ¢ > f%Lw > —L,, and we can take L = L,,. Consequently,
p=97/L,,, &=Ly, and (6.17) becomes

c _2-A s Y < s
_ + o (6.18)
Ly, 2M\yL,, 5 — —* otherwise.

Let us verify that in this case any y Such that v < 1/L,, yields a strictly
positive coeflicient ¢. If 0 < yL,, < 2(1+ y <1, then

T,, ~ DLy, T 201p © 22

c 2—)\ p 2—)\ + _ 14p >0
B =Y,

>3
N|—



116 DOUGLAS-RACHFORD SPLITTING

where in the inequality we used the fact that A < 2 and p < 0. If instead

2(1+p) < 7Ly, <1, then

c . 2-) 1 Ly 2-X , 1 1 _
L¢172)\'yL¢1+2 o> S t3—x =0

Either way, the sufficient decrease constant c is strictly positive. Since
0= —[o,, |- and

Lkﬁl ’YL“PI

A A
Si,y'i_z_ by < ’YS

2(Lyy +0)’

from (6.18) we conclude that ¢ is as in (6.12).
e Case 1b: 2(1 +9/1,,) < A < 2.

Necessarily o < 0, for otherwise the range of A would be empty. In
particular, ¢ = o,,, and the lower bound on A can be expressed as

Opy < — 2= ’\LSO1 Consequently, L = Kl is strictly larger than Lwn and

in particular o + L = o, + L > 0. The ratio of o and L is thus p = 5 -1,
and (6.17) becomes

Zex if v<
A 72
c=52+ 2 o (6.19)

S 'YL«/H 2—X\ 2
- - =2+ T )\LW1 otherwise.

= 7, also in this case the sufficient

decrease constant c is strictly positive. We have

c _ 2 Tp1 1 2—\ Tp; 2=\ __
*2,\7L+ YTt T, =0

hence the claim. This concludes the proof for the case A € (0,2).
& Case 2: \ > 2.

In this case we need to assume that ¢y is strongly convex, that is, that o,, > 0.
Instead of considering a single expression of p, we will rather take a convex
combination of those in Thm.s 1.10(7) and 1.6(d), namely

plu,u®) = (1= )%t lu— ut|* + agp— Vi (u) — Veor (u™)]?

for some « € [0,1] to be determined. (6.16) then becomes

D(s) = (sT) - 1—a a
PO > (52 + U5 ) fu—u P g (5 - §) IV () = Vi () 2

1

where § := Ly, and p := 9¢1/L,, € (0,1]. By restricting £ € (0,1), since A > 2
one can take o := 2¢/x € (0,1) to make the coefficient multiplying the gradient



CONVERGENCE RESULTS 117

norm vanish. We then obtain

c 2=, (A=29)
IS me o (6.20)

Imposing ¢ > 0 results in the following second-order equation in variable &,
2p€% — pAE+ (A —2) < 0. (6.21)

The discriminant is A = (pA)? — 8p(\ — 2), which, for A > 2, is strictly positive
iff

4 4

28 A< s VAT T
Denoting & := VA = \/(p/\)2 — 8p(\ — 2), the solution to (6.21) is —ngd <é<
p—’;;“s. However, the case A > 4 has to be discarded, as % > 1 in this case,

contradicting the fact that p < 1. To see this, suppose A > 4. Then,

Pl & pA-4)<d

& pPP(A—4)? <A=(p\)?® - 8p(A —2)
S p2=AN)<2=),

hence p > 1, which contradicts the fact that o,, < L, . Thus, the only feasible
ranges are the ones given in (6.14), hence the claimed sufficient decrease constant
¢, cf. (6.20). O

Corollary 6.10. Under Assumption 6.1, for any stepsize v and relaxation \
as in Theorem 6.9, the DRE 3" is a Lyapunov function for the fized-point
iterations of FJ™.

6.4 Convergence results

Theorem 6.11 (Finite termination of relaxed DRS). The iterates generated
by DRS (Alg. 6.1) satisfy

2
PO (M) < oD (s") - mllu’“ -

where ¢ > 0 is as in Theorem 6.9. In particular, the algorithm terminates in a

finite number of iterations and yields a point ., satisfying dist(0, p(z,)) < e.

Proof. Follows from Thm. 3.22 in light of Cor. 3.20 and Lem. 6.3. The fact
that dist(0,dp(z4)) < e follows the same arguments as in the proof of Thm.
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Algorithm 6.1. DOUGLAS-RACHFORD SPLITTING WITH RELAXATION

REQUIRE e initial iterate sg € R™;
e tolerance ¢ > 0;

o stepsize and relaxation v, A > 0 as follows:
{ 0<’y<min{ﬁ,i} and X € (0,2), or

pPA—0 pA+O 4
pr << Goy, and 2§)\<71+m,

where p == ¢1/L,, and § == /(pA)2 — 8p(\ — 2).
PROVIDE 2, with ¢D"(z.) < ©P*(2°) and dist(0, dp(x,)) < e.

1 for k=0,1,... do
2 uh =prox,, (s")
3 o eprox,,, (2u* — s
4: if 5-[|uf —v¥|| <e then
A
e return z, = vk
6: sFtl = sk 4 A(v® — uF)
5.16. O

Theorem 6.12 (Asymptotic convergence of relaxed DRS). Suppose that As-
sumption 6.1 is satisfied, and consider the iterates generated by DRS (Alg. 6.1)
with tolerance ¢ = 0. The following hold:

(i) The Douglas-Rachford residual (||[u* — v*||),cy is square-summable; in
particular, min;<y, |u/ — v7| € O(Y/VE).

(ii) (u*)en and (V%) ey have the same cluster points, all of which are sta-
tionary for ¢ and on which ¢ has the same value, this being the limit of
(LpgR(sk))keN. In fact, the set w of accumulation points of (v¥), oy (and

of (uF)en) satisfies w C fix T7® C zer dep.

(iii) If o is level bounded, then (s, u*, vk)keN is bounded, and w is a nonempty,
compact and connected set satisfying dist(v¥,w) — 0 as k — oo.

(i) 2" = ¢ on (id + V1) (w), the value being the limit of the (decreasing)
sequence (cpgR(sk))keN (or, equivalently, of (ga(vk))keN).

Proof. Follows from Thm. 3.22 in light of Cor. 6.10. U
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Since both prox,, and its inverse are (continuous and) strongly monotone,

it is easy to verify that 3" has the KL property iff so does 3" the same

arguments extend to the Lojasiewicz property, in which case the exponent is
also preserved.

Theorem 6.13 (Global convergence of relaxed DRS). Suppose that Assumption
6.1 is satisfied, and consider the iterates generated by DRS (Alg. 6.1) with
tolerance € = 0. Suppose further that the following hold:

A1 @ is level bounded.

A2 All accumulation points of the sequence are proz-reqular, in the sense of
Definition 5.10 (with f = ¢1 and g = p2).

DR

A3 @it (or, equivalently, ©1°) has the KL property.

Then, the following hold:

(i) (V*)pen converges to a point x, € fix T)® C zer dp.
i) The Douglas-Rachford residual (||u* — v* is summable, and in par-
keN

ticular minj<y, |u/ — || € O(Vk).

Proof. Follows from Thm. 3.23, in light of Cor. 6.10 and Thm. 5.11(4) (since
@-? is the M-envelope of DRS). O

Theorem 6.14 (Linear convergence of relaxed DRS). Suppose that Assumption
6.1 is satisfied, and consider the iterates generated by DRS (Alg. 6.1) with
tolerance € = 0. Suppose further that the following hold:

A1 @ is level bounded;

A2 All accumulation points of the sequence are proz-reqular, in the sense of
Definition 5.10 (with f = @1 and g = 2).

A3 @it (or, equivalently, ©t?) has the KL property and the KL function is of
the form 1(s) = cs? for some ¢ >0 and ¥ > 1/2.

Then, the sequences (v*), oy and (dist(O,Rg“(sl’c)))kEN are R-linearly conver-
gent.

Proof. Follows from Thm. 3.24, in light of Cor. 6.10 and Thm. 5.11(4) (since
@t? is the M-envelope of DRS). O
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6.4.1 Tightness of the ranges

When both ¢; and ¢, are convex and ¢; + @9 attains a minimum, well-known
results of monotone operator theory guarantee that for any A € (0,2) and v > 0
the residual u* — v* generated by DRS iterations vanishes (see e.g., [10, Cor.
28.3]). In fact, the whole sequence (u"), .y converges and ¢ needs not even
be differentiable in this case. On the contrary, when s is nonconvex then the
bound v < /1., plays a crucial role, as the next example shows.

Theorem 6.15 (Necessity of v < 1/L,,). For any L >0 and o € [~L, L] there
exist p1, 2 : RP — R satisfying the following properties

P1 1 is L-smooth and o-hypoconvex;
P2 gy is proper and lsc;

P3 argmin(p; + @2) # 0;

P4 for all s° € RP, v > 1/1, and X\ > 0, the sequence (s’“)keN generated by

DRS iterations with stepsize v and relaxation \ starting from s® satisfies
||s¥ — sk A0 as k — oo.

Proof. Fix t > 1, and let ¢ = 1 + @2, where @3 = 0741} and

%:ﬂ if x <'t,
L2 — L22(z —1)? otherwise.

(6.22)

Notice that dom ¢ = {£1}, and therefore +1 are the unique stationary points
of ¢ (in fact, they are also global minimizers). It can be easily verified that ¢
and o satisfy properties 6.15.P1, 6.15.P2 and 6.15.r3. Moreover, prox,, is
well defined iff v < 1/[s]_, in which case

s if s < t(1+~L)
1+~L s> ’
TOX = 6.23
PIOX v, () {S_ﬂl’i?;g)t otherwise, ( )
prox.,, = sgn, where sgn(0) = {£1}. Let now s° € R?, 1/ <~ < 1/[s]_, and

A > 0 be fixed, and consider a sequence (s*) wen generated by DRS with stepsize
~ and relaxation ), starting at s°. To arrive to a contradiction, suppose that
||s* —sFHL|| = A||uF —v¥|| — 0 as k — oco. For any k € N we have v¥ = — sgn(s¥)
if s* <t(1+~L), resulting in

%

ke g +sgn(sh) if s* < #(1+L),
u v P Lot v* otherwise
1+~yo 1+~0 ’
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where v* is either 1 or —1 in the second case. Since u* — v* — 0, then

s® L—o
T+y0 1+A/o’7t -1

. sk s* -
m1n{|m+sgn(sk) , , W_1L+wa'7t+1‘}_>0'
Notice that the first element in the set above is always larger than 1, and
therefore eventually s* will be always close to either (L — o)yt + (1 4+ 7o) or
(L — o)yt — (1 4+ o), both of which are strictly smaller than ¢(1 + vL) (since

t > 1). Therefore, eventually s* < ¢(1 + vL) and the residual will then be
ub — b = % + sgn(s*) which is bounded away from zero, contradicting the

fact that uF — v* — 0. O

Theorem 6.16 (Necessity of 0 < A < 2(1 +~0)). For any L > 0 and o €
[—L, L] there exist p1, @2 : RP — R satisfying the following properties

P1 1 is L-smooth and o-hypoconvex;
P2 g is proper, lsc, and strongly convezx;

P3 argmin(p; + 2) # 0;

Py for all s°, 0 <y < 1/, and A > 2(1+~0), the sequence (sk)keN generated by
DRS with stepsize v and relaxation X starting from s° satisfies ||s* —s*+1|| /4
0 as k — oo (unless s° is a fived point for DRS).

Proof. Let ¢ = 1 + 2, where ¢ is as in (6.22) with ¢t = 1, and @3 = dypy for
some p > 1. Let v < 1/, A > 2(1+~0). Starting from s® # (1+~yo)p+~(L—o0)
(so that u® # p), consider DRS with stepsize v and relaxation A. To arrive to a
contradiction, suppose that the residual vanishes. Since vF = prox,, (2uF —

sF) = p, necessarily u¥ — p; therefore, eventually «* > 1 and in particular

ubt g feg = JLogh = (P (p—uh)) = uF by BT+ A (p—uh),

where the identity s* = (1 + yo)u® + (L — o) was used, cf. (6.23). Therefore,

ot =] = [1 = | |e” = p| 2 [u* -],

where the inequality is due to the fact that A > 2(1 + vo). Since u” # p due

to the choice of s, apparently (uk)keN is bounded away from p, hence the
contradiction. O

Let us draw some conclusions:
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e The nonsmooth function g is (strongly) convex in Theorem 6.16, therefore
even for fully convex formulations the bound 0 < A < 2(1 + o, ) needs be
satisfied.

e If A > 2 (which is feasible only if ¢; is strongly convex, i.e., if o,, > 0), then,
regardless of whether also o9 is (strongly) convex or not, we obtain that the
stepsize must be lower bounded as v > 2)27%21 In the more general setting of
o-strongly monotone operators in Hilbert spaces, hence ¢ > 0, the similar
bound A < min {2(1 4 v0),2 + vo + 1/y0} has been recently established in
[82].

e Combined with the bound v < /L., shown in Theorem 6.15, we infer that
(at least when ¢y is nonconvex) necessarily 0 < A < 2(1 4 21/L,,,) and
consequently A € (0,4).

Theorem 6.17 (Tightness). Unless the generality of Assumption 6.1 is sacri-

ﬁced when )\ S 0,2) or "2 is not strongly convex < mln L _2-A 8
3 ) 1 gry y Y L
@

17 2lop]-
a tight bound for ensuring convergence of DRS. Similarly, PRS (i.e., DRS with
A = 2) is ensured to converge iff @1 is strongly conver and v < 1/L,,.

6.5 A quasi-Newton DRS

Theorem 6.18 (CLyD-DRS (nonmonotone): subsequential convergence). Sup-
pose that Assumption 6.1 is satisfied. Then, the following hold for the iterates
generated by CLyD-DRS (Alg. 6.2) with tolerance e = 0:

(i) The residual (||[u* —v*|), ey is square-summable; in particular, it vanishes
with rate min;<y dist(s?, F2™ (s7)) € O(1/VE).

(i) TheAset w of accumulation points of (u¥), oy satisfies w C fix T C
Zer 0.

If, additionally, ||d*|| — 0 as k — oo, then the following also hold:

(iii) If ¢ is level bounded, then (u*), .y and (v¥), oy are bounded, and w is
a nonempty, compact and connected set satisfying dist(v*,w) — 0 as
k — oo.

(iv) p2° = ¢ on w, the value being the limit of the (decreasing) sequence
(¢3R(3k))keN'
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Algorithm 6.2. CLYD-DRS

REQUIRE e stepsize 7, relaxation A, and sufficient decrease constant
c as in Thm. 6.9
e scaling factor o € (0,1) for sufficient decrease constant
e initial iterate s° € R"
o tolerance ¢ > 0

PROVIDE _ z, with dist (0, dp(z,)) < e
1: for k=0,1,2,... do

2: Do one nominal DR-step: u* = prox,, (s")
ok e prOXWQ(Zuk s*)
5° = sk + A(v* — uF)

3: if %Huk —o*|| < ¢ then return z, = v*

Select an update direction d* € R™ at s*
Let 7, € {27% | i € N} be the largest such that

2
e (sFT) < WBR(Sk) - %”Uk —v¥1?, (6.24)

where sF1 = (1 — 7,)5% + 74 (s* + d¥)

All the claims remain valid if the linesearch condition (6.24) is replaced by the
following nonmonotone version:

acA

2
PO (M) < Ly - m”’“k Sl (6.25)

where, for any sequence (pr)en C [0, 1] bounded away from 0, Ly, are recursively
defined as follows:

Z — @2[{(50) _ ka = 07
T = pe) e +pks03"(sk) otherwise.

Proof. Follows from Theorem 4.1. O

6.5.1 Global and (super)linear convergence

Theorem 6.19 (Global convergence). Additionally to Assumption 6.1, suppose
that the following hold for the iterates generated by CLyD-DRS (Alg. 6.2) with
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tolerance € = 0.

A1 @ is level bounded.

A2 All accumulation points of the sequence (vk)keN are proz-reqular, in the
sense of Definition 5.10.

A3 The DRE Ut has the KL property.

A4 There exists D > 0 such that ||d*|| < D|u* — v¥|| for all k’s.
Then, the following hold:

(i) (V*)pen converges to a point x, € fix T)* C zer dp.
(ii) The residual is summable and in particular minj<y, dist(s?/, F2* (s7)) €
O(Y/x).
Proof. Follows from Theorems 5.11 (i) and 4.2 (since ¢f" is the M-envelope of

DRS). O

Theorem 6.20 (Linear convergence). Suppose that the assumptions of Theorem
6.19 are satisfied, and that the KL function can be taken of the form ¢¥(s) =
cs” for some ¢ > 0 and ¥ > 1/2. Then, the sequences (s*), oy, (V%),cn, and
dist(s”, F2™ (s%)) are R-linearly convergent.

Proof. Follows from Theorem 4.3. U

Theorem 6.21 (Acceptance of the unit stepsize and superlinear convergence).
Consider the iterates generated by CLyD-DRS (Alg. 6.2). Additionally to As-
sumption 6.1, suppose that the following hold:

A1l (uk)keN converges to a strong local minimum u, of .

A2 (d¥), oy are superlinearly convergent directions with respect to (s*), oy

A3 v # P (uy).
Then, there exists k € N such that

2 —
PO (s + ) < QUM (sY) — s lluf = NP for all k> k.

In particular, eventually the iterates reduce to s**' = s¥ + d¥ and converge
superlinearly.
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Proof. Follows from Theorem 4.5. 0

Theorem 6.22 (Dennis-Moré condition). Consider the iterates generated by
CLyD-DRS (Alg. 6.2). Additionally to Assumption 6.1, suppose that the following
hold:

Al (uk)keN converges to a strong local minimum u, at which Assumption 5.11
is (strictly) satisfied (with f = ¢1 and g = p2).

A2 The Dennis-Moré condition holds:

RDR k JRPDPR dk
lim /R + S @)dTl_ (6.26)
k=00 |||

Then, (d*),cy are superlinearly convergent directions with respect to (s*), .

Proof. Follows from the same arguments of Thm. 5.24. O

Theorem 6.23 (Superlinear convergence with Broyden directions). Consider
the iterates generated by CLyD-DRS (Alg. 6.2) with directions d* selected with
Broyden method (4.5). Additionally to Assumption 6.1, suppose that the following
hold:

Al (uk)keN converges to a point u, at which R is Lipschitz-continuously
semidifferentiable and with nonsingular Jacobian JRI*(us) (in particular,
R is strictly differentiable there).

Then, the Dennis-Moré condition (6.26) is satisfied, and in particular all the
claims of Theorem 6.22 hold.

Proof. Follows from the same arguments of Thm. 5.25. O



Chapter 7

Alternating direction method of multipliers

7.1 Introduction

Closely related to DRS and possibly even more popular is the ALTERNATING
DIRECTION METHOD OF MULTIPLIERS (ADMM), first appeared in [51, 47], see
also [50] for a recent historical overview. ADMM addresses linearly constrained
optimization problems

minimize f(z)+ g(z) subject to Az + Bz =, (7.1)
(x,z)ER™ xXR™

where f : R™ - R, g: R* - R, A € RP*™ B € RP*" and b € RP. Starting
from some z € dom g and y € RP, one ADMM iteration amounts to the following
steps:

zt € argmin Zs( -, z,y)

yt =y + B(Axt + Bz —b) (7.2)

2zt € argmin Zs(z", - yT).

Here, the PENALTY parameter 8 > 0 plays the role of a stepsize, and
Z(a,z,y) = f(x) + g(2) + (y, Az + Bz — b) + 5| Az + Bz — > (7.3)

is the S-augmented Lagrangian of (7.1) with y € RP as Lagrange equality
multiplier. For convex problems ADMM is DRS applied to a dual formulation
[46], and its convergence properties for arbitrary penalty parameters 8 > 0
are well documented in the literature, see e.g., [27]. ADMM can be seen as
fixed-point iterations on the Lagrange multiplier y, with x and z serving as
intermediate variables as u and v do in DRS iterations, and for this reason
the y-update is usually the last. For reasons that will soon be clear, as well as

126



INTRODUCTION 127

to preserve the alphabetical order of the variables, we consider this “shifted”
version; the classical ADMM is recovered by simply starting the update from
the z-update.!

Relaxing ADMM with some parameter A requires the introduction of an in-
between variable y*/>. For the sake of completeness we will thus study the
following more general formulation:

y"?* =y —B(1 — \)(Az + Bz —b)
rT € argmin. Z(-,z2,y"?)

yt =y + B(Azt 4 Bz —b)
2t € argmin Zs(zt, -, yh).

(ADMM)

Clearly, when A = 1 (that is, in absence of relaxation) one has y™/> = y and the
scheme reduces to the unrelaxed ADMM version (7.2).

As detailed in the next section, the numerous attempts to extend the applicability
of ADMM to nonconvex problems brought forth a patchwork of standalone
results, possibly involving implicit constants and burdened with non-trivial
assumptions. However, hidden in the convex setting the recent work [125]
established a universal primal equivalence of ADMM and DRS: under no
assumptions, one ADMM update can be retrieved by one of DRS applied to an
equivalent problem reformulation. This is the milestone of our approach, as the
analysis of ADMM can be simplified down to that of DRS, well covered in the
previous chapter.

7.1.1 Overview on nonconvex ADMM

Before proceeding with our analysis, let us briefly summarize some related work
on nonconvex ADMM.

A primal equivalence of DRS and ADMM has been observed in [11, Rem. 3.14]
when A=—-B =1ITand A =1.In [125, Thm. 1] the equivalence is extended to
arbitrary matrices; although limited to convex problems, the result is easily
extendable. Our generalization to any relaxation parameter (and nonconvex
problems) is largely based on this result and uses the same problem reformulation
proposed therein. The relaxation considered in this paper corresponds to that
introduced in [42]; it is worth mentioning that another type of relaxation

LConventionally, updates follow the order (, z, y), whereas the shifted version of ADMM
here proposed would update z first, then x, and lastly y. Of course, it is simply a matter of
swapping the primal variables x and z and the functions f and g in problem formulation
(7.1), hence there is really no loss of generality in the update order adopted here.
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has been proposed, corresponding to A = 1 in (ADMM) but with a different
steplength for the y-update: that is, with 3 replaced by 05 for some 6 > 0. The
known convergence results for 6 € (0, 1+2‘/5) in the convex case, see [19, §5],

were recently extended to nonconvex problems and for 6 € (0,2) in [52].

In [123] convergence of ADMM is studied for problems of the form

minimize g(x)+ > 5, fi(z;) + h(z) subject to Az + Bz =0.

2=(x9...Tp),2

Although addressing a more general class of problem than (7.1), when specialized
to the standard two-function formulation analyzed in this paper it relies on
numerous assumptions. These include Lipschitz continuous minimizers of all
ADMM subproblems (in particular, uniqueness of their solution), whereas we
allow for multiple minimizers and make almost no requirement on the nonsmooth
function. For instance, the requirements rule out interesting cases involving
discrete variables or rank constraints.

Range of /g in ADMM (A = 1) Figure 7.1: Mazimum inverse of

the penalty paramenter /3 ensuring
p—— convergence of ADMM; comparison
Hong et al. / Li-Pong between our bounds (blue plot) and
T o e Wanghtin Zeng [52, 53, 58, 10, 123]. On the x-axis

the ratio between hypoconvexity and
smoothness moduli of the image func-
tion (Af). The analysis is made for a
common framework: 2-block ADMM
with no Bregman or proximal terms,
A invertible and B identity. Notice
that, due to the proved analogy of
DRS and ADMM, our theoretical
bounds coincide in Fig. 6.1a and 7.1.
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In [58] a class of nonconvex problems with more than two functions is presented
and variants of ADMM with deterministic and random updates are discussed.
The paper provides a nice theory and explicit bounds for the penalty paramenter
in ADMM, which agree with ours in worst- and best-case scenarios but are more
restrictive otherwise (cf. Fig. 7.1 for a more detailed comparison). The main
limitation of the proposed approach, however, is that the theory only allows for
functions either convex or smooth, differently from ours where the nonsmooth
term can basically be any function. Once again, many interesting applications
are not covered.

The work [70] studies a proximal ADMM where a possible Bregman divergence
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term in the second block update is considered. By discarding the Bregman term
so as to recover the original ADMM scheme, the same bound on the stepsize
as in [58] is found. Another proximal variant is proposed in [52], under less
restrictive assumptions related to the concept of smoothness relative to a matrix
that we will introduce in Definition 7.7. When matrix B has full-column rank,
the proximal term can be discarded and their method reduces to the classical
ADMM.

The problem addressed in [53] is fully covered by our analysis, as they consider
ADMM for (7.1) where f is L-Lipschitz continuously differentiable and B is
the identity matrix. Their bound § > 2L for the penalty parameter is more
conservative than ours; in fact, the two coincide only in worst-case scenarios.

7.2 A universal equivalence of ADMM and DRS

In this section we show step by step how to express ADMM as DRS on an
equivalent problem, under no convexity assumptions and for arbitrary penalty
relaxation parameters. We will pattern the arguments in [125, Thm. 1]; in doing
so, it will be important to understand how variables in both algorithms are
related.

7.2.1 An unconstrained problem reformulation

We start by eliminating the linear coupling between x and z and bring the
problem into the form (P) addressed by DRS. To this end, let us introduce a
slack variable s € RP and rewrite (7.1) as

minimize f(x)+ g(z) subjectto Az =s, Bz=b-—s.
Since the problem is independent of the order of minimization [106, Prop. 1.35]
we may minimize first with respect to (z, z) to arrive to

inimi inf Az = inf Bz =b—s}.

minimize inf (f(z)| Az =s) + inf {g(=) | B2=b— s}
The two parametric infima define two image functions, cf. Definition 1.16: indeed,
ADMM problem formulation (7.1) can be expressed as

minimize (Af)(s) + (Bg)(b— s), (7.4)

seRp
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which is exactly (P) with ¢1 = (Af) and ps = (Bg)(b— -). Apparently, unless A
and B are injective the correspondence between variable s in (7.4) and variables

z,z in (7.1) may fail to be one to one, as s is associated to sets of variables
x € X(s) and z € Z(s) defined as

X(s) = argeﬂrg}n {f(z) | Az = s}
and

Z(s) = arg%lin {9(2) | Bz =b—s}.
zeR™

7.2.2 From ADMM to DRS

To show the claimed equivalence, it remains to show that DRS applied to

minimize ;(s) + p2(s) (7.5)
sERP

with ¢; = (Af) and 3 = (Bg)(b— -) is equivalent to ADMM applied to the

original formulation (7.1).

Theorem 7.1 (Primal equivalence of DRS and ADMM). Starting from a
triplet (x,y,z) € R™ x RP x R™, consider an ADMM-update applied to problem
(7.1) with relazation X and large enough penalty 8 > 0 so that any ADMM
minimization subproblem has solutions. Let

s = Az —v/s st = Azt —v"/p
= Ax and, similarly, < u® = Az™ (7.6)
v:i=0b— Bz vt i=b— Bzt.

Then, the variables are related as follows:

st =s+Av—u) 1= (Af)
ut € prox,, (sT) where ¢ 2 = (Bg)(b— -)
vt € prox,wz(ZuJr —s7), v =1s.

Moreover,

(i) e1(u™) = (Af)(

(it) p2(v") = (Bg)(Bz™) = g(z7),
(iii) —y* € o1 (ut) = O(Af)(Ax™),
(iv) —ATyt € df(x), and
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(v) dist(~B'y™,d9(=")) < BI|BI| Az* + BzT —b].

If, additionally, A has full row rank, p1 € C11(RP) ds L, -smooth, and B > L, ,
then it also holds that

(vi) @3 (sT) = Lp(a™,27,y7).
Proof. Observe first that, as shown in Prop. 1.17(i), it holds that

prox., 2 Aargmin {f + oA~ s||2} (7.7a)
Similarly, with a simple change of variable one obtains that

prox.,, 2 b— Bargmin {g+ %||B~ +sfb||2}. (7.7b)
Let (s,u,v) and (sT,u™,v™) be as in (7.6). We have

s+Av—u)= Al’**y AMAz + Bz —b)

= Ay — %er/Q (Az + Bz — b)

+/2

where in the second and third equality the ADMM update rule for y*/2 and y™,

respectively, was used. Moreover,

ut = Azt € Aargmin Z5( -, z,y"7?)
(7.7a) +/2 +
- proxm/ﬁ(b — Bz — Y /6) = prOX"’l/ﬁ(s )’

where the last equality uses the identity b— Bz —y*/?/s = v—yy+(1=\)(u—v) =
s+ Av —u) = sT. Next, observe that 2ut — st = 24z — (Az* — yT/3) =
AzT + y*/s, hence
vt =b—BzT eb— Bargminfﬁ(er, Sy
(7.7b)
C proxw/B(Ax +yT/p) = Prox,, ,(2u ut —s).

Let us now show the numbered claims.

& 7.1(i) & 7.1(ii). Follow from Prop. 1.17(7i).



132 ALTERNATING DIRECTION METHOD OF MULTIPLIERS

& 7.1(iii). Since ut € prox
from Prop. 1.12(vi).

st)and —yT = (st —u™), the claim follows

1
’Y<P1( ¥

& 7.1(iv). This follows from the optimality conditions of ¥ in the ADMM-
subproblem defining the x-update. Alternatively, the claim can also be deduced
from 7.1(7i) and Prop. 1.18.

& 7.1(v). The optimality conditions in the ADMM-subproblem defining the
z-update read

0 € 0, Lp ("1, 2P+ yF 1y = BT AgF+! 4 B2FH1 — b4 yF+1/p),

and the claim readily follows.

& 7.1(vi). Suppose now that ¢y is Ly, -smooth (hence A is surjective, for
otherwise ¢ has not full domain), and that 5 > L, . Due to smoothness, the
inclusion in 7.1(%ii) can be strengthened to Vi (u™) = — y. We may then
invoke the expression (6.8) of the DRE to obtain

PO (sT) = 1 (u") + o2 (vF) + (Vipr (uh), 0T —u) + o ot —ut?
= fa) +g(z) + (v, Axt + Bzt —b) + 8[| Azt + BT — 0|

= Z(at, 21, yt).

7.3 Convergence results

In order to extend the theory developed for DRS to ADMM we shall impose
that 1 and @9 as in (7.4) comply with Assumption 6.1.

Assumption 7.I (Requirements for the ADMM formulation (7.1)). The fol-
lowing hold for problem (7.1):

A1 f:R™ = R and g: R” — R are proper and lsc.

A2 A is surjective, and 3 is large enough so that the ADMM subproblems have
solution.

A3 @1 = (Af) € CH(RP) is Lap)-smooth, hence o(4p)-hypoconvex with
loan| < Liap-

A4 @9 = (Bg) is lsc.
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Algorithm 7.1. ADMM WITH RELAXATION

REQUIRE e initial triplet (z°,2°,94%) € R™ x dom g x R™
e tolerance ¢ > 0

o stepsize and relaxation v, A > 0 as follows:
B> max{g[gfl/\]’, L%} and X €(0,2), or
Mo < B< 3o and 2 <A<
where @1 = (Af), g2 = (Bg)(b— -),
p=%¢1/L,,, and & = /(p\)2 — 8p(A — 2).
PROVIDE KKT-suboptimal (z, z«, ¥« ), in the sense that
o ||Azy + Bz, —b|| < £,
o —ATy, € 8f(x,), and
o dist(—BTy.,dg(z,)) < ||B|e.

4
1+v1-p’
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1: for k=0,1,... do
2 y*t =gk — B(1 - N)(AzF + B2F —b)

3 2Pt ¢ argmin, Zs(x, 25, yFt7?)
4yt =gkt 4 B(AghH 4 Bok — b)

50 2l € argmin, Zp(zF Y, 2,y )

6: if B||Az**! + B2kt —b|| < e then

7 return (., z., y.) = (zFT1 2k +L gF+l)

A5 Problem (7.1) has a solution: argmin ® # @), where ®(z, z) == f(z)+ g(z) +

5Am+Bz:b .

Theorem 7.2 (Finite termination of relaxed ADMM). Suppose that Assumption

7.1 holds. Then, the iterates generated by ADMM (Alg. 7.1) satisfy

gﬁ(xk-i-l’zk-i-l’yk-i-l) < gg(xk,zk,yk) _ (1+T

2||Aac + B2F bHQ,

where ¢ > 0 is as in Theorem 6.9 with v = 1/g. In particular, the algorithm ter-
minates in a finite number of iterations and yields a triplet (., z., y«) satisfying

* HAJ;* + Bz, — b|| < %

x —Aly, € 3f(m*), and
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« dist(—BTy., dg(2.)) < ||Blle.

Proof. Follows from Thm. 6.12 and the equivalence provided in Thm. 7.1. O

Theorem 7.3 (Asymptotic convergence of ADMM). Suppose that Assumption
7.1 is satisfied, and let p1, @2, and ® be as defined therein. Starting from
(x7 Ly~ 271 € R™ x RP x R™, consider a sequence (xk7yk,zk)k6N generated
by ADMM with penalty 8 = /v and relazation X\, where v and X\ are as in
Theorem 6.9. The following hold:

. c 2

(Z) fg(m‘k"'l,zk"'l,yk"’l) < fg(xk,zk,yk) _ mnAxk 4+ BzF — b||2,
where ¢ is as in Theorem 6.9, and the residual (Az* + BzF — b), oy
vanishes with min, <y, ||Az" + Bz" — b|| = o(1/VE).

(ii) all cluster points (z,z,y) of (z¥, 2%, y*), ey satisfy the KKT conditions

o —Alyedf(x)
o —Blycdy(2)
o Az+ Bz=b,

and attain the same cost f(x) + g(z), this being the limit of the sequence
(”E/ﬂﬁ(xk7 Zk7 yk))kEN‘

(iii) the sequence (Ax*, yF, sz)keN is bounded provided that the cost function
® is level bounded. If, additionally, f € CHY(R™), then the sequence
(2%, 4%, 2F) ey s bounded.

koauk, vk)keN generated

Proof. Let s° := Az®—y%/s, and consider the sequence (s
by DRS applied to (7.5), with stepsize ~, relaxation )\, and starting from s°.

Then, for all k¥ € N it follows from Thm. 7.1 that the variables are related as

sk = Azb — yk/s
k

uk = Agk
Uk = b - sz,
and satisfy
pr(ah) = F(a) v = Ve ()
0o (vF) = g(2F) and ¢ —ATy* € 0f(zF)
PP (sF) = La(ak, 2k, ) dist(~BTy*, dg(*)) — 0.

& 7.3(i). Readily follows from Thm. 6.12.
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& 7.3(ii). Suppose that for some K C N the subsequence (zk,yk,zk)keK
converges to (z,y, z); then, necessarily Az + Bz = b. Moreover,

(Af)(Az) < f(z) < liminf f(z*) = liminf (Af)(Az") = (Af)(Az),

K>3k—o0 K>k—o0

where the second inequality is due to the fact that f is lsc, and the last
one to the fact that (Af) is continuous. Therefore, f(z*¥) — f(z), and
the inclusion —A"y* € Jf(2*) in light of the definition of subdifferen-
tial results in —ATy € 9f(z). In turn, since p1(u*) + ¢1(v¥) converges to
©1(Ax) + po(b— Bz) = (Af)(Ax) + (Bg)(Bz) as it follows from Thm. 6.12 (i),
a similar reasoning shows that g(z*) — g(z) as K > k — oo. Thus, since
dist(—=BTy*, dg(z*)) — 0, g-attentive outer semicontinuity of dg, see [106, Prop.
8.7], implies that —B'y € dg(z). Finally, that f(z)+ g(z) equals the limit of the
whole sequence (Z3(z*, 2%, y*)), oy then follows from Thm. 6.12 (%) through
the identity 2% (s*) = Zp(a*, 2%, y").
& 7.3(i17). Once we show that ¢ = ¢1 + @9 is level bounded, boundedness of
(Az*, BzF, y*), oy will follow from Thm. 6.12(iii). For o € R we have

leveap={s | inf {f(2) | Av = s} + inf {g(2) | Bz =b— s} < a}

:{s| ig}f{f(x)—{—g(z)|Ax=3,Bz:b—s}<a}

={Az | f(z)+9(z) <, Iz: Ax + Bz = b}
={Az | (z,2) € lev<, ®, 3z}
Since |Bz|| < || Bl||lz|l < | B||||(z, z)| for any z, z, it follows that if lev<, ® is
bounded, then so is lev<, . Suppose now that f € CY1(R™) is Ls-smooth, and
for all k € N let ¢F := % — AT(AAT) "1 (Ax* + Bz* — b). Then, Ak = b — B2k,
hence f(&F) + g(2F) = ®(¢F, 2%), and ¢F — 2F — 0 as k — co. We have
D", %) — (F(a*) + 9(zM)] = | F(€") - ()]
< (VF(a¥), €8 —ab)| + 1k — 2F|?
< [(y*, Az® — AY)|
AT AN TP A" + B - b,

where in the second inequality the identity Vf(z*) = —ATy* was used, cf. Thm.
7.1(iv). In particular, f(¢*¥) — f(z*) — 0 as k — oo, and therefore ®(¢¥, 2%)



136 ALTERNATING DIRECTION METHOD OF MULTIPLIERS

converges to a finite quantity (the limit of Z(z*, 2%, y*)). Since @ is level

bounded, necessarily (&¥, zk)keN is bounded, hence so is (2"), cy- O

As a consequence of the Tarski-Seidenberg theorem, functions 1 := (Af) and
2 = (Bg)(b— -) are semialgebraic provided f and g are, see e.g., [23]. In fact,
(Af) is the result of the parametric minimization of F(s,x) over variable x,
where F(s,x) = f(x) + 0501 (Ax — ), and as such

epi(Af) = cl(epi(Af)) = cl (llgr epi F).

Here, the first equality is due to the assumption of Isc of (Af), and the second
follows from [106, Prop. 1.18]. Then, since F' is semialgebraic if so is f, and
since the closure of a semialgebraic set is still semialgebraic, we conclude that
(Af) is semialgebraic. Clearly, the same arguments hold for (Bg)(b— -).

Therefore, sufficient conditions for global convergence of ADMM (Alg. 7.1)
follow from the similar result for DRS (Alg. 6.1), through the primal equivalence
of the algorithms illustrated in Theorem 7.1. We should emphasize, however,
that the equivalence identifies u* = Az* and v*¥ = b — Bz*, and thus only
convergence of (Az"*), .y and (Bz"), .y can be deduced (as opposed to that of

(Ik)keN and (Zk)keN).

Theorem 7.4 (Global convergence of relaxed ADMM). Consider the iterates

generated by ADMM (Alg. 7.1) with tolerance € = 0. Suppose that Assumption

7.1 is satisfied, and let ® be as defined therin. Suppose further that the following

hold:

A1 @ s level bounded.

A2 f and g are semialgebraic.

A3 All accumulation points of the sequence (Aa:k)kGN are proz-reqular, in the
sense of Definition 5.10 (with f < (Af) and g < (Bg)(b— -)).

Then, the following hold:

(i) The sequence (Az*,y* Bz*), \ is convergent.

(ii) The ADMM residual (|| Az* + B2*—bl|),cy is summable, and in particular
mil’ljgk ||A$L’J + BZj — b” € O(l/k)
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7.4 Sufficient conditions

In this section we provide some sufficient conditions on f and g ensuring that
Assumption 7.1 is satisfied.

7.4.1 Lower semicontinuity

Proposition 7.5 (Lsc of (Bg)). Suppose that Assumptions 7.IA1 and 7.Ia2 are
satisfied. Then, (Bg) is proper. Moreover, it is also lsc provided that for all Z €
dom g the set Z(s) == argmin, {g(z) | Bz = s} is nonempty and dist(0, Z(s))
is bounded for all s € Bdomg close to BZ.

Proof. Properness is shown in Prop. 1.17(7). Let (sg),cyn € lev<q(Bg) for some
a € R and suppose that s — 8. Then, due to the characterization of [106,
Thm. 1.6] it suffices to show that s € lev<,(Bg). The assumption ensures the
existence of a bounded sequence (2 ),y such that eventually Bz, = s and
(Bg)(sk) = g(zk). By possibly extracting, z — z and necessarily Bz = s. Then,

(Bg)(5) < g(2) < liminfg(z) = lim inf(Bg)(sx) < a,

hence § € lev<,(Bg). O

The requirement in Proposition 7.5 is weaker than Lipschitz continuity of the
map s — Z(s), which is the standing assumption in [123] for the analysis of
ADMM. In fact, no uniqueness or boundedness of the sets of minimizers is
required, but only the existence of minimizers not arbitrarily far.

The pathological behavior occurring when this condi-
tion is not met can be well visualized by considering
g : R? = R defined as

9(w.y) = {1 —q(|zy])(1 + |z|) otherwise, (7.8) 1]

=1

convex
combination

g, -)

where ¢(t) is any function such that ¢(0) =0 < ¢(t) <1 =¢(1) for all t € (0,1).
In the picture, a graphical representation of the piecewise definition on the
positive orthant of R? (the function is mirrored in all other orthants). On the
axes, f achieves its maximum value, that is, 1. In the gray region |zy| > 1,
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f(z,y) = —|z|. In the white portion, f is extended by means of a convex
combination of 1 and —|z|. g and B := [1 0] are ADMM-feasible, meaning

that argmin,,cg2 {g(w) + gHBw - s||2} # () for all s € R and 3 large enough

(in fact, for all 8 > 0, being g( - ,y) + gH - — 8||? coercive for any y € R).
However, (Bg)(s) = —|s| if s # 0 while (Bg)(0) = 1, resulting in the lack
of 1sc at s = 0. Along ker B = {0} x R, by keeping = constant g attains a
minimum at {(z,y) | zy > 1} for & # 0, which escapes to infinity as z — 0, and
g(z,x71) = —|z| — 0. However, if instead z = 0 is fixed (as opposed to z — 0),
then the pathology comes from the fact that g(0, - ) =1 > 0. The interpolating
function ¢ simply models the transition from a constant function on the axes and
a linear function in the regions delimited by the hyperbolae. For any k € N it
can thus be chosen such that g is k times continuously differentiable; the choice
q(t) = 3(1 — cosmt), for instance, makes g € C'*(R?). In particular, (high-order)
continuous differentiability is not enough a requirement for (Bg) to be lsc.

The next result provides necessary and sufficient conditions ensuring the image
function (Bg) to inherit lower semicontinuity from that of g. It will be evident
that pathological cases such as the one depicted in (7.8) may only occur due to
the behavior of g at infinity.

Theorem 7.6. For any Ilsc function g : R® — R and B € RPX", the image
function (Bg) is lsc iff

liminfg(z+d)> inf g(z4d) Vzedomyg. (7.9)
Hgt\}:go deker B

In particular, if g is level bounded then (Bg) is lsc.

Proof. Observe first that the right-hand side in (7.9) is (Bg)(BZ). Suppose
now that (7.9) holds, and given 5 € dom(Bg) consider a sequence (si),cn €
lev<,(Bg) for some o € R and such that s — 5. Then, it suffices to show that
5 € lev<q(Bg). Let (2i),cy be such that Bz, = s3, and g(zx) < (Bg)(sk) + Yk
for all k& € N. If, up to possibly extracting, there exists z such that z*¥ — z
as k — oo, then the claim follows with a similar reasoning as in the proof
of Prop. 7.5. Suppose, instead, that t; = ||zk|]| — oo as k — oo, and let
dy = z, — z, where z € dom g is any such that Bz = s (such a z exists, being
5 € dom(Bg) = Bdomg). Since Bdy = B(z, — Z) = s, — § — 0, we have

(Bo)3) = inf_gz+d) < liminfg(=+ d) = iminf g(=4)

IN

lilzninf (Bg)(sk) + 1 < a,
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proving that § € lev<,(Bg).

To show the converse implication, suppose that (7.9) does not hold. Thus, there
exist z € domg and (d*), oy C R" such that Bd* — 0 as k — oo, and such
that, for some ¢ > 0,

gZ+d") +e< deing(ﬂd) = (Bg)(Bz) Vk.

Then, sy, == B(z + d¥) satisfies s, — Bz as k — oo, and

(Bg)(BZ) > liminf g(z + d*) + ¢ > liminf (Bg)(s") + ¢,
k— o0 k— o0
hence (Bg) is not lsc at BZ. O

The asymptotic function goo(d) = lim inf, 7. @ is a tool used in [8] to
analyze the behavior of g at infinity and derive sufficient properties ensuring
Isc of (Bg). These all ensure that the set of minimizers Z(s) as defined in
Proposition 7.5 is nonempty, although this property is not necessary as long
as lower semicontinuity is concerned. To see this, it suffices to modify (7.8) as
follows

— || if |zy| > 1,

eV — Q(|$y‘)(efyz + |x|) otherwise,

9(z,y) = {

that is, by replacing the constant value 1 on the y axis with e V. Then,
the epi-composition (Bg)(s) = —|s| is Isc, but the set of minimizers
argmin,, {g(w) | Bw =0} = {0} x argmin,, e~ is empty at s = 0.

7.4.2 Smoothness

We now turn to the smoothness requirement of (Af). To this end, we introduce
the notion of smoothness with respect to a matriz, as follows

Definition 7.7 (Smoothness relative to a matrix). We say that a function
h : R" — R ¢s SMOOTH RELATIVE TO A MATRIX C € RP*" and we write
h € Cé’l(R"), if h is differentiable and Vh satisfies the following Lipschitz
condition: there exist Ly,c and op o with |op,c| < Lp,c such that

oncllC(z = y)I? < (VA(z) = Vh(y),z — y) < Lnc|Clz —y)I>  (7.10)

whenever Vh(x), Vh(y) € range C".

This condition is similar to that considered in [52], where T ange a7 Vf is required
to be Lipschitz. The paper analyzes convergence of a proximal ADMM; standard
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ADMM can be recovered when matrix A is invertible, in which case both
conditions reduce to Lipschitz differentiability of f. In general, our condition

applies to a smaller set of points only, as it can be verified with f(z,y) = %x2y2

and A = [1 0]. In fact, Iapge a7 VI (2, y) = ($g2) is not Lipschitz continuous;
however, Vf(x,y) € range A" iff zy = 0, in which case Vf = 0. Then, f is
smooth relative to A with Ly 4 = 0.

To better understand how this notion of regularity comes into the picture, notice
that if f is differentiable, then Vf(z) € range AT on some domain U if there
exists a differentiable function ¢ : AU — R such that f(z) = g(Ax). Then, it is
easy to verify that f is smooth relative to A if the local “reparametrization” ¢ is
smooth (on its domain). From an a posteriori perspective, if (A f) is smooth, then
due to the relation ATV(Af)(Az,) = Vf(z,) holding for z, € argmin,. a,—s f(2)
(cf. Prop. 1.18), it is apparent that ¢ serves as (Af). Therefore, smoothness
relative to A is somewhat a minimal requirement for ensuring smoothness of

(Af)-

Theorem 7.8 (Smoothness of (Af)). Let A € RP*"™ be surjective and f : R™ —
R be Isc. Suppose that there exists § > 0 such that the function f+ gHA —s|)?
is level bounded for all s € RP. Then, the image function (Af) is smooth on RP,
provided that either

(i) f e CY (R™), in which case Liagy = Lya and o(ap) = 0y, A,

(ii) or f € CLL(R™), and X (s) :== argmin {f(z) | Az = s} is single valued
and Lipschitz continuous with modulus M, in which case

2 ar/lAl® if oy >0,
L(Af) = LfM and U(Af) = {UfM2 oy < 0;

L

s and o(ap) =

(iii) or f € CHL(R™) is convex, in which case Liap) = o

ar/IlA|2.

Proof. As shown in Prop. 1.17(i), (Af) is proper. The surjectivity of A and
the level boundedness condition ensure that for all & € R and s € R? the set
{z ] f(x) < a, ||Azx — s|]| < e} is bounded for some € > 0 (in fact, for all € > 0).
Then, we may invoke [106, Thm. 1.32] to infer that (Af) is lsc, that the set
X(s) = argmin, {f(z) | Az = s} is nonempty for all s € RP, and that the
function H(z,s) == f(x) + 040} (Az — s) is uniformly level bounded in z locally
uniformly in s, in the sense of [106, Def. 1.16]. Moreover, since f is differentiable,

observe that 0° H(x, Ax) = range (’L}T) for all x € R™. Hence, for all s € R? it
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holds that

O™ (Af)(s U{y\ (0,y) € 0°H(z,s)} = ker A" = {0},
z€X (s)

where the inclusion follows from [106, Thm. 10.13]. By virtue of [106, Thm. 9.13],
we conclude that (Af) is strictly continuous and has nonempty subdifferential
on RP. Fix s; € RP and y; € 9(Af)(s;), ¢ = 1,2, and let us proceed by cases.

& 7.8(i) and 7.8(ii). It follows from Prop. 1.18 and continuous differentiability
of f that ATy, € df(x;) = {Vf(x;)}, for some z; € X(s;), i = 1,2. We have

(y1 — Y2, 51 — 82) = (y1 — Y2, A1 — Azo) = (ATyy — ATyn, 21 — 22)
= (Vf(z1) — Vf(x2), 1 — z2). (7.11)

If 7.8(i) holds, since Vf(x;) = A'y; € range A", i = 1,2, smoothness of f
relative to A implies

orallsi —s2l|? = opal| Az — Axy|?

< (y1 —y2.51 — 52) < Ly allAzy — Aza|® = Ly alls1 — 52

for all s, € R? and y; € 0(Af)(s;), i =1,2.
Otherwise, if 7.8(7i) holds, then

orllzr — zal* < (y1 — y2, 81 — s2) < Ly|v1 — 2o

and from the bound mﬂsl — 8ol < ||z1 — z2|| < M||s1 — s2|| we obtain

oanllsy —sall* < (1 — y2, 51 — s2) < Leap st — s2)?

with the constants 45y and L4 as in the statement. The claimed smoothness
and hypoconvexity then follow by invoking Lem. 1.9.

& 7.8(iii). It follows from [57, Thm. D.4.5.1 and Cor. D.4.5.2] that (Af) is a
convex and differentiable function satisfying V(Af)(s) = y, where y satisfies
Aly = Vf(x) and z is any element of X (s). For y; = V(Af)(s;) and x; € X (s;),
i = 1,2, the equalities in (7.11) hold. In turn,

A'A
(51— 52,01 — 92) > 14T — 1o)|1* > 2D | Trange 4 (91 — 1) 2

o AA
2D |y — g%,
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where the first inequality is due to 1/L-cocoercivity of Vf, see [84, Thm. 2.1.5],
the second inequality is a known fact (see e.g., [52, Lem. A.2]), and the equality
is due to the fact that A is surjective. We may again invoke [84, Thm. 2.1.5]
to infer the claimed ﬁ—smoo‘chness of (Af). Since (Af) is convex (thus
0-hypoconvex), if oy = 0 there is nothing more to show. The case o5 > 0 follows
from Prop. 1.19. O

Notice that the condition in Theorem 7.8(7i) covers the case when f € C11(R™)
and A has full column rank (hence is invertible), in which case M = /5, (4).
This is somehow trivial, since necessarily (Af)(s) = f o A~! in this case.

7.5 A quasi-Newton ADMM

In light of the equivalence shown in Theorem 7.1 we can directly translate
CLyD-DRS (Alg. 6.2) into a corresponding ADMM enhancement. The following
result, easily deducible from the proof of the Theorem 7.1, shows how to convert
a DRS update s — (u,v) in terms of an ADMM update.

Lemma 7.9. Starting from a point § € RP, consider a DRS-update s — (u,v)
with stepsize v = 1/8 for o1 = (Af) and w2 = (Bg)(b— ). Let yo € R? and
20 € dom g be any such that

VAl

:b—BZO — %yo

Then, p5*(5) = Z5(x, 2,Y), where

T = argmin, .Z(z, 20, o)
Y =yo+B(AZ + Bz —b)
z € argmin, .Z(7, 2, 7).

In fact, u = Ax and v =b— BZ.

With some algebraic manipulations on CLyD-DRS (Alg. 6.2) using this result,
one obtains the ADMM variant CLyD-ADMM (Alg. 7.2), that inherits the
convergence guarantees shown in the previous chapter. For the sake of describing
the nonmonotone linesearch variant, we repropose the subsequential convergence
statement.

Theorem 7.10 (CLyD-ADMM (nonmonotone): subseq convergence). Suppose
that Assumption 7.1 is satisfied, and let ® be as defined therein. Then, the fol-
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Algorithm 7.2. CLyD-ADMM

REQUIRE e penaly 8 and relaxation A as in ADMM (Alg. 7.1)
o sufficient decrease constant ¢ as in Thm. 7.3
e scaling factor o € (0,1) for sufficient decrease constant
e initial triplet (z =1y~ 271)
e tolerance € > 0

ProOVIDE KKT-suboptimal (xx, z«, y«), in the sense that
e ||[Azy + Bz, —b|| < £,
o —ATy, € 8f(x,), and
o dist(—BTy.,dg(2.)) < 3||Blle.
(for brevity, r* := Az* + Bz* —b)
1: Do a nominal ADMM-step: 3~ /> =y~ — B(1 — \)r—!
2%  =argmin, Z5(z, 27,y 7?)
y° =y 2+ B5(Az°+ Bz~ —b)

2% € argmin, %3(2°, 2,4°)

2: for £k=0,1,2,... do
if B|r*|| <e then
return (z.,v., z.) = (z¥, 9%, %)
Select an update direction d* € RP at y*
Let 7, € {27% | i € N} be the largest such that

2
gﬁ(xk+172k+l7yk+l) < gﬁ(xkvzkvyk) - %”rk”{ (712)

where yFt/2 = ¢k — ﬁ[(l —A(1— Tk))Tk +dek] and (g1 2k +1 ok +1)
comes from a nominal ADMM-step:

o*+1 = argmin, Z5(z, 2F, y*+?)

yF 1 = gkt | B( ARt | Bk _p)

M1 € argmin, Zp(xF ) 2, yF ).
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lowing hold for the iterates generated by CLyD-ADMM (Alg. 7.2) with tolerance
e=0:

(i) The residual (||7*||),cn is square-summable; in particular, it vanishes with
rate minj<y, |77]] € O(Y/Vk).
(i) all cluster points (z,z,y) of (z*, 2%, y*),cy satisfy the KKT conditions
d _ATy € 8f($)7
hd 7BTy € 3g(z),
e Av + Bz =b.

If, additionally, ||d*|| — 0 as k — oo, then the following also hold:

(iti) the sequence (Az*,y* B2"), o\ is bounded provided that the cost function
® is level bounded. If, additionally, f € CH1(R™), then the sequence
(2%, yF, 2%) ey s bounded.

(iv) all cluster points (z,z,y) of (z*, 2%, y*) oy attain the same cost f(x) +
g(z), this being the limit of the sequence (L5(x*, 2%, y*)), cn-

All the claims remain valid if the linesearch condition (7.12) is replaced by the
following nonmonotone version:

= 2
gﬁ(xk+l72k+l7yk+1) < L — m”r,k”a (713)

where, for any sequence (pi) ey € [0,1] bounded away from 0, Ly, are recursively
defined as follows:

E. — "%ﬁ(xovz?ayo) ka:O;
ke (1 — pr)Lr—1 + prLp(a, 2%, y*)  otherwise.

7.6 Simulations

7.6.1 Sparse principal component analysis

Given a data matrix W € R™*"_ the goal of sparse principal component analysis
(SPCA) is to explain as much variability in the data by using only few variables,
say, k < n. Denoting ¥ := WTW the covariance matrix of W, this can be done
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by solving the following problem:

maicei%iize (2,Xz) subject to ||z]| =1, ||z]l0 <k,
where the fy-quasi-norm ||z||o denotes the number of nonzero elements of vector
z. Although the constraint ||z|]] = 1 can be convexified to [|z|] < 1 without
affecting the solution, the problem is still inherently nonconvex due to the
lo-constraint and the concavity of the cost function, being the maximization of
(z,%2) equal to the minimization of —(z,¥z). Complying with Assumption 6.1,
DRS can be readily applied to this problem. However, as the problem size grows
a big limitation is the need to store and operate with large matrices. To account
for this issue, we consider the following consensus formuluation: having fixed a

number of agents N > 1, decompose matrix W into N row blocks Wy,..., Wx
so that WT = [W] ... W]] and (z,%z) = Zf\il [Wiz|?, introduce N copies
x1,...,2N of z (stacked in a vector € R™V), and solve

N

minimize —Z |[Wiz;||*>  subject to ||z]| =1, HZHO <k,
=€RN", 2CR" xi=2z i=1.

Denoting
Z={zeR" [zl =1, |lzllo < k}

the feasible domain, the problem can be cast in ADMM form as

I
N
minimize Y —||[W;z;||*> + dz(2) subject to x= | : |z (7.14)
=€RNT zeRn £ :
—— I
I (=) 9(2)

Apparently, the ADMM matrix B € R™*" is the vertical stacking of N
many n X n (negative) identity matrices, A is the nN x nN identity matrix
and b is the zero R™ vector. Notice that Assumption 7.1 is satisfied, as
range A = R™ and (Af) = f has Lipschitz-continuous gradient with modulus
Liapy =Ly = max;—1_n [Wil| < [[W]].

Notice that the z-update as prescribed by ADMM comes at negligible cost,
since

argmin {52(2) + 8|z - AzH?} = Mz(:+ YN, ) VoeRW,

and IIz(z) amounts to setting to zero the n — k smallest components of z (in
absolute value), and then projecting on the ¢5-sphere by simply dividing by the
norm. The x-update, instead, amounts to solving (in parallel) a (small) linear
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system for i =1...N:

argmin {—|Wiai[|? + §la; — 2|} = (81— W/w,)~ 8

=2+ W, (Bl - W,W,) " Wiz,

where the second equality uses the Woodbury identity. The Cholesky factors of
the m; x m; matrix I — VVZVVZT (where m; denotes the number of rows of the
block W;), i =1...N, can be computed offline to efficiently solve the linear

systems at each x-update, resulting in O(Zﬁil mf) memory requirement, as

opposed to O(N?) = O(ZZ]-V:1 mi)2 (let alone the operational cost) needed for
the original single-agent problem expression.

This consensus reformulation, however, increases the problem size and thus
the ill conditioning, and for moderate values of m, n and N the convergence
of plain ADMM is already prohibitively slow, cf. Figure 7.2. On the contrary,
the adoption of L-BFGS directions in CLyD-ADMM (Alg. 7.2) robustifies the
performance at the negligible cost of few scalar products per iteration.

Figure 7.2 shows the result of a random simulation. We considered a randomly
generated data matrix W € R200%4000 with sparsity 0.2, and we split W in N
blocks of equal size as in (7.14) with N € {5,10,25,50}. In each experiment the
penalty parameter in both CLyD-ADMM (Alg. 7.2) and the nominal ADMM
was set to f = 2.1L(4y). We selected L-BFGS directions with memory 10, and
o = 10~* as sufficient decrease parameter (largely below the maximum value
for all instances). Both algorithms were started at the same randomly generated
initial point, and the tolerance was set to ¢ = 1076,
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Figure 7.2: Comparison between ADMM (in blue) and the L-BFGS enhancement
(in red) for the consensus SPCA problem (7.14) for different number of agents
N =5,10,25,50. On the x-axis, the number of linear systems solved (needed for
the x-update), which in the case of plain ADMM coincides with the number of
iterations. This is the unique expensive operation, as the z-update is negligible.
Coordinate (z,y) in the plot indicates the minimum ADMM residual y achieved
after x many solutions of linear systems. Apparently, ADMM is severly affected
by N, whereas the great performance of the L-BFGS enhancement through CLyD-

ADMM (Alg. 7.2) remains stable.



Chapter 8

SuperMann

A universal CLyD framework for convex splitting algorithms

8.1 Introduction

After the in-depth analysis on nonconvex problems carried out so far, in this
final chapter we investigate what more we can do when the problem at hand
is instead convex. In doing so, we will stick to the objective of deriving fast
methods that preserve operation and iteration complexity as plain splitting al-
gorithms. The result will be a universal scheme that globalizes Newton-type
methods of most splitting algorithms defined on real Hilbert spaces. Admittedly
with an intended pun, since it exhibits superlinear convergence rates and gener-
alizes the Krasnosel’skii-Mann iterations we name our algorithm SuperMann.
Furthermore, we show that the modified Broyden method discussed in Section
4.3.2 fits into this framework and enables superlinear asymptotic convergence
rates. One of the most appealing properties of SuperMann is that, contrary to
the envelope-based approaches, achieving superlinear convergence does not ne-
cessitate nonsingularity of the Jacobian at the solution, but the milder property
of metric subregularity. This relaxation considerably widens the range of prob-
lems which can be solved efficiently, in that, for instance, the solutions need not
be isolated for superlinear convergence to take place.

To some extent, SuperMann can be identified as an “approzimate”-CLyD glob-
alization framework, where the continuous Lyapunov potential is the (implicit
and unknown) function £ = dist( -, fix F)2. Given an arbitrary update direc-
tion d at s, a novel hyperplane projection step ensures that for stepsizes 7 small
enough the update s™ = st (7;d) satisfies a sufficient decrease on L. There-
fore, although the true value of £ remains unknown, the sufficient decrease
can be suitably lower bounded, hence the interpretation as an approrimate-
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continuous-Lyapunov descent algorithm. Most importantly, we will show that
also SuperMann is robust against the Maratos effect, as anytime the directions
are superlinear,! unit stepsize is eventually accepted.

8.1.1 Contributions

The contributions can be summarized as follows:

(1) In Section 8.4 we design a universal algorithmic framework (Algorithm
8.1) for finding fixed points of nonexpansive operators, which generalizes
the classical Krasnosel’skii-Mann (KM) scheme and possessess its same
global and local convergence properties.

(2) In Section 8.5 we introduce a novel separating hyperplane projection
tailored for nonexpansive mappings; based on this, in Definition 8.11 we
then propose a generalized KM iteration (GKM).

(3) We define a line search based on the novel projection, suited for any
nonexpansive operator and update direction (Theorem 8.12).

(4) In Section 8.6 we combine these ideas and derive the SuperMann scheme
(Alg. 8.2), an algorithm that

e globalizes the convergence of Newton-type methods for finding fixed
points of nonexpansive operators (Theorem 8.13);

e reduces to the local method xy41 = x) + di when the directions dj,
are superlinear, as it is the case for the modified Broyden scheme of
Section 4.3.2 (Theorems 8.16 and 8.19);

e has superlinear convergence guarantees without the usual requirement
of nonsingularity of the Jacobian at the limit point, but simply under
metric subregularity; in particular, the solution need not be unique!

8.1.2 Chapter organization

The chapter is organized as follows. Section 8.2 serves as an informal introduction
to highlight the known limitations of fixed-point iterations and to motivate
our interest in Newton-type methods with some toy examples. The formal
presentation begins in Section 8.3 with the introduction of some basic notation
and known facts. In Section 8.4 we define the problem at hand and propose

1The definition of superlinear directions meant here is slightly different from the one given
in Definition 4.4. The intended notion will be given in Definition 8.14.
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a general abstract algorithmic framework for solving it. In Section 8.5 we
provide a generalization of the classical KM iterations that is key for the global
convergence and performance of SuperMann, an algorithm which is presented
and analyzed in Section 8.6. Finally, in Section 8.7 we show how the theoretical
findings are backed up by promising numerical simulations, where SuperMann
dramatically improves classical splitting schemes.

8.2 Motivating examples

Given a nonexpansive operator T : R™ — R", consider the problem of finding a
fixed point, i.e., a point z, € R™ such that z, = Tz,. The independent works of
Krasnosel’skil and Mann [62, 79] provided a very elegant solution which is simply
based on recursive iterations 1t = (1—a)z+aTx with « € (0, @) for some & > 1.
The method, known as Krasnosel’skii-Mann scheme or KM scheme for short,
has been studied intensively ever since, also because it generalizes a plethora of
optimization algorithms. It is well known that the scheme is globally convergent
with square-summable and monotonically decreasing residual R =id — T (in
norm), and also locally @-linearly convergent if R is METRICALLY SUBREGULAR
at the limit point x,. Metric subregularity basically amounts to requiring the
distance from the set of solutions to be upper bounded by a multiple of the
norm of R for all points sufficiently close to x,; it is quite mild a requirement
— for instance, it does not entail x, to be an isolated solution — and as such
linear convergence is quite frequent in practice. However, the major drawback
of the KM scheme is its high sensitivity to ill conditioning of the problem,
and cases for which convergence is prohibitively slow in practice despite the
theoretical (sub)linear rate are also abundant. Illustrative examples can be easily
constructed for the problem of finding a point in the intersection of two closed
convex sets C1 and Co with Cy N Cs # (). The problem can be solved by means
of fixed-point iterations of the (nonexpansive) ALTERNATING PROJECTIONS
operator T = Ilg, ol .

In Figure 8.1 we consider the case of two polyhedral cones, namely

C, = {:E e R? [ 0.1z < o < 0.2x1}
and
Cy={z €R?|0.3z; <23 <0.3521 }.

Alternating projections is then linearly convergent (to the unique intersection
point 0) due to the fact that R =id — T is piecewise affine and hence globally
metrically subregular. However, the convergence is extremely slow due to the
pathological small angle between the two cones, as it is apparent in Figure 8.1.
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Figure 8.1: Alternating projections on polyhedral cones.
R = id — g, olle, is globally metrically subregular, however the Q-linear
convergence of the KM scheme is very slow.

As an attempt to overcome this frequent phenomenon, [48] proposes a fore-
tracking linesearch heuristic which is particularly effective when subsequent
fixed-point iterations proceed along almost parallel directions. Iteration-wise, in
such instances the line search does yield a considerable improvement upon the
plain KM scheme; however, each foretrack prescribes extra evaluations of T" and
unless T" has a specific structure the computational overhead might outweight
the advantages. Moreover, its asymptotic convergence rates do not improve
upon the plain KM scheme. Figure 8.2 illustrates this fact relative to

Ci={zeR?*|zi+23<1} and Co={zeR?|z; =1}

Despite a good performance on early iterations, the line search cannot improve
the asymptotic sublinear rate of the plain KM scheme due to the fact that the
residual is not metrically subregular at the (unique) solution z, = (1,0). In
particular, it is evident that medium-to-high accuracy cannot be achieved in a
reasonable number of iterations with either methods.
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Distance from solution Fixed-point residual R

— KM
—— Line-search

Broyden
| — Newton | — Newton

12
0 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Figure 8.2: Alternating projections on ball
and tangent line.

- EM . With or without line search the KM scheme is
Bl:]o(;j:irc not linearly convergent due to the fact that the
Newton restdual R is not metrically subregular at x..

In response to this limitation there comes the need to include some “first-order-
like information”. Specifically, the problem of finding a fixed point of T" can be
rephrased in terms of solving the system of nonlinear (monotone) equations
Rz = 0, which could possibly be solved efficiently with Newton-type methods. In
the toy simulations of this section, the purple lines correspond to the semismooth
Newton iterations

v =2 —G 'Rz forsome G € dcRe,

where 9cR is the Clarke generalized Jacobian of R (the convex hull of
the Bouligand subdifferential, see [44, Def. 7.1.1]). Interestingly, in the pro-
posed simulations this method exhibits fast convergence even when the
limit point is a non isolated solution, as in the case of the second-order

cone C] = {x eER3 | z3>0.1\/22 + x%} and the tangent plane Cp, =
{x ER3 | a3 = O.lxg} considered in Figure 8.3.

However, computing the generalized Jacobian might be too demanding and
require extra information not available in closed form. For this reason we focus
on quasi-Newton methods

zt =2 — HRx,

where the linear operator H is progressively updated with only evaluations of R
and direct linear algebra in such a way that the vector H Rz is asymptotically
a good approximation of a Newton direction G~'Rx. The yellow lines in the
simulations of this section correspond to H being selected with the Broyden
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Figure 8.3: Alternating projections on second-order cone and tangent plane.
In contrast with the slow sublinear rate of KM both with and without line search,
and despite the non isolatedness of any solution, Broyden scheme exhibits an
appealing linear convergence rate.

quasi-Newton method.

The crucial issue is convergence itself. Though in these trivial simulations it is
not the case, it is well known that Newton-type methods in general converge only
when close to a solution, and may even diverge otherwise. In fact, globalizing
the convergence of Newton-type methods is a key challenge in optimization, as
the dedicated recent book [61] confirms.

In this chapter we provide the SuperMann scheme, a globalization strategy
for Newton-type methods (or any local scheme in general) that applies to
any (nonsmooth) monotone equation deriving from fixed-point iterations of
nonexpansive operators. Our method covers almost all splitting schemes in
convex optimization, such as the forward-backward and Douglas-Rachford
splittings, ADMM, and the versatile three-term Vi-Condat splitting discussed
more in detail in §8.7.3. We also provide sufficient conditions at the limit point
under which the method reduces to the local scheme and converges superlinearly.

8.3 Notation and known results

8.3.1 Hilbert spaces and bounded linear operators

Throughout the chapter, H is a real separable Hilbert space endowed with an
inner product (-, -) and with induced norm || - ||. The Euclidean norm and
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scalar product are denoted as || - ||, and (-, -),, respectively.

Given (xy),cny C H and x € H we write 2, —  to denote weak convergence of
(k) pen to x. The set of weak sequential cluster points of (21),cy is indicated
as Wiz e

The set of bounded linear operators H — H is denoted as B(H). The adjoint
operator of L € B(H) is indicated as L*, i.e., the unique operator in B(H) such
that (Lz,y) = (x, L*y) for all z,y € H.

8.3.2 Nonexpansive operators and Fejér sequences
We now briefly recap some known definitions and results of nonexpansive

operator theory that will be used in the chapter.
Definition 8.1. An operator T : H — H is said to be

(i) NONEXPANSIVE (NE) if [Tz — Ty| < ||z — y|| for all z,y € H;

(%) AVERAGED if it is a-AVERAGED for some o € (0,1), i.e., if there exists a
nonexpansive operator S : H — H such that T = (1 — a)id + aS;

(i4i) FIRMLY NONEXPANSIVE (FNE) if it is 1/2 — averaged.
Clearly, for any NE operator T the residual R = id — T is monotone, in the
sense that (Rx — Ry,x —y) > 0 for all x,y € H; if T is additionally FNE, then
not only is R monotone, but it is FNE as well. For notational convenience we

extend the definition of a-averagedness to the case o = 1 which reduces to plain
nonexpansiveness.

For A € R we indicate the A-averaging of T as
T\ = (1—=XN)id + A\T.
Notice that
id-=T,=Xid-1T) for all A € R, (8.1)

and therefore fix Ty, = fix T for all A # 0. Moreover, if T is a-averaged and
A € (0,1/a], then
T is aX-averaged (8.2)

10, Prop. 4.40] and in particular T1,, is FNE.
/

Definition 8.2. Relative to a nonempty set S C H, a sequence (x),cy C H is

(i) FEJER (-MONOTONE) if ||xgs+1 — || < ||k —s|| forallk € N and s € S;
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(i) QUASI-FEJER (MONOTONE) if for all s € S there exists a summable
sequence (€x(s)),eyn such that

k1 = sl|* < llox — s)|* +ex(s) VhkeN.

This definition of quasi-Fejér monotonicity is taken from [31] where it is referred
to as of type III, and generalizes the classical definition [43].

Theorem 8.3. Let T : H — H be an NE operator with fixT # 0, and suppose
that (xx),en C H is quasi-Fejér with respect to fix T. If (), — Txy) ey — 0,
then there exists v, € ixT such that xi — x,.

Proof. From [31, Prop. 3.7(i)] we have W(ay),cy # 0; in turn, from [10, Cor.
4.28] we infer that W(x,), ey C fix T. The claim then follows from [31, Thm.
3.8]. 0

8.4 General abstract framework

Although this chapter analyses fixed-point iterations, differently from the rest of
the thesis the fixed point operator F, here rather denoted as T, is single valued
and Lipschitz continuous with modulus 1. More specifically, the following will
be assumed throughout the chapter.

Assumption 8.I. T : H — H is an a-averaged operator for some « € (0, 1]
and with fix T # (. With R :=id — T we denote its (2a-Lipschitz continuous)
fixed-point residual.

We also stick to this notation, so that, whenever mentioned, T', R, and « are
as in Assumption 8.I. Our goal is to find a fixed point of T, or, equivalently, a
zero of R:

find z, € fixT = zer R. (8.3)

In this section we introduce Algorithm 8.1, an abstract procedure to solve
problem (8.3). The scheme is not implementable in and of itself, as it gives no hint
as to how to compute each of the iterates, but it rather serves as a comprehensive
ground framework for a class of algorithms with global convergence guarantees.
In Section 8.6 we will derive the SuperMann scheme, an implementable instance
which also enjoys appealing asymptotic properties.

The general framework prescribes three kinds of updates.
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Algorithm 8.1 General framework for finding a fixed point of the a-averaged
operator T with residual R =id — T

REQUIRE =z € H, co,c1,q4 €1[0,1), >0
INITIALIZE 1) = Tsafe = || R2ol|, k=0

1. IF Rz, = 0, THEN STOP.

2. IF ||Rzy|| < conr, THEN set np41 = |[Rxg|, proceed with a blind update
k41 and go to step 4.

3. Set nx+1 = M and select xx41 such that
3(a) EITHER the safe condition ||Rzy|| < reafe holds, and xy11 is educated:

[Rrpia]] < ci || R

in which case update rgag = ||Rzrr1]l + ¢%;

3(b) OR it is Fejérian with respect to fix T
lzrsr — 2)* < |lzk — 2||* — o||[Rxy||®* Vz € fixT. (8.4)

4. Set k < k+ 1 and go to step 1.

Ky) Blind updates. Inspired from [30], whenever the residual ||Rzy| at
iteration k has sufficiently decreased with respect to past iterates we
allow for an uncontrolled update. For an efficient implementation such
guess should be somehow reasonable and not completely a “blind” guess;
however, for the sake of global convergence the proposed scheme is robust
to any choice.

K;) Educated updates. To encourage favorable updates, similarly to what
has been proposed in [61, §5.3.1] and [44, §8.3.2] an educated guess Tj41
is accepted whenever the candidate residual is sufficiently smaller than
the current.

K,) Safeguard (Fejérian) updates. This last kind of updates is similar
to K as it is also based on the goodness of zj41 with respect to zy.
The difference is that instead of checking the residual, what needs be
sufficiently decreased is the distance from each point in fix T'. This is
meant in a Fejérian fashion as in Definition 8.2.

Blind Ko- and educated Ki-updates are somehow complementary: the former
is enabled when enough progress has been made in the past, whereas the
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latter when the candidate update yields a sufficient improvement. Progress
and ¢mprovement are meant in terms of a linear decrease of (the norm of) the
residual; at iteration k, Ky is enabled if | Rz || < col| Rz |, where ¢o € [0,1) is a
user-defined constant and k is the last blind iteration before k; K| is enabled if
|Rzk+1]| < c1]|Rxy|| where ¢; € [0,1) is another user-defined constant and x1
is the candidate next iterate. To ensure global convergence, educated updates
are authorized only if the current residual || Rz is not larger than ||Rxy, ||

(up to a linearly decreasing error ¢¥); here k denotes the last K -update before
k.

While blind Ky- and educated Ki-updates are in charge of the asymptotic
behavior, what makes the algorithm convergent are safeguard K,-iterations.

8.4.1 Global weak convergence

To establish a notation, we partition the set of iteration indices K C N as
KyU K7 UK>. Namely, relative to Algorithm 8.1, Ky K7 and K5 denote the sets
of indices k passing the test at steps 2, 3(a) and 3(b), respectively. Furthermore,
we index the sets Ky and K4 of blind and educated updates as

Ko ={k1, ko, -}, Ky = {kj, kb, -} (8.5)

To rule out trivialities, throughout the chapter we work under the assumption
that a solution is not found in a finite number of steps, so that the residual
of each iterate is always nonzero. As long as it is well defined, the algorithm
therefore produces an infinite number of iterates.

Theorem 8.4 (Global convergence of the general framework Algorithm 8.1).
Consider the iterates generated by Algorithm 8.1 and suppose that for all k it is
always possible to find a point xi4+1 complying with the requirements of either
step 2, 3(a) or 3(b), and further satisfying

2k+1 — axll < D|[Rxy|| Yk € KoUKy (8.6)

for some constant D > 0. Then,

(1) (xk)pen s quasi-Fejér monotone with respect to fix T';
(ii) Rz — 0 with (|Rz||)pey € €
(iii) (xr),en converges weakly to a point x, € fixT';

(iv) if co > 0 the number of blind updates at step 2 is infinite.
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Proof.

& 8.4(i). We start by observing that because of (8.6) and the triangular in-
equality, for all k € Ky U K; we have

|lzgr1 — 2|| < ||lzk — 2|| + D||Rxk| Vz e fixT (8.7)
and since R is 2a-Lipschitz continuous we also have that
Rzt < [[Rapll + [[Repr — Ryl < (1 + 2aD)||Ray. (8.8)

By combining [31, Prop. 3.2(i)] with (8.4) and (8.7), it follows that in or-
der to prove quasi-Fejér monotonicity it suffices to show that the sequence
(1R2k ) pe g Uk, is summable. Let Ko and K be indexed as in (8.5). Since 7
is kept constant whenever k ¢ K,

e = | Rag, || < comeyy < <l =5 'no Vhe € Koo (8.9)

In particular, (|| Rzk,||)y, e, is summable (regardless of whether K is finite or
not).

As for kj € K, the safeguard parameter rg,f, ensures that

[Rzy || < [|Rz, g1l + " < erl|Ragy ||+ " <eil|Regy || +4"

holds for all k, € K. Iterating the inequality, for any p € (0,1) such that
p > max {c1,q} we have

-1
| R | < oM Ragg [l + 37t < € (3.10)
i=1

where C' = %(HRJ:,C/IH + D ienN (Cl/p)i> < oo. In particular, also (||Rxxl) ek,
is summable.

& 8.4(ii). Due to quasi-Fejér monotonicity, for all z € fixT there exists
(ek(2))pen € €7 such that

ks = 2l* < llaw = 21* + ex(2).

By combining this with (8.4) and telescoping the inequalities, we obtain that
for all z € ixT

oo =222 0 3 IRul? = 3 en(z). (3.11)

keKso ke KoUK
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Since the sequence (¢x(2)) ek Uk, IS summable, then so is (||Rz||*) e g, In
turn, since (|| R2k|) e g ur, 18 also summable it follows that the whole sequence
of residuals is square-summable.

& 8.4(ii7). Follows by combining 8.4 (i) with Thm. 8.3.

& 8.4(iv). Trivially follows from the already proven point 8.4 (ii), together with
the observation that since 7y is kept constant whenever k ¢ Ky, the condition
| Rz || < comi will be satisfied infinitely often if ¢ > 0. O

8.4.2 Local linear convergence

More can be said about the convergence rates if the mapping R possesses
METRIC SUBREGULARITY. Differently from (bounded) linear regularity [12],
metric subregularity is a local property and as such it is more general. For a
(possibly multivalued) operator R, metric subregularity at Z is equivalent to
calmness of R~ at RZ [39, Thm 3.2], and is a weaker condition than metric
regularity and Aubin property. We refer the reader to [106, §9] for an extensive
discussion.

Definition 8.5 (Metric subregularity at zeros). Let R: H — H and T € zer R.
R is METRICALLY SUBREGULAR at T if there exist ¢,y > 0 such that

dist(z, zer R) < ~||Rz|| Vo € B(z;¢). (8.12)

v and £ are (one) MODULUS and (one) RADIUS of subregularity of R atl T,
respectively.

In finite-dimensional spaces, if R is differentiable at & € zer R and % is isolated
in zer R (e.g., if it is the unique zero), then metric subregularity is equivalent
to nonsingularity of JRz. Metric subregularity is however a much weaker
property than nonsingularity of the Jacobian, firstly because it does not assume
differentiability, and secondly because it can cope with ‘wide’ regions of zeros;
for instance, any piecewise linear mapping is globally metrically subregular
[101].

If the residual R = id — T of the a-averaged operator T is metrically subregular
at T € zer R = fix T with modulus 7 and radius ¢, then

%dist(:s, fixT) < ||Rz|| < 2adist(z, fix T) Vx € B(;¢). (8.13)

Consequently, if ||Rzil| — 0 for some sequence (z3),cy C H, so does
dist(zy, fix T) with the same asymptotic rate of convergence, and viceversa.
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Metric subregularity is the key property under which the residual in the classi-
cal KM scheme achieves linear convergence; in Theorem 8.8 we show that this
asymptotic behavior is preserved in the general framework of Algorithm 8.1.
We first need to prove two lemmas.

Lemma 8.6 (Asymptotic properties of Ky and K1). Suppose the hypotheses
of Theorem 8.4 hold and let (xy),cy be the sequence generated by Algorithm 8.1.
Then,
(i) (|Rzk|) e, s Q-linearly convergent;
(i) (|[Rzkl)per, s R-linearly convergent;
(iii) if co > 0 then for some o € (0,1] and B € R
bo(k) > 0tly(k)— B VkeN,
where £j(k) = #{k' € K; | k' <k}, j =0,1,2, is the number of times
K; was visited up to iteration k.

Proof.

& 8.6(7) and 8.6(7i). Already shown in (8.9) and (8.10).

& 8.6(ii1). If ¢; =0, then K; = 0 and the claim trivially holds with ¢ = 1 and
B = 0. Otherwise, from (8.10) and due to the definition of ¢;(k) there exist
C >0 and p € (0,1) such that

|Ray|| < Cp®)  VEk e K.

If k € Ky, then ||Rxy|| didn’t pass the test at step 2, therefore

(8.9)
Cp"t® > ||Ray| > mi = || Rao|l ™.

The proof now follows by simply taking the logarithm on the outer inequality. [

Lemma 8.7. Let (ux),cy C [0,+00) be a sequence, and let K1, Ko C N be
such that N = K1 U Ks. Let Ky be indexed as K1 = {k{, k] ...}, and suppose
that there exist a,b >0 and p € (0,1) such that

ug+1 < aug  for all k € N,
ug; < bpt  for all kj, € K1,
Uks1 < pug for all k € K.

Then, there exists o € (0,1) such that uj < abo®.
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Proof. To exclude trivialities we assume that K; and K5 are both infinite. To
arrive to a contradiction, for all o € (0,1) let k = k(o) be the minimum such
that uy > abo®. Let 0 > p be fixed. If K — 1 € K>, then

puK—1 > U > aba® > abpork*l

and therefore uj_; > abo®~1 which contradicts minimality of k. It follows that
necessarily k —1 € Ky, hence k —1 =k} € K; for some ¢ € N. For all n € N, let

ky 41
ky =k(p /7y —1, i.e., the minimum such that up; 41 > abp —“5— . Combining

with the property of K 1 we obtain

k’ +1

abp™ T <ugy 41 < augy < abp®™ (8.14)

’

and in particular ¢, < kn This means that up to k = ké there are at most
k/n elements in K7, and consequently at least k — %/n in K2 Therefore,

(8.14)
k41
bp ™ < wup < ak/”pk*k/"uo

Taking the k-th square root on the outer inequality yields
(1//))172/77,71/7“@ < ('U'O/b)l/kal/n.
By letting n — oo (hence k — co) we arrive to the contradiction p > 1. O

Theorem 8.8 (Linear convergence of the general framework Algorithm 8.1).
Suppose that the hypotheses of Theorem 8.4 hold, and suppose further that
(k) pen converges strongly to a point x,. (this being true if H is finite dimen-
sional) at which R is metrically subregular.

Then, (vk)pen and (Rxy),cy are R-linearly convergent.

Proof. Letting ey, = dist(zy,fix T), because of (8.8) and (8.13) there exists
B > 1 such that

|Rxgps1|| < B||Rxg|| and exy1 < Bep VEkeN. (8.15)

Suppose that R is metrically subregular at z, with radius € > 0 and modulus
~v > 0; since z — T4, up to an index shifting without loss of generality we may
assume that (2),cny C B(2y;€). Let 2z, = gy 2, so that ex = [|zx — 2| by
combining (8.4) and (8.13) we obtain

i < loerr — zel* < flow — 2xl” — ol Rex||® < pei Wk € Ko, (8.16)
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where p = /1 —9/4*> € (0,1). By possibly enlarging p we assume p >
max {C(),Cl}.

If co = 0, then Ky = @) and by using Lem. 8.6(7i) and (8.15) we may invoke
Lem. 8.7 to infer R-linear convergence of the sequence (ey),cy and conclude
the proof.

Therefore, let us suppose that ¢y > 0, so that due to Thm. 8.4 (7v) the set Ky
contains infinite many indices. We now show that there exists n € N such that
every n consecutive indices at least one is in K. Let k € K be fixed and
suppose that k+1... k4+n+1¢ K.

e If ¢y = 0 then K7 = () and all such indices belong to K5. Then,

(8.13) (8.16) (8.15) (8.13)
|IRzktnt1]l < 20€pint1 < 2ap"ept1 < 2aBpter < 2ayBp™||Rag]|-

Since k +n + 1 ¢ Ko, then ||Rxgint1] failed the test at step 3 and
therefore

col| Rrkl| = comkrnt1 < [[RTkqnt1l < 20yBp" || Ray||,

which proves that n cannot be arbitrarily large.

e If instead c; > 0, let n; be the number of indices among k+1...k+n
that belong to K7, and no = n — ny those belonging to K5. Then, from
iteration £+ 1 to k +n + 1 the distance from the fixed set has reduced nq
times (at least) by a factor p and, due to (8.15), increased at most by a
factor B the remaining n; times:

(8.13) (8.15)
| RTkng1 < 20€pins1 < 20p™2B™epyq < 20p™2 B™ ey,

(8.13)
< 2a9p" B" | Ry .

Again, since k+n+1 ¢ K we have co||Rzg|| < 2ayp™2 B || Ry, and

therefore <o/ Iy
nco/2ay ni/py
n > g -1+ B "2

In particular, for large n the number n; of indices in K; grows propor-
tionally with respect to n, and from Lem. 8.6(%ii) we conclude once again
that n cannot be arbitrarily large (since the number of visits to K, does
not change from k + 1 to k + n).

So far we proved that there exists n € N such that every n indices at least one
belongs to Ky. In particular, indexing Ky = {ko, k1 - - -} we have that k, < nf,
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hence ok
| R || < e[ Reoll < (™) [ Reoll Ve € Ko. (8.17)

Moreover, any k € N is at most n — 1 indices away from the nearest previous
index k¢ € Ky; combined with (8.17) and by invoking (8.15) we obtain

n— n\k n— 1/n\k
|Rzx|| < B Y| Rao|| (™)™ < B | Raol (e ")

proving the sought R-linear convergence of (|| Rx||),cn- It follows that for some
b>0and 7 € (0,1) we have ||[Ray|| < br* for all k € N; then,

(8.6) ) bD
k
ok = aall < - llesin = all < DY Resl) < 0D Yo = =k,
Jj=k j>k j>k

where in the second inequality we used the bound (8.6), which also holds for
k € K, (up to possibly enlarging D) due to the fact that for k € K> under
metric subregularity we have

(8.13)
[Ze41 — @kl < llorsr — zll + lze — 2]l < 2e < 27| Rayl|.

This shows that (z),cy is R-linearly convergent too. O

8.4.3 Main idea

Being interested in solving the nonlinear equation (8.3), one could think of
implementing one of the many existing fast methods for nonlinear equations that
achieve fast asymptotic rates, such as Newton-type schemes. At each iteration,
such schemes compute an update direction di and prescribe steps of the form
Tp+1 = Tk + Trdg, where 7 > 0 is a stepsize that needs to be sufficiently small
in order for the method to enjoy global convergence; on the other hand, fast
asymptotic rates are ensured if 7, = 1 is eventually always accepted. The stepsize
is a crucial feature of fast methods, and a feasible 75 is usually backtracked
with a line search on a smooth merit function. Unfortunately, in meaningful
applications of the problem at hand arising from fixed-point theory the residual
mapping R is nonsmooth, and the typical merit function z + || Rx||?> does not
meet the necessary smoothness requirement.

What we propose in this chapter is a hybrid scheme that allows for the em-
ployment of any (fast) method for solving nonlinear equations, with global
convergence guarantees that do not require smoothness, but which is based only
on the nonexpansiveness of T'. Once fast directions dj, are selected, Algorithm
8.1 can be specialized as follows:
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1) blind updates as in step 2 shall be of the form xg; = xp + di;

2) educated updates as in step 3(a) shall be of the form xy1 = xf + Trdy,
with 7, small enough so as to ensure the acceptance condition ||Rzji1] <
crl| Ral;

3) safequard updates as in step 3(b) shall be employed as last resort both
for globalization purposes and for well definedness of the scheme.

Ideally, the scheme should eventually reduce to the local scheme x4 = x5 + dy,
when good directions dj are used.

In Section 8.5 we address the problem of providing explicit safeguard updates
that comply with the quasi-Fejér monotonicity requirement of step 3(b). Because
of the arbitrarity of the other two updates, once we succeed in this task Algo-
rithm 8.1 will be of practical implementation. In Section 8.6 we will then discuss
specific K- and K-updates to be used at steps 2 and 3(a) that ensure global
and fast convergence, yet maintaining the simplicity of fixed-point iterations of
T (evaluations of T and direct linear algebra).

8.5 Generalized Mann lterations

8.5.1 The classical Krasnosel’skii-Mann scheme

Starting from a point xg € H, the classical Krasnosel’skii-Mann scheme (KM)
performs the following updates

Tht1 = In,Tp = (1 — )\k)l'k + M Txp (8.18)

and converges weakly to a fixed point of T provided that Ay € [0,1/a] and
(A (Yo = M) pen € ¢+ [10, Thm. 5.14]. The key property of KM iterations is
Fejér monotonicity:

kst = 217 < o — 207 = Ae (o = M| Rael|* ¥z € fix T,

In particular, in Algorithm 8.1 KM iterations can be used as safeguard updates
at step 3(b). The drawback of such a selection is that it completely discards the
hypothetical fast update direction dj that blind and educated updates try to
enforce. This is particularly penalizing when the local method for computing the
directions dj, is a quasi-Newton scheme; such methods are indeed very sensitive
to past iterations, and discarding directions is neither theoretically sound nor
beneficial in practice.
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In this section we provide alternative safequard updates that while ensuring the
desirable Fejér monotonicity are also amenable to taking into account arbitrary
directions. The key idea lies in intepreting KM iterations as projections onto
suitable half-spaces (see Fig. 8.4), and then exploiting known properties of
projections. These facts are shown in the next result. To this end, let us remark
that the projection Il onto a nonempty closed and convex set C is FNE [10,
Prop. 4.16], and that consequently its A-averaging Il¢ » is A/2-averaged for any
A € (0,2], as it follows from (8.2).

Proposition 8.9 (KM iterations as projections). For x € H, define
C, =Clh={ze N |||Rz|* — 2a(Rz,x — z) < 0}. (8.19)

Then,

(i) v € C, iff x e ixT;
(i) ixT = ,ep Cs
(iii) for any A € [0,Y/a] it holds that Thx = ¢, 2arz = (1 — 2z +
20\ 1o, 2.

Proof. The set C, can be equivalently expressed as
C, = {z et | (x -T2 —Ty,x) < O}.
8.9(7) is of immediate verification, and 8.9(7) then follows from [10, Cor. 4.25]
combined with (8.2).
We now show 8.9(iii). If Rx = 0, then x € fixT and C, = H, and the claim is

trivial. Otherwise, notice that

Cy={z€H|(Rzx,z) < (Rx,x — -~ Ra)}, (8.20)

2c

and the claim can be readily verified using the formula for the projection on a
halfspace Hy, g == {z € H | (v, 2) < S}, namely

TP (G . 1

Tk , (8.21)

defined for v € H \ {0} and 8 € R [10, Ex. 29.20(iii)]. O
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Figure 8.4: Mann iteration of a FNE operator T as projection on C (the blue
half-space, as defined in (8.19) for a = 1/2). The outer circle is the set of all
possible images of a nonexpansive operator, given that z is a fixed point. The
inner circle corresponds to the possible images of firmly nonerpansive operators.
Notice that Cy separates x from z as long as Tx is contained in the small circle,
which characterizes firm nonerpansiveness.

8.5.2 Generalized Mann projections

Though particularly attractive for its simplicity and global convergence prop-
erties, the KM scheme (8.18) finds its main drawback in its convergence rate,
being Q-linear at best and highly sensitive to ill conditioning of the problem.
In response to this issue, Algorithm 8.1 allows for the integration of fast local
methods still ensuring global convergence properties. The efficiency of the re-
sulting scheme, which will be proven later on, is based on an ad hoc selection of
safequard updates for step 3(b) which is based on the following generalization
of Proposition 8.9.

Proposition 8.10. Suppose that x,w € H are such that

p = ||Rw|* — 2a(Rw,w — z) > 0. (8.22)
For A € [0,1/a] let
ot = -2 —"_Ruw. (8.23)
| Rwl|?

Then, the following hold:

(i) 2t =T, 20x © where Cy, = CL as in (8.19);

(ii) [|lz* — 2|2 < o = 2] = A(a = N e V2 € fix T



GENERALIZED MANN ITERATIONS 167

Proof. 8.10(i) easily follows from (8.20) and (8.21), since by condition (8.22)
the positive part in the formula may be omitted. In turn, 8.10 (%) follows from
[10, Prop. 4.35(iii)] by observing that o, oqx is al-averaged due to [10, Prop.
4.16] and (8.2), and that fix T C C,, as shown in Prop. 8.9(ii). O

Notice that condition (8.22) is equivalent to = ¢ C.,. Therefore, Proposition
8.10(7i) states that whenever a point x lies outside the half-space C,, for some
w € H, since fixT C C,, (cf. Prop. 8.9) the projection onto C,, moves closer
to fix T. This means that after moving from z along a candidate direction d
to the point w = x + d, even though w might be farther from fix T' the point
zT = Ilg, z is not. We may then use this projection as a safeguard step to
prevent from diverging from the set of fixed points. Based on this, we define a
GENERALIZED KM UPDATE ALONG A DIRECTION d.

Definition 8.11 (GKM update). A GENERALIZED KM UPDATE (GKM) AT z
ALONG d for the a-averaged operator T : H — H with relazation X\ € [0,1/a] is

x ifwe fixT
o= v — A Ruw othwerwise
TRl ;
where w =z +d and p = |Rw||* — 2a(Rw,w — x). In particular, d = 0 yields
the classical KM update x+ = Thx.

8.5.3 Line search for GKM

It is evident from Definition 8.11 that a GKM update trivializes to 2™ = x
if either w € fix T or p < 0. Having w € fix T corresponds to having found a
solution to problem (8.3), and the case deserves no further investigation. In this
section we address the remaining case p < 0, showing how it can be avoided by
simply introducing a suitable line search. In order to recover the same global
convergence properties of the classical KM scheme we need something more than
simply imposing p > 0. The next result addresses this requirement, showing
further that it is achieved for any direction d by sufficiently small stepsizes.

Theorem 8.12. Let x,d € H and o € [0,1) be fized, and consider

) 1 ifd=0
T=1q 10 |Ra|

=g otherwise.
4o d]]

Then, for all T € (0,7] the point w = x + 7d satisfies

p = HRwH2 — 2a(Rw,w — z) > o||Rw||||Rx]|. (8.24)
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Tr, T, T b

Ze o Ze Tw T Ze *Thw \\v,’L'
/ Td

(a) (b) (©)

Figure 8.5: SuperMann iteration of a FNE operator T as projection on C\,.
(a) the darker orange region represents the area in which Tw must lie given the
points x, Tx and the fized point z as prescribed by firm nonexpansiveness of T.
(b) if Tw lies (also) in the ball By . as in (8.25), then the half-space Cy (shaded
in orange) separates x from w, which is to be avoided.

(c) when w is close enough to x the feasible region for Tw has empty intersection
with By w and Cy does not contain x.

Proof. Let a constant ¢ > 0 to be determined be such that
Tld]| = llw — || < ¢f|Rz].

Observe that p = 402 (w — T w, x — T, w), and recall from (8.1) and (8.2)
that T, is FNE with residual id — T4, = iR. Then,

p =40 (|lw — Trppow|® + (0 — Tippow, x — w))

using Cauchy-Schwartz inequality,

> 40w = Ty (Ju — Tyl = [l = w])
the bound on ||z — w||,

> 20||Rwl|(Jlw — Ty ppow|| — 2ac||lz — Tippoz||)
the (reverse) triangular inequality,

> 2a||Rwl|((1 = 2ac)||z — Trpaz| — [|(id = Ty )w — (id — Tip,)z|))
the nonexpansiveness of id — Ty,

> 20| Rl (1522 | Re| |l — )
and again the bound on ||w — z||,

> (1 = 4ac)||Ruwl|[| Rz ||

equating o = 1 — 4ac the assert follows. O
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Notice that if d = 0, then p = ||Rz||*> > o| Rx||? for any o € [0, 1), and therefore
the line search condition (8.24) is always satisfied; in particular, the classical
KM step 27 = Tz is always accepted regardless of the value of o.

Let us now observe how a GKM projection extends the classical KM depicted in
Figure 8.4 and how the line search works. In the following we use the notation of
Theorem 8.12, and for the sake of simplicity we consider ¢ = 0 in (8.24) and a
FNE operator T'. Suppose that the fixed point z and the points x, Tz, and w are
as in Figure 8.5a; due to firm nonexpansiveness, the image Tw of w is somewhere
inside both orange circles. We want to avoid the unfavorable situation depicted
in Figure 8.5b, where the couple (w, Tw) generates a halfspace C,, that contains
x, i.e., such that p < 0: in fact, with simple algebra it can be seen that p < 0 iff
Tw belongs to the dashed circle of Figure 8.5b:

By ={w|{(w—w,z —w) <0} (8.25)
Since the dashed orange circle (in which Tw must lie) is simply the translation
by a vector Tz — = of By ., both having diameter 7||d||, for sufficiently small 7
the two have empty intersection, meaning that p > 0 regardless of where Tw is.

8.6 The SuperMann scheme

In this section we introduce the SuperMann scheme (Alg. 8.2), a special instance
of the general framework of Algorithm 8.1 that employs GKM updates as
safeguard Ks-steps. While the global worst-case convergence properties of
SuperMann are the same as for the classical KM scheme, its asymptotic behavior
is determined by how blind K(- and educated Ki-updates are selected. In
Section 8.6.2 we will characterize the “quality” of update directions and the
mild requirements under which superlinear convergence rates are attained; in
particular, Section 8.6.3 is dedicated to the analysis of quasi-Newton Broyden
directions.

The scheme follows the same philosophy of the general abstract framework.
The main idea is globalizing a local method for solving the monotone equation
Rz =0, in such a way that when the iterates get close enough to a solution the
fast convergence of the local method is automatically triggered. Approaching a
solution is possible thanks to the generalized KM updates (step 5(b)), provided
enough backtracking is performed, as ensured by Prop. 8.10(4) and Thm. 8.12.
When a basin of fast (i.e., superlinear) attraction for the local method is reached,
the (norm of) Rz will decrease more than linearly, and the condition triggering
the educated updates of step 5(a) (which is checked first) will be verified without
performing any backtracking.
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Algorithm 8.2 SuperMann scheme for solving (8.3), given an «a-averaged
operator T with residual R =id — T

REQUIRE z9 € H, c¢o,c1,q €[0,1), B,0 € (0,1), X € (0,1/a).
INITIALIZE 1) = Tsafe = || R2ol|, k=0

1. IF Rz, = 0, THEN STOP.
2. Choose an update direction d € H

3. (Ko) IF ||Rzk|| < conr, THEN set niy1 = ||Rzk||, proceed with a blind
update x41= W= x+di and go to step 6.

4. Set npy1 =nx and T = 1.
5. Let wy, = xp + Trdg.
5(a) (K1) IF the safe condition |Rx| < rsafe holds and wy, is educated:

[ Rwi || < 1| Ray|

THEN set Tj41 = wy, update rg.fe = |[Rwg|| + ¢*, and go to step 6.
5(b) (K2) IF pp = [|[Rwpl® — 20(Rwp, wi — x1) > o Rwy ||| Rz

THEN set
_ P
|| Rwy||?

OTHERWISE set 73 < 87 and go to step 5.

Tk+1 = Tk — A ka

6. Set k < k+ 1 and go to step 1.

To discuss its global and local convergence properties we stick to the same
notation of the general framework of Algorithm 8.1, denoting the sets of blind,
educated, and safequard updates as Ky, K7 and Ks, respectively.

8.6.1 Global and linear convergence

To comply with (8.6), we impose the following requirement on the magnitude
of the directions (see also Rem. 8.20).

Assumption 8.II. There exists a constant D > 0 such that the directions
(di) ey in the SuperMann scheme (Alg. 8.2) satisty

ldell < DRzl VEEN. (8.26)
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Theorem 8.13 (Global and linear convergence of the SuperMann scheme).
Consider the iterates generated by the SuperMann scheme (Alg. 8.2) with (dy) ey
selected so as to satisfy Assumption 8.11. Then,

(i) (xk)pen @5 quasi-Fejér monotone with respect to fix T';
(ii) 7, =1 4f di, =0, and 7 > min {ﬁi;—g, 1} otherwise.
(iii) Rxy — 0 with (| Rxy|) ey € 5
(iv) (Tr)pen converges weakly to a point x, € fixT;

(v) if co > 0 the number of blind updates at step 3 is infinite.

Moreover, if (xr),cn converges strongly to a point x, (this being true if H is
finite dimensional) at which R is metrically subregular, then

(vi) (x1)en and (Rk),cy are R-linearly convergent.

Proof. Because of Thm. 8.12 we know that for any direction d a feasible
stepsize 7 complying with the requirements of step 5(b) will eventually be
found, lower bounded as in 8.13(7i) due to Thm. 8.12 and Assumption 8.II. In
particular, the scheme is well defined. Moreover, from Prop. 8.10(ii) we have
that there exists a constant ¢ > 0 such that

lzrs1 — 2% < ||z — 2||* — g||Rxg||*  for all k € Ky and 2 € fix T

It follows that the SuperMann scheme is a special case of Alg. 8.1 and the proof
entirely follows from Thm.s 8.4 and 8.8. O

8.6.2 Superlinear convergence

Though global convercence of the SuperMann scheme is independent of the
choice of the directions dy, its performance and tail convergence surely is not. We
characterize the quality of the directions dj in terms of the following definition.

Definition 8.14 (Superlinear directions for the SuperMann scheme). Relative
to the sequence (x),cy generated by the SuperMann scheme, we say that
(di)pen C H are SUPERLINEAR DIRECTIONS if the following limit holds

o [RG@e+ do)]

= 0.
k— o0 HR-%'k:H
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Remark 8.15. Definition 8.14 makes no mention of a limit point x, of the
sequence (), cy, differently from the previously given Definition 4.4, taken from

[44, §7.5] that instead requires % to be vanishing with no mention of

R. Due to 2a-Lipschitz continuity of R, whenever the directions dj are bounded
as in (8.26) we have

| R(zx + d)]| < 2D lzk + di — 2|
| Ry | [

Invoking [44, Lem. 7.5.7] it follows that Definition 8.14 is implied by the one in
[44] and is therefore more general. O

Theorem 8.16. Consider the iterates generated by the SuperMann scheme
(Alg. 8.2) with either co > 0 or c1 > 0, and with (di),cy being superlinear
directions as in Definition 8.1/. Then,

(i) eventually, stepsize 1, = 1 is always accepted and safeguard updates
K5 are deactivated (i.e., the scheme reduces to the local method xpiq =
Tk + dk),'

(7t) (Rxy),ey converges Q-superlinearly;

(iii) if the directions dy satisfy Assumption 8.1, then (xy),cy converges R-
superlinearly;

(iv) if co > 0, then the complement of Ky is finite.
Proof.

& 38.16(i) and 8.16(iv). Let w} := x, + dj. Superlinear convergence of (di) ey
|| Rug |
TR ]

|Rwl|| < c1]|Ray | for all k > k, d.e., the point w) = x, + dj, will always pass
condition at step 5(a) resulting in zx11 = w) =z + dj, for all k > k.

then reads — 0. In particular, if ¢; > 0 then there exists k € N such that

Similarly, if ¢o > 0 then Ky is infinite as shown in Thm. 8.13(v); moreover, for
leN

|Rokoall _ IRomnll _ RG + i)l

Ty 41 [ R | [Rg, |

and therefore the ratio eventually is always smaller than ¢, resulting in k,+1 €
Ky for ¢ large enough. Consequently, the sequence will eventually reduce to
Tp41 = Tp + dg.
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& 8.16(i1) and 8.16(7ii). Q-superlinear convergence of (Rxy ), oy follows from
the fact that 1 = x5 + dj, for k > k. In particular, (|| Rzk]) pery is summable
and there exists a sequence (0x),cy — 0 such that ||Rayq1]| < 0x||Ray|| for all
k. If ||dk|| < D||Rxy| for some D > 0, then

D llwngr — el < DY |[Rax]| < oo,

k>k k>k

which implies that (x1),cy is a Cauchy sequence, and hence converges to a
point, be it z,. Moreover, by possibly enlarging D so as to account for the
iterates k < k, we have

low — 2l < S llejr — 25 < DY || Ray|

Jjzk Jjzk

S D5051 e 5k—1 Z HRl‘jH = Ak.

jeN

This shows that (z),cy is R-superlinearly convergent, since 8k+1/A, = 6, —
0. O

Theorem 8.16 shows that when the directions dj, are good, then eventually the
SuperMann scheme reduces to the local method xx11 = x)+di and consequently
inherits its local convergence properties. The following result specializes to the
choice of semismooth Newton directions.

Corollary 8.17 (Superlinear convergence for semismooth Newton directions).
Suppose that H is finite dimensional, and that R is semismooth. Consider the
iterates generated by the SuperMann scheme (Alg. 8.2) with either c¢g > 0 or
c1 > 0 and directions dy, chosen as solutions of

(Gk + pxid)dy, = —Rxy,  for some Gy, € Oc Ry, (8.27)

where OcR denotes the Clarke generalized Jacobian of R and 0 < py — 0.
Suppose that the sequence (xy),cy converges to a point x, at which all the
elements in Oc R are nonsingular.

Then, (dg) ey are superlinear directions as in Definition 8.14, and in particular

all the claims of Theorem 8.16 hold.

Proof. Any Gj € OcR is positive semidefinite due to the monotonicity of R,
and therefore dj, as in (8.27) is well defined for any py > 0. The bound (8.26)
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holds due to [44, Thm. 7.5.2]. Moreover,

R Grd
IRk + Grdi| =pr,—0 ask— oo,
1|
and the proof follows invoking [44, Thm. 7.5.8(a)] and Rem. 8.15. O

Notice that since dcR = id — 9T, nonsingularity of the elements in Oc R(x,)
is equivalent to having |G| < 1 for all G € 9T (), i.e., that T is a local
contraction around x,.

However, in the same spirit of the previous chapters we are oriented towards
choices of directions that (1) are defined for any nonexpansive mapping, regard-
less of the (generalized) first-order properties, and that (2) require exactly the
same black-box oracle as the original KM scheme. Once again we shall thus
investigate the employment of quasi-Newton directions.

Theorem 8.18 (Dennis-Moré criterion for superlinear convergence). Consider
the iterates generated by the SuperMann scheme (Alg. 8.2) and suppose that
(k) pen converges strongly to a point x, at which R is strictly differentiable.
Suppose further that the update directions (dy),cy satisfy Assumption 8.11 and
the Dennis-Moré condition

. HR-'L'k + JR(:L‘*)dkH .

lim
k=00 [l |

0. (8.28)

Then, the directions dy, are superlinear as in Definition 8.14. In particular, all
the claims of Theorem 8.16 hold.

Proof.
O(ng)lim |Rax + JR(x2)dg + (R(x + di) — R(zk + dy)) ||
Rt el
_ i 1B ]|
koo dl
C2N i [BGe+do)]|

= Dksoo  ||Ral]

where in the second equality we used strict differentiability of R at z,. O
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8.6.3 The modified Broyden scheme

In practical application the Hilbert space H is finite dimensional, and conse-
quently it can be identified with R™. Consistently with the discussion in Section
4.3, the computation of quasi-Newton directions dj in the SuperMann scheme
amounts to selecting

dk = —HkR.’Ek, (829)

where Hj are linear operators recursively defined with low-rank updates. To
avoid notational clashes, we indicate such pairs of vectors as (s, yx) instead of
(pk,qr) as in (4.4). In particular,

Sk = Wk — Tk
{yk = ka — R{Ek. (8'30)

Contrary to what experienced with the envelope-based approach, the Broyden
scheme seems to be more beneficial than BFGS.

Theorem 8.19 (Superlinear convergence of the SuperMann scheme with Broy-
den directions). Suppose that H is finite dimensional. Consider the sequence
(k) pen generated by the SuperMann scheme (Alg. 8.2), (dy) ey being selected
with the modified Broyden scheme of (4.3.2) for some ¥ € (0,1) and with pairs
as in (8.30).

Suppose that (Hy,), ey remains bounded, and that R is calmly semidifferentiable
and metrically subregular at the limit x, of (x),en. Then, (dy),cy satisfies the
Dennis-Moré condition (8.28). In particular, all the claims of Theorem 8.18
hold.

Proof. The proof is similar to that of Thm. 4.7. Let G, = JRx, € R™*"™ and
let || - || denote the Euclidean norm. From [59, Lem. 2.2] we have that there
exist a constant L and a neighborhood U, of z, such that

lyx — Gusill || Rwg — Rog — Gy(wy, — x) ||

sell [y, — x|

< Lmax {||zr — x|, [[wr — 24 }-

Because of (8.26), the fact that 7, < 1, and the triangular inequality we have
lwe — z4|| < |lzx — 24| + D||Rzk|| and consequently

S
Sl Conrl 5™ oy — o) + D) < o0
keN k keN
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where the last inequality follows from Thm. 8.13(vi).

Let Ey, = By, — G, and let || - || denote the Frobenius norm. With a simple
modification of the proofs of [59, Thm. 4.1] and [4, Lem. 4.4] that takes into
account the scalar ¥y, € [¢,2 — 9] we obtain

[y — Gisill
[l sk

. S ST
| Exs1llp < HEk (ld — Uk \ISZH]B) HF +

(2 = D) || Buse?

< ||E —
SIBlr = S ETe Tl

The last term on the right-hand side, be it oy, is summable and therefore the
sequence (Ey),cy is bounded. Let E := sup(||Ex||r)en, then

92 =) ((Br = Gosill )’
2F < IEA ) '

[Exs1llr — Bkl F < ok —

Telescoping the above inequality, summability of oy, ensures that of the sequence
I(Br=G)skll®

ENE , proving in particular the claimed Dennis-Moré condition (8.28).

O

Remark 8.20. It follows from Theorem 8.13(7v) that the SuperMann scheme is
globally convergent as long as ||dx|| < D| Rzy|| for some constant D. To enforce
it we may select a (large) constant D > 0 and as a possible choice truncate

dy <+ D HHIZTIH dy, whenever dj, does not satisfy (8.26). O

Let us observe that in order to achieve superlinear convergence the SuperMann
scheme does mot require nonsingularity of the Jacobian at the solution. This is
the standard requirement for asymptotic properties of quasi-Newton schemes,
which is needed to show first that the method converges at least linearly. [4]
generalizes this property invoking the concepts of (strong) metric (sub)regularity
(see also [39] for an extensive review on these properties). However, if R is
strictly differentiable at z,, then strong subregularity, regularity and strong
regularity are equivalent to injectivity, surjectivity and invertibility of JR(z,),
respectively, these conditions being all equivalent for mappings H — H with H
finite dimensional. In particular, contrary to the SuperMann scheme standard
approaches require the solution x, at least to be isolated, a property that rules
out many interesting applications (cf. §8.7.1).
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Restarted (modified) Broyden scheme

The Broyden scheme requires storing and operating with n X n matrices, where
n is the dimension of the optimization variable, and is consequently feasible in
practice only for small problems. Alternatively, one can restrict the Broyden
update rule to only the most recent pairs of vectors (s;,y;). As detailed in Al-
gorithm 8.3, this can be done by keeping track of the last vectors s; and some
auxiliary vectors §; = % These are stored in some buffers S and S,
which are initially empty and can contain up to m vectors. The memory m is a
small integer typically between 3 and 20; when the memory is full, the buffers
are emptied and Broyden scheme is restarted. The choice of a restarted rather
than a limited-memory variant obviates the need of a nested for-loop to account
for Powell’s modification.

8.6.4 Parameters selection in SuperMann

As shown in Theorem 8.16, the SuperMann scheme makes sense as long as either
co > 0 or ¢; > 0; indeed, safequard K>-steps are only needed for globalization,
while it is blind Ky- and educated K;-steps that exploit the quality of the
directions dy. Evidently, Ki-updates are more reliable than Kj-updates in that
they take into account the residual of the candidate next point. As such, it is
advisable to select ¢; close to 1 and use small values of ¢g if more conservatism
and robustness are desired. To further favor Ki-updates, the parameter ¢ used
for updating the safeguard rg,ge at step 5(a) may be also chosen very close to 1.

As to safequard Ko-steps, a small value of o makes condition (8.24) easier to
satisfy and results in fewer backtrackings; the averaging factor A may be chosen
equal to 1 whenever possible, i.e., if & S 1 (which is the typical case when,
e.g., T' comes from splitting schemes in convex optimization), or any close value

Algorithm 8.3 Restarted Broyden scheme with memory m

Input: old buffers S, S; new pair (s,y); current Rz
Output: new buffers S, S; update direction d
1: d< —Rzx, §+vy
2: for 1=1...#S do
S+ s+ <Si, §>2§i7 d<+d+ <Si, d>2§1
3: compute ¥ as in (4.5b) with v = m@, s),

9 ~ ~
4: S%W(S—S?j d<_d+<s,d>28 ) )
5. if #S=m then 5,5+« [] else S+« [S,s], 5« [5,3]
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otherwise. In the simulations of Section 8.7 we used ¢y = ¢; = ¢=10.99, 0 = 0.1,
A =1and 8 = 1/2. For a matter of scaling, we multiplied the summable term
¢ by ||Rx°|| in updating the parameter 74, at step 5(a). The directions were
computed according to the restarted modified Broyden scheme (Alg. 8.3) with
memory m = 20 and 9 = 0.2; we applied the truncation rule as in Remark 8.20
with D = 10*. We also imposed a maximum of 8 backtrackings after which a
nominal KM iteration would be executed.

8.6.5 Comparisons with other methods
Hybrid global and local phase algorithms

Blind Ky-updates in the SuperMann scheme are inspired from [30, Alg. 1], and
so is the notation Ky = {ko, k1,...}.

Educated K- and safequard Ks-updates instead play the role of inner- and
outer-phases in the general algorithmic framework described in [61, §5.3] for
finding a zero of a candidate merit function ¢ (e.g. p(z) = 1|[Rz||? in our case).
Differently from [61, Alg. 5.16] where all previous inner-phase iterations are
discarded as soon as the required sufficient decrease is not met, the SuperMann
scheme allows for an alternation of phases that eventually stabilizes on the fast
local one, provided the solution is sufficiently regular. Our scheme is more in
the flavor of [61, Alg. 5.19], although with less conservative requirements for
triggering inner Ki-updates (@(zk11) is here compared with ¢(zy), whereas in

the cited scheme with the smallest past value).

Inexact Newton methods for monotone equations

The GKM updates are closely related to the extra-gradient steps described in
[109, Alg. 2.1]. This work introduces an inexact Newton algorithm for solving
systems of continuous monotone equations Rx = 0, where id — R needs not be
nonexpansive. At a given point z, first a direction d is computed as (possibly
approximate) solution of Gd = —Rx, where G is some positive definite matrix;
then, an intermediate point w = x + 7d is retrieved with a line search on 7 that
ensures the condition

||RwH2 —(Rw,z —Tw) < — 0'7‘Hd||2 (8.31)
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Figure 8.6: The positive definiteness of G prevents the update directions d in
the scheme of [109] to point in the gray-shaded area. As a result, differently from
the GKM scheme the cited algorithm is not robust to any choice of direction
(e.g., it cannot accept the one as in Figure 8.5). In any case, the half-space Cy
onto which x is projected according to the GKM scheme is properly contained in
the half-space H., corresponding to the update of [109]; consequently, the GKM
update is always closer to any solution.

for some o > 0; here, we defined T := id — R to highlight the symmetry with
(8.19). Finally, the new iterate is given by 2™ = Iy, =, where

H, ={z € H||Rw|* - (Rw,z — Tw) > 0}. (8.32)

Letting C,, be the half-space as in Prop. 8.10, so that xé’KM = Il¢g, x (for
simplicity we set A = 1), for the half-spaces (8.32) it holds that

zerRC Cy, C Hy,

the last inclusion holding as equality iff Rw = 0. This means that in the GKM
scheme, the same w yields an iterate xé‘KM which is closer to any z € zer R with
respect to T (cf. Fig. 8.6). Notice further that the hyperplanes delimiting the
two half-spaces are parallel, with bdry C,, passing by Tw (or Tyy,,w for generic

a’s) and bdry H,, by w.

The requirement of positive definiteness of matrix GG in defining the update
direction d is due to the fact that [109] addresses a broader class of monotone
operators; we instead exploited at full the nonexpansiveness of id — R and as a
result have complete freedom in selecting d (Fig. 8.6a) and better projections
(Fig. 8.6¢).
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Line-search for KM

The recent work [48] proposes an acceleration of the classical KM scheme for
finding a fixed point of an a-averaged operator T based on a line search on
the relaxation parameter. Namely, instead of the nominal update x = Thx
with A € [0,1/a] as in (8.18), values A’ > 1/a are first tested and the update
at = Ty x is accepted as long as ||Rz™|| < ¢1||RZ|| holds for some constant
c1 € (07 1)

In the setting of the SuperMann scheme, this corresponds to selecting dj =
—Ruxy, discarding blind updates (i.e., setting ¢ = 0), foretracking educated
updates and using plain KM iterations as safeguard steps. Convergence can be
enhanced and the method is attractive when 7' = S5 o Sy is the composition of
an affine mapping S; and a cheap operator S5, in which case the line search
is inexpensive. However, though preserving the same theoretical convergence
guarantees of KM (hence of the SuperMann scheme), it does not improve its
best-case local linear rate.

Although other choices dj may also be considered, fast directions such as Newton-
type ones would be discarded and replaced by nominal KM updates every time
the candidate point x + dj does not meet some requirements. Avoiding this
take-it-or-leave-it behavior is exactly the primary goal of GKM iterations, so
that candidate good directions are never discarded.

8.7 Simulations

We conclude with some numerical examples to give tangible evidence of the
robustifying and enhancing effect that the SuperMann scheme has on fixed-point
iterations. In all simulations we deactivated blind updates by setting ¢y = 0,
and we selected o = 10~2 for safeguard updates and ¢; = ¢ = 1 — o for educated
updates. Due to problem size we used restarted Broyden directions with a
memory buffer of 20 vectors.

8.7.1 Cone programs

We consider cone problems of the form

minierﬂgize (c,z) subject to Az +s=0b, sk, (8.33)
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where I is a nonempty closed convex cone. Almost any convex program can
be recast as (8.33), and many convex optimization solvers address problems by
first translating them into this form. The KKT conditions for optimality of the
primal-dual couple ((m*, S), (y*7r*)) are

Az, + 5., =b, s, €K, ATy*+C:T*a re =0, y*EK*, CTI*+bTy*:O

where K* is the dual cone of K. A recently developed conic solver for (8.33)
is SCS [89], which solves the corresponding so-called homogeneous self-dual
embedding

find ueC subject to QueC”, (8.34)
where
0 AT ¢
C=R"XK*"xRy and Q@=|—-A 0 ©b].
—" =" 0

Problem (8.34) can be equivalently reformulated as the variational inequality
findueC st. 0€Qu+ Ne(u). (8.35)
Indeed, for all u € C we have
Ne(u) ={y | (v —u,y) <0 Vv eC}={u} N{y| (v,y) <0 Yo eC}
= {u}* n(=c"),

where the second equality follows by considering, e.g., v = %u and v = %u,
which both belong to C being it a cone. From this equivalence and the fact that
Qu € {u}l for any u due to the skew symmetry of @, the equivalence of (8.34)
and (8.35) is apparent. This leads to the short and elegant interpretation of
SCS as Douglas-Rachford splitting (DRS) applied to the splitting Ne + @ in
(8.35), which, after a well known change of variables and index shifting, reads

g1 ~ (I + Q) H(ug + vg)
Uk+1 = HC (ﬂk—H — Uk) (8.36)
Vg4l = Vg — Ugg1 + Ugy1-

The “~” symbol refers to the fact that vx may be retrieved inexactly by means
of conjugate gradient (CG) method; see [89] for a detailed discussion.



182 SUPERMANN

Here we consider instead DRS applied to the (equivalent) splitting @ + N¢ in
(8.35), namely
vk = (I + Q)™ (uk)
Wr+4+1 = Hc(2’t}k+1 - uk) (837)
Uk+1 = Uk + Wp41 — Vk41-

For any initial point ug, the variable vy converges to a solution to (8.35) [10,
Thm. 26.11]. DRS is a (firmly) nonexpansive operator and as such it can be
integrated in the SuperMann scheme with A € (0,2); in these simulations we
set A = 1.

We run a cone problem (8.33) of size m = 487 and n = 325, with density 0.01
and condition number 100, both by solving exactly the linear systems and by
adopting the CG technique. C is the cartesian product of all the primitive cones
implemented in SCS solver: positive orthant, second-order, positive semidefinite,
(dual) exponential, and (dual) power cones. We reported primal residual, dual
residual, and duality gap; consistently with SCS’ termination criterion, the
algorithm is stopped when all these quantities are below some tolerance [89,
§3.5], which we set to 1076.

Notice that if u solves (8.34), or equivalently (8.35), then so does any multiple
tu with ¢t > 0. In particular no isolated solution exists, and therefore whenever
the residual R of the DRS operator is differentiable at a solution u,, JR(u,)
is singular. Fortunately, the SuperMann scheme does not necessitate nonsin-
gularity of the Jacobian but merely metric subregularity, the same property
that enables linear convergence rate of the original DRS (or equivalently SCS).
In particular, whenever the original SCS scheme is linearly convergent, the
SuperMann enhancement is provably superlinear provided that R is strictly
differentiable at the limit point. However, since restarted Broyden directions
are implemented instead of the full-memory method, rather than superlinear
convergence we expect an “extremely steep” linear convergence.

In Figure 8.7 we can observe how the original SCS scheme (blue) converges at
a fair linear rate; however, its super-enhancement greatly outperforms it both
when solving linear systems exactly and approximately.

8.7.2 Lasso

We consider a lasso problem

minimize 1| Az —b|* + v/
zeR™
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Figure 8.7: Comparison between Splitting Cone Solver [89] (blue) and its en-
hancement with the SuperMann scheme for solving a cone program (8.33).
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(a) On the z-azis the number of times a linear system is solved, the most expensive
operation, needed for computing the resolvent of Q. SCS performs quite well, however
its super-enhancement converges considerably faster in terms of operations.
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(b) Comparison with respect to the same problem, but with linear systems solved
approximately with CG on a reduced system. On the z-axis the number of times
the operators A and AT are called, which amount to the most expensive operations.
Apparently, solving the system inezactly does not affect the comparison between SCS
and super-SCS.

where A € R™*"™ b€ R™ and v > 0. In Figure 8.7 the comparison of forward-
backward splitting (or proximal gradient, in blue) and its super-enhanced version
(red) on a random problem with m = 1500 n = 5000 and v = 10~2. On the
z-axis the number of matvecs, being them the most expensive operations of FB
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and hence of super-FB, and on the y-axis the fixed-point residual. Superlinear
convergence cannot be observed due to the fact that a limited-memory method
is used for computing directions, however an outstanding speedup is noticeable.

100 i Figure 8.7: Comparison between FBS and
Super-FBS  (using modified Broyden limited-
memory directions) in a lasso problem.

—— Proximal gradient
=~ SuperMann (L-Broyden)

I |
200 400 600 800 1,000 1,200 1,400
matvecs

8.7.3 Constrained linear optimal control

For matrices A; and By of suitable size, t = 0,..., N — 1, consider a state-input
dynamical system

Ti41 = Atil?t + Btuh t= 07 PN ,N — 1, (838&)

where xy € R™ is given, and the next states x; € R™ are determined by the
user-defined inputs u, € R™, 7 =0,...,t — 1. States « = (z1,...,2x) can be
expressed in terms of the inputs w = (ug, ..., uny—1) through a linear operator
L € RN"XNnw a5 ¢ = Lu + b for some constant b € RN The goal is to
choose inputs that minimize a cost

N-1

lu,@) = > b(ug,z) + Ly (zy) (8.38b)
t=0

subject to some constraints

Tir1 € Xt+1, Ut 61/{,57 t:(),,N*l (838C)
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Vii-Condat splitting

The constraint sets in (8.38¢) are typically simple and easy to project onto
(boxes, Euclidean balls. .. ). However, while simple input constraints can be
easily handled, due to the coupling enforced by the dynamics (8.38a), expressing
X1 in terms of the optimization variable w results in much more complicated
sets (polyhedra, ellipsoids. .. ). To avoid this complication we make use of the
extremely versatile algorithm that Vi-Condat three-term splitting offers [35,
Alg. 3.1]. In its general form, the algorithm addresses problems of the form

miniell%jze f(z)+ g(x) + h(Lx) (8.39)

where f:R" — R is convex with L-Lipschitz continuous gradient, g : R" — R
and h : R™ — R are convex, and L € R"*™ by iterating the following steps:

zt = prox,, (x —7(Vf(x) +LTy))
{y+ prox,,.(y + oL(2z* — z)). (8.40)

Here,O<T<%and0<a<W(%f

is a Lagrange multiplier. Vii-Condat splitting is a primal-dual method that
generalizes FBS by allowing an extra nonsmooth term h and a linear operator
L (by neglecting h and L one recovers the proximal gradient iterations of FBS).

%) are stepsizes, and y € R™

The optimal control problem (8.38) can be cast into Vi-Condat splitting form
(8.39) by simply letting f(u) = £(u, Lu), g = 0yy and h = (- + b), where
U=Uyx -+ XUy_qand X = X} X --- x Xy (in particular, n = Nn,, and
m = Nn,). Then, prox,, = Il and prox,,.(y) = y — o llx(c ™'y + b) + b.
Notice that II;; and IIy are fully decoupled as the projection of each input and
state onto the corresponding constraint set. Moreover, the full matrix L needs
not be computed, as both L and LT can be treated as abstract operators that
simulate forward and backward dynamics.

Apparently, the appeal of Vii-Condat splitting in addressing the optimal con-
trol problem lies in the extreme simplicity of its operations and low memory
requirements, making it particularly suited for medium-to-large-scale problems
in which traditional interior point algorithms fail. However, like all first-order
methods it is extremely sensitive to ill conditioning, which gets worse as the
problem size increases. Fortunately, this splitting fits into the SuperMann frame-
work. The operator T that maps (x,y) into (z*,y™") as in (8.40) is averaged
in the Hilbert space Hp, where Hp is defined as R™ x R™ equipped with the
scalar product (z,2')p = (z, P2’), where P := (7_1[ *LT> [35, proof of Thm.

—L o711
3.1].
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Oscillating masses experiment

We tried this approach on the benchmark problem of controlling a chain of
oscillating masses connected by springs and with both ends attached to walls.
The chain is composed of 2K bodies of unit mass subject to a viscous friction
of 0.1, the springs have elastic constant 1 and no damping, and the system is
controlled through K actuators, each being a force acting on a pair of masses,
as depicted in Figure 8.8. Therefore n, = 4K (the states are the displacement
from the rest position and velocity of each mass) and n,, = K. The inputs are
constrained in [—2, 2], while the position and velocity of each mass is constrained
in [-5, 5].

The continuous-time system was discretized with a sampling time 75 = 0.1s.
We considered quadratic stage costs %xTQ:r for the states and %u—'—u for the
inputs, where @ is diagonal positive definite with random diagonal entries, and
generated a random (feasible) initial state zg. Notice that a QP reformulation
would require the computation of the full cost matrix, differently from the
splitting approach where only the small dynamics matrices A and B are needed,

as L and LT can be abstract operators.

2 K

s/

s/

s

s

770

DY [l

s

s/

s

s

770

7 I
s/

’ U1 UK -1

Figure 8.8: Oscillating masses.
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We simulated different scenarios for all combinations of K € {8,16} and N €
{10, 20, 30, 40,50}. We compared Vu-Condat splitting (VC) with its ‘super’
enhancement (SuperVC); parameters were set as detailed in Section 8.6.4. Table
8.1 offers an overview of the experiment: SuperVC is roughly 13 times faster on
average and 21 times better in worst-case performance than VC algorithm in
reaching the termination criterion || Rz*|| < 10~4||Rx°||.
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vC
SVC

187
Number of calls to L and LT (x103)

N =10 N =20 N =30 N =40 N =50
avg max avg max avg max avg max avg max
19.0 337.1|15.0 174.4125.0 4004-|21.0 136.5|16.0 61.9

1.0 5.5 1.0 4.3] 2.0 19.3| 2.0 10.9| 2.0 6.6

N =10 N =20 N =30 N =40 N =50
avg max avg max avg max avg max avg max
62.0 4004-130.0 344.9130.0 4004-|65.0 400+ (29.0 318.6
4.0 39.5| 2.0 11.6| 3.0 46.6| 8.0 58.1| 3.0 26.1

Table 8.1: Comparison between Vi-Condat algorithm (VC) and its “super”
enhancement (SuperVC) in solving the oscillating masses problem with | Rz"|| <
107%|Rz°|| as termination criterion. Average and worst performances among
25 simulations with randomly generated starting point xo for each combination
of K € {8,16} and N € {10,20,30,40,50}. The tables compare the number of
calls to the operators L and L', which are the expensive operations (the rest are
projections on bozes). In four problems Vi-Condat exceeded 4 - 10° many calls
(corresponding to 10° iterations) and was stopped prematurely.



Conclusions

In this thesis we carried out an in-depth analysis of splitting algorithms in the
nonconvex setting. The main contribution and novelty of the methodology is
twofold:

e We pioneered a general framework where splitting algorithms are rep-
resented and identified by two components: an inner majorizing model,
and an outer transformation mapping. The properties of what we defined
“prozimal” models set the ground for building a solid theory of convergence,
reminiscent of that of Lyapunov type that ensures stability of dynamical
systems. Prozimal envelopes, here generalized for any splitting algorithm
covered by the framework, proved to be suitable such Lyapunov functions.

e Building upon the proposed framework, a new linesearch strategy was pro-
posed. Solely based on the continuity of the Lyapunov functions, property
enjoyed by the investigated proximal envelopes, the Continuous-Lyapunov
Descent paradigm (CLyD) allows to customize any proximal algorithm
with arbitrary update directions. Once again proximal envelopes prove
to be the perfect Lyapunov candidates, as (1) they allow to preserve the
operational complexity of the underlying splitting algorithms, and (2)
robustify CLyD against the Maratos effect: when good directions are se-
lected, unitary stepsize is eventually always accepted and fast convergence
thus triggered.

For both the forward-backward and the Douglas-Rachford splittings, it is shown
how the solution of elementary algebraic inequalities is enough for obtaining
bounds on stepsizes and relaxation parameters so as to ensure convergence.
Nevertheless, with more sophisticated analysis of the Douglas-Rachford envelope,
tight convergence results were derived. In light of a primal equivalence between
the algorithms, as a byproduct tight convergence results for ADMM were easily
inferred.

188
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A CLyD-like framework restricted to convex splitting algorithms was also
proposed. Although bound to convexity, the SuperMann scheme allows to
accelerate pretty much any splitting algorithm, including those with a purely
primal-dual nature that cannot be captured by proximal envelopes, as it is the
case of the recent Vi-Condat splitting.

Future directions

This thesis already accomplished some of the open research directions advanced
in [112], such as a higher-order analysis of the Douglas-Rachford envelope, the
derivation of Douglas-Rachford splitting-based Newton-type methods, and the
consequent adaptation of the findings to ADMM. Nevertheless, other promising
workplans such as the integration with augmented Lagrangian methods therein
suggested have not been covered yet. In this perspective, we believe that the
CLyD framework constitutes a valid tool for the achievement of such goals.

The analysis of other algorithms such as the proximal ADMM and the Chambolle-
Pock splitting [29] in a fully nonconvex setting is already being investigated.
Partially presented at an invited workshop of the 2018 European Control
Conference, the study is providing further evidence in support of the potential
of the proximal framework pioneered in the thesis. It is also worth pointing
out that, for fully nonconvex problems and under a smoothness assumption as
already investigated in [73], the recent Davis-Yin three-term splitting algorithm
[38] falls in the GPMM framework; the convergence results of Corollary 3.19
and Theorem 3.22, as well as quasi-Newton enhancements through the CLyD
Algorithm 4.1 are thus readily applicable. Nevertheless, as it was the case of the
Douglas-Rachford splitting, a more in-depth analysis may yield tighter results.

Further extensions are also being considered:

e Bregman-type models. A challenging yet extremely powerful possible general-
ization of the framework consists in replacing the quadratic bounds defining
the proximal models with a nonsymmetric Bregman distance. Embracing
Bregman-type extensions of popular algorithms in a unified framework and
consequently simplifying their arduous convergence analysis is an attractive
prospect: not only would this considerably widen the range of covered meth-
ods, but it would also open the possibility to provide new purely primal
interpretations of algorithms that are so far only understood through duality
arguments, such as the Vu-Condat splitting. Thus, similarly to what done in
the thesis with the ADMM, nonconvex (and quasi-Newton) primal-dual algo-
rithms would then be possible. In this perspective, due to its high degree of
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generality encompassing the asymmetric forward-backward-adjoint (AFBA)
splitting proposed in [66] is a particularly appealing goal.

o Block-coordinate and matrix-free variants. When facing the “big-data” reality,
operating with huge variables and/or matrices may constitute a problem. Due
to their amenability to operate on small portions of the problem at a time,
incorporating randomized and block-coordinate variants in the investigated
framework would create a major impact on modern huge-scale applications
such as those arising in machine learning [22, 33, 65, 85]. An efficient man-
agement of matrices and even high-order tensors is already being investigated
for the funded EOS SeLMA project,? and applications on embedded hard-
ware with low memory and computational capabilities have already produced
promising accomplishments [3, 107].

e Higher-order smoothing. The seemingly impractical use of third-order informa-
tion in smooth minimization was recently shown to be feasible in some special
cases [87]. A question then arises as to whether the proximal framework can
be extended so that envelopes may take advantage of higher order smooth-
ness, in such a way that more problems can be solved with the third-order
techniques proposed. Motivated by the known smoothing effect that proximal
minimization reflects on the Moreau envelope, an intuitive approach would
be to analyze higher-order properties of the envelope functions in the attempt
to broaden the class of problems for which such a method is “implementable”.
Alternatively, the investigated framework may be restricted to higher-order
MM models, although this option may lead to difficult evaluations of the
resulting MM mapping (the inner minimization problems).

Ultimately, it would be desirable to address some technical questions that,
although supported by much evidence, so far have only been conjectured. One
of these regards the often observed good performance of BFGS directions in the
CLyD framework. We suppose that this behavior owes to fact that, despite being
nonsymmetric, the involved Jacobians are similar to symmetric and positive
definite matrices, hence in particular have all strictly positive eigenvalues. We
also consider analyzing the iterations from a manifold perspective, whence
results on partly smooth functions may prove to be useful [68, 36].

Another still unanswered issue relates to the assumptions needed for ensur-
ing global and linear convergence of proximal algorithms and their CLyD
enhancements. In particular, we have reasons to believe that the requirement of
prox-regularity needed for the FBE to satisfy the error bound inequality as in

2Structured Low-Rank Matrix/Tensor Approximation, https://www.esat.kuleuven.be/
stadius/selma/. Fonds de la Recherche Scientifique — FNRS and the Fonds Wetenschappelijk
Onderzoek — Vlaanderen under EOS Project 30468160 (SeLMA).
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Theorem 5.11 (%) could be dropped. As equation (5.10) indicates, answering the
conjecture boils down to showing whether or not for arbitrary proper, lsc, and
prox-bounded functions g the following equality holds

h%lfiklp prox.,(w) = prox, (),
w#xT

stronger than the mere inclusion ‘C’ ensured by outer semicontinuity of prox. .
The closest we got to a positive answer is by either assuming the nonsmooth term
to be an indicator function, or the proximal mapping to be at most two-valued
(around the critical points of interest).

In the same spirit, succeeding in reducing the assumptions to ensure superlinear
convergence of the investigated algorithms would also be extremely appealing. A
first step in this direction was obtained with the SuperMann scheme, which was
shown to achieve superlinear convergence under no nonsingularity requirements,
but merely metric subregularity (and suitable regularity assumptions). A similar
result was recently achieved in [117], where the semismooth forward-backward
truncated-Newton method first proposed in [94] was suitably adapted to the
CLyD framework. Other than considerably simplifying the convergence analysis,
this modification was the turning point that allowed to drop the nonsingularity
assumption and to further reduce the other needed regularity requirements.
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