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Abstract

Efficient first-order algorithms for large-scale distributed optimization is the
main subject of investigation in this thesis. The algorithms considered cover a
wide array of applications in machine learning, signal processing and control.

In recent years, a large number of algorithms have been introduced that rely on
(possibly a reformulation of) one of the classical splitting algorithms, specifically
forward-backward, Douglas-Rachford and forward-backward-forward splittings.
In this thesis a new three term splitting technique is developed that recov-
ers forward-backward and Douglas-Rachford splittings as special cases. In the
context of structured optimization, this splitting is leveraged to develop a frame-
work for a large class of primal-dual algorithms providing a unified convergence
analysis for many seemingly unrelated algorithms. Moreover, linear convergence
is established for all such algorithms under mild regularity conditions for the
cost functions.

As another notable contribution we propose a randomized block-coordinate
primal-dual algorithm that leads to a fully distributed asynchronous algorithm
in a multi-agent model. Moreover, when specializing to multi-agent structured
optimization over graphs, novel algorithms are proposed. In addition, it is shown
that in a multi-agent model bounded communication delays are tolerated by
primal-dual algorithms provided that certain strong convexity assumptions hold.

In the final chapter we depart from convex analysis and consider a fully non-
convex block-coordinate proximal gradient algorithm and show that it leads to
nonconvex incremental aggregated algorithms for regularized finite sum and
sharing problems with very general sampling strategies.

xiii






H,
To(H)

(2, F,P)
w0

MT
ran M

blkdiag

dom f
epi f
leVSQ

f*

fOg

Ox
f:A—B
riC
[r]+
PX
prox
diStV (I, X)

4

of

Index of Symbols

Natural numbers {0,1,2,...}

Real numbers

Extended real numbers R U {co}

Space of real n X m matrices

Space of real n X n symmetric matrices

Space of real n X n symmetric positive semidefinite matrices
Space of real n X n symmetric positive definite matrices
Empty set

Real Hilbert spaces

Space of bounded linear operators from H to G
Space B(H,H)

Set of proper lsc convex functions from H to R
Probability space

Weak convergence

Strong convergence

Transpose of matrix M

Range of matrix M

Creates a block diagonal matrix
Identity n X n matrix

Zero n X n matrix

Identity mapping

A set-valued operator

Domain of operator F'

Graph of operator F

Set of zeros of operator F'

Set of fixed points of operator F'
Inverse of operator F

Resolvent of operator F’

Normal cone operator of set X

Domain of extended-real-valued function f
Epigraph of function f

a-(sub)level set of f

Fenchel conjugate

Infimal convolution of functions f and g
Indicator function of set X
Single-valued function

Relative interior

Positive part of r: max{0,r}

Projection onto set X wrt || - ||y
V-Proximal mapping of f

Distance of z from set X wrt || - ||v

Regular subdifferential of f

XV



of
oBf

V2f

Q)
o(-)

(Limiting) subdifferential of f
Bouligand subdifferential of f
Gradient of f

Hessian of f

Big-O Bachmann-Landau notation
Little-O Bachmann—Landau notation



XVii

a.s.
ADMM
AFBA
DMPC
DRS
ERM
FBFS
FBE
FBS
FNE

iff

ii.d.

Isc

LP
MPC
0sc
PLQ
QP
SVM

wrt

Index of Abbreviations

Almost surely

Alternating direction method of multipliers
Asymmetric forward-backward-adjoint splitting
Distributed model predictive control
Douglas-Rachford splitting

Empirical risk minimization
Forward-backward-forward splitting
Forward-backward envelope
Forward-backward splitting

Firmly nonexpansive

If and only if

Independent and identically distributed
Lower semicontinuous

Linear program

Model predictive control

Outer semicontinuous

Piecewise linear-quadratic

Quadratic program

Support vector machine

With respect to






Xix

Sept. 23, 1989

2007-2011

2012-2014

Since 2014

2015-2016

Since 2016

Since 2017

Vita

Born, Tabriz, Iran

B.Sc. in Electrical Engineering-Control Systems

University of Tabriz, Iran

M.Sc. Mathematical Modeling in Engineering (MathMods,
Erasmus Mundus Master Program)

Final mark: 110/110 cum laude

University of L’Aquila, Italy - University of Hamburg, Ger-
many

Ph.D. in Control Systems
IMT School for Advanced Studies Lucca, Italy

Visiting student
KU Leuven, Belgium
ESAT - Departmet of Electrical Engineering

Ph.D. student jointly at KU Leuven, Belgium
ESAT - Departmet of Electrical Engineering

FWO Ph.D. fellow, Belgium


www.mathmods.eu

XX

Publications

Journal papers

[101]

[99]

[96]

P. Latafat, A. Themelis and P. Patrinos.

Block-coordinate and incremental aggregated proximal gradient methods for
nonsmooth nonconvex problems.

arXiv:1906.10053 (submitted 2019).
https://arxiv.org/abs/1906.10053

P. Latafat and P. Patrinos.

Primal-dual algorithms for multi-agent structured optimization over message-
passing architectures with bounded communication delays.

arXiv:1809.07199 (submitted 2019).
https://arxiv.org/abs/1809.07199

P. Latafat, N. M. Freris and P. Patrinos.

A new randomized block-coordinate primal-dual prozimal algorithm for distributed
optimization.

IEEE Transactions on Automatic Control, vol. 64, no. 10, Oct. 2019, pp. 4050-
4065

https://ieeexplore.ieee.org/document/8673559
P. Latafat and P. Patrinos.

Asymmetric forward-backward-adjoint splitting for solving monotone inclusions
involving three operators.

Computational Optimization and Applications, vol. 68, no. 1, Sep. 2017, pp.
57-93.

https://doi.org/10.1007/s10589-017-9909-6

Contributions to books

[08]

P. Latafat and P. Patrinos.

Primal-dual proximal algorithms for structured convex optimization: a unifying
framework.

In Chapter 5 of Large-Scale and Distributed Optimization, (Giselsson P., and
Rantzer A., eds.), vol. 2227 of Lecture Notes in Mathematics, Springer Interna-
tional Publishing, 2018, pp. 97-120.

https://link.springer.com/chapter/10.1007/978-3-319-97478-1_5


https://arxiv.org/abs/1906.10053
https://arxiv.org/abs/1809.07199
https://ieeexplore.ieee.org/document/8673559
https://doi.org/10.1007/s10589-017-9909-6
https://link.springer.com/chapter/10.1007/978-3-319-97478-1_5

xxi

Conference papers

[100]

[94]

[07]

P. Latafat, L. Stella and P. Patrinos.
New primal-dual prozimal algorithms for distributed optimization.

In Proc. of the 2016 IEEE 55th Conference on Decision and Control (CDC
2016), Las Vegas, USA, Dec. 2016, pp. 1959-1964.

https://ieeexplore.ieee.org/document/7798551
P. Latafat, A. Bemporad and P. Patrinos.

Plug and play distributed model predictive control with dynamic coupling: a
randomized primal-dual proximal algorithm.

In Proc. of the European Control Conference (ECC), Limassol, Cyprus, Jun.
2018, pp. 1160-1165.

https://ieeexplore.ieee.org/document/8550270

P. Latafat and P. Patrinos.

Multi-agent structured optimization over message-passing architectures with
bounded communication delays.

In Proc. of the 57th IEEE Conference on Decision and Control (CDC), Miami
Beach, Florida, Dec. 2018, pp. 1688-1693.

https://ieeexplore.ieee.org/document/8619278


https://ieeexplore.ieee.org/document/7798551
https://ieeexplore.ieee.org/document/8550270
https://ieeexplore.ieee.org/document/8619278




Chapter 1

Introduction

One of the main goals of current distributed optimization research is to develop
easy-to-implement iterative schemes for structured problems. To this end, proxi-
mal algorithms have become the standard tool; they are suitable for large-scale,
nonsmooth problems with different computational models. These methods oper-
ate by splitting the original problem into simpler subproblems that involve one
function at a time and can often be solved efficiently. The most widely used
proximal algorithms are the proximal gradient and Douglas-Rachford methods
that are based on the classical two term splittings, forward-backward splitting
(FBS) and Douglas-Rachford splitting (DRS).

Consider the structured convex optimization problem

migie%jze o(x) = f(x) + g(x) + h(Lx), (1.1)
where L is a linear mapping, g and h are extended-real-valued nonsmooth
functions, and f is continuously differentiable with Lipschitz continuous gradient.
The proximal gradient method solves (1.1) when h o L = 0, and the Douglas-
Rachford algorithm solves it when f = 0 and L is the identity. The idea here is
that in many applications (1.1) is formulated such that the proximal mappings
(cf. to §1.2.6) of g and h are easy to compute (refer to [14, §6 and §7], [49, 130]
for extensive lists of common prozimable functions) but this is not the case for
g+hoLor f+ ho L. In fact, in general even the proximal mapping of Ao L
cannot be efficiently computed based on that of h. Therefore, having algorithms
for the sum of more terms would allow us to effectively tackle larger classes of
applications.

A recent trend for solving problem (1.1), possibly with the smooth term f =0
or the nonsmooth term g = 0, is to solve the monotone inclusion defined by
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the primal-dual optimality conditions [38, 67, 31, 50, 53, 170, 62, 96, 32]. The
popularity of this approach is mainly due to the fact that it results in fully split
primal-dual algorithms, in the sense that the proximal mappings of g and h, the
gradient of f, the linear mapping L and its adjoint are evaluated individually.
In particular, there are no matrix inversions or inner loops involved.

Different convergence analysis techniques have been proposed in the literature
for primal-dual algorithms. Some can be viewed as intelligent applications of
classical splitting methods such as forward-backward splitting (FBS), Douglas-
Rachford splitting (DRS) and forward-backward-forward splitting (FBFS), see
for example [170, 53, 31, 27, 50], while others employ different tools to show
convergence [38, 84, 62, 39]. Convergence rates of primal-dual schemes have also
been analyzed using different approaches, see for example [104, 55, 113, 39].

Our approach here is a systematic one and relies on first introducing a new
three term operator splitting method, asymmetric forward-backward-adjoint
(AFBA) splitting that is designed for solving monotone inclusions involving the
sum of three terms, a maximally monotone, a cocoercive and a bounded linear
operator. While AFBA cannot be recovered from existing operator splitting
methods, classical splittings DRS and FBS are its special cases. These are
discussed in detail in Section 2.3. In Chapter 3 we develop a simple primal-
dual framework (c¢f. Alg. 3.1) for problems of the form (1.1) by solving the
primal-dual optimality conditions using the splitting method AFBA. Based on
this approach one can obtain a wide range of algorithms by selecting different
values for two scalar parameters 6 and p (c¢f. Alg. 3.1). Many of the resulting
algorithms are new, while some extend previously proposed algorithms and/or
result in less conservative stepsize conditions. Figure 1.1 provides an overview of
several prominent special cases. The function I, stepsizes and other parameters
are defined in Section 3.2 for the more general problem (3.1). These special
cases are implemented in the open-source Julia Package ProximalAlgorithms!
as primal-dual AFBA solver.

Next, let us consider some motivating examples most of which are revisited
throughout this thesis. Many machine learning applications involve solving
empirical risk minimizations (ERM) of the form

mlnlmlze —ZE iy (4, ) + AQ(z), (1.2)

where € is a regularizer (e.g., ¢; norm or ¢, norm, elastic net, etc), A is a
positive constant and the pair (a;, b;) represents the ith data. The loss function
denoted by £ measures the mismatch of the model and the observed data.

Thttps://github.com/kul-forbes/Proximal Algorithms.jl
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Algorithm 3.1

Vi-Condat
A ) C[53'17°]) CeYuan[zzD

Chambolle-
Pock [38]

Bricefio-Arias Drori-Sabach-
mbettes[; CDRS type) ( PDCA ) C SDCA ) CTHPD[%) Tebloulle[6)

Figure 1.1: Algorithm 3.1 and its special cases

This formulation includes many important problems such as LASSO, logistic
regression, SVM [83, 152]. Clearly, the ERM problem (1.2) can be written in
the form of (1.1) by setting g(z) = AQ(z), h(u) = %Zil L(Y;,u;) (where
u = (u1,ug,...,uy)) representing the loss function with the rows of L consisting
of a; , and f = 0. When the loss function is smooth one may choose to represent
it using f and setting ho L = 0.

Another popular example in machine learning is the dual support vector machine
problem [83]

mlnlmlze al Zalb ail|® — Zaz (1.3a)

subject to 0<o; <C, i=1,...,N (1.3b)

N
> aib; =0. (1.3¢)
i=1

This problem can be written in the form of (1.1) by letting f represent the
quadratic cost, g the indicator of box [0,C]", h the indicator of zero, and
L =0b" where b= (by,...,bx). This problem is used in Section 3.5 to compare
the performance of several primal-dual algorithms.



4 INTRODUCTION

Total variation denoising is another popular problem encountered in image
processing applications [145, 37, 54]:

minimize 1||Az — b||* + A||Dz|1,2
EGR"

subject to z € C

where D is the discrete gradient operator, ||-||1,2 is the ¢; o norm, and C enforces
prior information on the target image, e.g., the pixels being in the range [0, 255].
This problem is written in the form of (1.1) by setting f(z) = %||4z — b[|%, g
the indicator function of the set C, h(x) = || - ||l1,2, and L = D.

Model predictive control (MPC) is another application that can be formulated
as in (1.1); the quadratic cost function may be represented by the smooth
term f, the input and state constraints by g as the indicator function of the
corresponding set, and the linear dynamics by h o L. Therefore, the resulting
algorithm would involve simple matrix-vector products, and projection onto
boxes and points.

Note that in many of the applications considered in this thesis we are interested
in distributed algorithms in a multi-agent setting where a group of “agents”
solve a minimization problem cooperatively. For example, in distributed MPC
one may have several physically separate systems/agents each with its own
dynamics who share a common goal, or in an ERM problem the data may be
stored across multiple machines. A distributed algorithm would entail local
computations by the systems/agents, and exchange of information with other
agents.

Distributed algorithms are often derived by simply formulating a given problem
in the form of (1.1) in such a way that solving it using a proximal algorithm
(e.g., one of the special cases of Algorithm 3.1) results in a desired distributed
implementation. Let us clarify by considering as an example the problem of
minimizing a finite sum problem:

N

minimize Z (x

nimize 3 (o),
=

where f; are convex continuously differentiable functions with Lipschitz-
continuous gradient. In order to solve this problem in a distributed way over a
network of agents, one may consider the equivalent problem

N
minimize Zfi(xi), subject to z; =x; (i,5) €€,
i=1

Z1,...,x N ER™ £
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where £ denotes the edge set of an underlying graph structure. We have effectively
introduced slack variables for each agent in order to decouple the cost. The
two problems are equivalent as long as the graph is connected. This problem
can be written in the form of (1.1) with f(z) = sz\; fi(z;), and g = 0, h the
indicator of vector of zeros (of appropriate dimension), and L = B" ® I,, with
B representing the oriented node-arc incidence matrix (cf. §6.2 for details).
Solving this problem with any of the special cases of Algorithm 3.1 results in
schemes where the ith agent performs gradient operations on f;, as well as some
consensus-type updates using variables that it exchanges with relevant agents
(neighbors). In such an algorithm, f; (which may represent private data) does
not need to be shared with other agents. This type of problem is studied in
detail in Chapter 6.

Our focus so far has been on methods that split the cost function as the sum of
several functions, with iterations that involve gradient or proximal operations on
each function separately. However, in many large-scale applications updating the
variables only after a full gradient or proximal update may be too costly, slow or
physically infeasible. A simple and powerful idea is instead to update a subset
of coordinates at every iteration. These methods are hereafter broadly referred
to as block coordinate (BC) methods. BC methods have a long history and have
been studied under various settings [19, 163, 166, 125, 15, 25, 106, 51, 22, 14].

In the context of multi-agent optimization, randomized BC methods admit
updates that involve random activation of (subsets of) agents to perform local
updates. These are sometimes referred to as asynchronous [88, 22, 134]. In this
sense, occasionally, we also use the terminology synchronous to emphasize that
at each clock tick all agents must perform their tasks and the iteration cannot
proceed if any agent fails to do so. Note that this notion of asynchrony is quite
different from the notions of partial and total asynchrony introduced in [20],
since the information used by each agent must be up to date. We defer further
details about notions of asynchrony and common computational models to
Section 7.1.

Another interesting application of the BC framework is studied in Chapter 8 in
the context of nonconvex optimization. It is shown that BC proximal gradient
updates with a nonseparable nonsmooth term lead to stochastic and incremental
methods for regularized finite sum and sharing problems. The analysis of this
chapter is a departure from previous chapters where monotone operator theory
and Fejér monotonicity made up most of the narrative. The Lyapunov function
typically used in the convergence analysis of the nonconvex proximal gradient
method is the cost function; however, in the BC setting with nonseparable
nonsmooth term even in expectation it does not necessarily decrease along
the trajectories. Instead we show that the forward-backward envelope (FBE)
[132, 158] is a suitable Lyapunov function.
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1.1 Overview of the thesis

We briefly describe the structure and content of the chapters. In Chapter 2
a three term operator splitting method, asymmetric forward-backward-adjoint
splitting (AFBA) is introduced. Its convergence rate is studied under different
assumptions and some prominent special cases are discussed. As depicted in
Figure 1.2 this splitting is instrumental in the developments of the subsequent
five chapters. In particular, as discussed above, in Chapter 3 a general primal-
dual framework is developed (see Fig. 1.1) that relies on solving the primal-dual
optimality conditions using AFBA. Moreover, in Section 3.4.1 linear convergence
is established for all the special cases under mild regularity assumptions for the
cost functions.

Chapters 2 and 3 are based on:

Latafat, P., and Patrinos, P. Asymmetric forward—backward—adjoint splitting
for solving monotone inclusions involving three operators. Computational Opti-
mization and Applications 68, 1 (Sep 2017), 57-93.

Latafat P., Patrinos P., Primal-Dual Proximal Algorithms for Structured Con-
ver Optimization: A Unifying Framework, in Chapter 5 of Large-Scale and
Distributed Optimization, (Giselsson P., and Rantzer A., eds.), vol. 2227 of
Lecture Notes in Mathematics, Springer International Publishing, 2018, pp.
97-120.

In Chapter 4 a randomized block-coordinate primal-dual algorithm is introduced.
The proposed algorithm features linear convergence rate when the functions
involved are either piecewise linear-quadratic, or when they satisfy certain
quadratic growth conditions. The developed algorithm is applied to the problem
of multi-agent optimization on a graph, resulting in novel synchronous and
asynchronous distributed methods. The proposed algorithms are fully distributed
in the sense that the updates and the stepsizes of each agent only depend on local
information. In fact, no (prior) global coordination is required. We showcase
an application of our algorithm in distributed formation control. Moreover, as
another application in Chapter 5 the problem of distributed model predictive
control (DMPC) with coupling in the dynamics of the systems is considered.
The resulting scheme does not require strong convexity, involves one round of
communication at every iteration and allows a plug-and-play implementation
where addition or removal of a subsystem only affects the neighboring nodes
without the need for global coordination.

Chapter 4 is based on:

Latafat, P., Freris, N. M., and Patrinos, P. A new randomized block-coordinate
primal-dual proximal algorithm for distributed optimization. IEEE Transactions
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on Automatic Control 64, 10 (10 2019), 4050-4065.
Chapter 5 is based on:

Latafat, P., Bemporad, A., and Patrinos, P. Plug and play distributed model
predictive control with dynamic coupling: A randomized primal-dual proximal
algorithm. In European Control Conference (ECC) (June 2018), pp. 1160-1165.

Chapter 6 considers a network of agents, each with its own private cost con-
sisting of the sum of two possibly nonsmooth convex functions, one of which is
composed with a linear operator. At every iteration each agent performs local
calculations and can only communicate with its neighbors. The goal is to mini-
mize the aggregate of the private cost functions and reach a consensus over a
graph. A special case of AFBA is used to develop a primal-dual algorithm for
solving this minimization over the communication graph. It is demonstrated
through computational experiments how suitably selecting the parameters of
our algorithm can lead to larger stepsizes and yield better performance.

Chapter 6 is based on:

Latafat, P., Stella, L., and Patrinos, P. New primal-dual proximal algorithm
for distributed optimization. In 55th IEEE Conference on Decision and Control
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(CDC) (Dec 2016), pp. 1959-1964.

Chapter 7 considers primal-dual algorithms over message-passing (multi-agent)
architectures with communication delays. It is assumed that the delay with
respect to each neighbor is bounded but otherwise arbitrary. The global opti-
mization problem is the aggregate of the local cost functions and a common
Lipschitz differentiable function. When the coupling between agents is repre-
sented only through the common function, the primal-dual algorithm proposed
by Vi and Condat [170, 53] is employed. In the case when the linear maps
introduce additional couplings between agents a new algorithm is developed.
Moreover, a randomized variant of this algorithm is presented that allows
the agents to wake up at random and independently from one another. The
convergence of the proposed algorithms is established under strong convexity
assumptions.

Chapter 7 is based on:

Latafat P. and Patrinos. P. Primal-dual algorithms for multi-agent structured
optimization over message-passing architectures with bounded communication
delays (submitted 2019).

Chapter 8 deals with block-coordinate proximal gradient methods for minimizing
the sum of a separable smooth function and a (nonseparable) nonsmooth func-
tion, both of which are allowed to be nonconvex. The main tool in our analysis
is the forward-backward envelope (FBE), which serves as a particularly suitable
continuous and real-valued Lyapunov function. Global and linear convergence
results are established when the cost function satisfies the Kurdyka-t.ojasiewicz
property without imposing convexity requirements on the smooth function. Two
prominent special cases of the investigated setting are regularized finite sum
minimization and the sharing problem; in particular, an immediate byproduct
of our analysis leads to novel convergence results and rates for the popular Fini-
to/MISO algorithm in the nonsmooth and nonconvex setting with very general
sampling strategies.

Chapter 8 is based on:

Latafat P., Themelis A. and Patrinos P. Block-coordinate and incremental
aggregated proximal gradient methods for nonsmooth nonconvex problems.
arXiv:1906.10053 (submitted 2019).
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1.2 Preliminary material

In this section we recap some standard definitions and results that are used
throughout the thesis [143, 13, 144, 18, 14].

The set of real numbers is denoted by R. The set of extended real numbers is
defined as R = R U {oo}. We denote (a,b) = {r | a < # < b} where a, b can
be taken to be +o0o, and square brackets [a, b] when equality is allowed in the
definition. Intervals (a, b] and [a, b) are defined accordingly.

1.2.1 Vector notation

We denote by R™ the standard n-dimensional Euclidean space with inner product
(+,-) and induced norm || - ||. For w = (wy,...,wx) € R™, w; € R™ is used to
denote its i-th (block) coordinate.

The sets of symmetric, symmetric positive semi-definite and symmetric positive
definite n-by-n matrices are denoted by S", S} and S% ,, respectively. We
also write P = 0 and P >~ 0 for P € S} and P € S}, respectively. For
P €8}, we define the scalar product (x,y)p = (x, Py) and the induced norm
llz|lp = v/{x,z)p. The identity matrix is denoted by I, € R™"*"; we write I

when no ambiguity occurs.

1.2.2 Sequences

We use the notation (wk)kel to denote a sequence with indices in the set I C N.
Occasionally, when dealing with scalar sequences we use the subscript notation

('Yk)keI'

Definition 1.1 (Fejér monotonicity). A sequence (w*),cy is said to be Fejér
monotone with respect to a nonempty set U C R™ if for allv € U and all k € N
[t — ol < [lw® —o].

It is said to be quasi-Fejér monotone with respect to U C R™ if for all v € U,
there exists a summable nonnegative sequence (ex)cy such that for all k € N

[+ = ol* < Jlw” — of|* + €.
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Moreover, given S € S' ., we say that a sequence is S-(quasi)-Fejér monotone
with respect to U C R™ if it is (quasi)-Fejér monotone with respect to U in the
space equipped with (-,-)g.

We use the following notions of linear convergence:

e A sequence (w"), oy is said to converge to a point w* (at least) Q-linearly
(with quotient rate) with Q-factor given by o € (0, 1), if there exists
ko € N such that for all k > kg,

[t = w*|| < ofjw® — 2*]].

e A sequence (w"), oy is said to converge to a point w* (at least) R-linearly
(with root rate) if there exists a sequence of nonnegative scalars (v*)xen
such that [|w” — w*|| < v* and (v*), oy converges Q-linearly to zero.

1.2.3 Functions and operators

An operator (or set-valued mapping) F : R® = R% maps each point = € R" to
a subset Fz of R?. We denote the domain of F by

dom F = {z e R" | Fz # 0},
its graph by
graF = {(z,y) € R" x R? |y € Fx},

the set of its zeros by zer F' := {& € R” | 0 € Fz}, and the set of its fixed
points by fix F := {z | « € Fz}. The inverse of F is defined through its
graph: gra F~! = {(y,z) | (x,y) € gra F'}. The resolvent of F is defined by
Jr = (id + F)~!, where id denotes the identity operator. The mapping F is
called monotone if for all (z,y), (2',y') € gra F

OS <$_$/,y_y/>,

and is said to be maximally monotone if its graph is not strictly contained in the
graph of another monotone operator. The mapping F is said to be nonezpansive
if for all (x,y), (2',y) € gra F’

ly = 'll < llz — 2",
and firmly nonexrpansive if

ly =y < llz = 2| = (@ —y) = (" = )|
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The resolvent Jp is firmly nonexpansive (with dom Jp = R™) if and only if F’
is (maximally) monotone [13, Prop. 23.8].

Operator F is outer semicontinuous (osc) at & € dom F if

limsup Fz = {y | 32" — #,3* — y with v* € Fz*} C Fz. (1.4)
Tr—T

Operator F is osc everywhere if and only if its graph is closed in R™ x R?.

Next, let us define the notion of metric subregularity which is used throughout
the thesis for establishing linear convergence. Metric subregularity is a “one-
point” version of metric regularity. We refer the interested reader to [61, §3]
and [144, §9] for further discussion.

Definition 1.2 (metric subregularity). A set-valued mapping F : R™ = R% is
metrically subregular at = for y if (z,y) € graF and there exists a positive
constant n together with a neighborhood of subregularity U of & such that

dist(z, F~'9) < ndist(y, Fz) Yz € U. (1.5)
If the following stronger condition holds
|z — z|| < ndist(y, Fz) Yz € U, (1.6)

then F is said to be strongly subregular at = for y.

Moreover, we say that F is globally (strongly) subregular at T for y if (strong)
subregularity holds with U = R™.

Definition 1.3 (cocoercivity). An operator C': RP — RP is said to be cocoercive
with respect to || - ||y with V € St if for all z,2’ € RP

(Cz—CZ 22> ||Cz — C ||} -1 (1.7)

For an extended-real-valued function f : R® — R, its domain is the set
dom f :={z € R" | f(z) < oo}.

Function f is said to be proper if its domain is a nonempty set. The epigraph
of fis

epif:={(z,a) e R" xR | f(z) < a},
and f is said to be closed if epif is a closed set in R"*!. For any o € R,
a-(sub)level set of f is

leve, f={z eR"| f(z) < a}.
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Function f is called lower semicontinuous (Isc) at & € R™ if

f(z) <liminf f(z).

T—T

It is called lIsc if it is Isc at all points R™. For extended-real-valued functions,

lower semicontinuity, closedness, and all level sets being closed are equivalent
[144, Thm 1.6].

The indicator function of a set X C R"™ is given by

Sy () = 0 ifxeX
X = oo if x ¢ X.

The indicator function ¢ x is closed if and only if X is a closed set. The projection
onto and the distance from X with respect to || - ||y, are denoted by

1% L . i . s B
PY(z) = argmin{w - zlv}, disty(s,X) = inf{]lz ~ 2]},

respectively. The absence of super/subscript V' implies the same definitions with
respect to the canonical norm.

A set X CR"™ is said to be polyhedral if it can be expressed as the intersection
of finitely many closed half-spaces and/or hyperplanes.

An important class of functions prevalent in optimization is the class of piecewise
linear-quadratic (PLQ) functions, which is closed under scalar multiplication,
addition, conjugation and Moreau envelope [144].

Definition 1.4 (piecewise linear-quadratic). A function f : R™ — R is called
piecewise linear-quadratic (PLQ) if its domain can be represented as the union of
finitely many polyhedral sets, and in each such set f(x) is given by an expression
of the form %(x, Qx) + (d,x) + ¢, for somec e R, d € R™, and Q € S".

1.2.4 Subgradients

Let f:R™ — R be a proper Isc function. Then, v € R™ is a reqular subgradient

of f at x if B B
lim lllf f(x) — f(QT) —_<U,.’E - ZL‘> > 0.
s l — |

The set of all regular subgradient of f at z is called the subdifferential of f at
Z and is denoted by Of(z). The regular subdifferential is closed and convex.
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A vector v € R™ is a (limiting) subgradient of f at T € dom f if there exists
sequences =¥ — T with f(z¥) — f(&), and v* — v such that v* € df(z¥). The
set of all subgradients of f at x is called the limiting subdifferential of f at x
and is denoted 0 f(z). Local minimizers of f are characterized by the following
extension of Fermat’s rule [144, Thm. 10.1].

Lemma 1.5. Let f : R" — R be a proper Isc function. If f has a local minimum
at &, then 0 € Of(Z). If f is also converx, then this condition is equivalent to
Z € argmin f.

The regular and limiting subdifferentials coincide with the usual notion of
subdifferential for convex functions [144, Prop. 8.12].

Lemma 1.6. Let f : R® — R be a proper lsc convex function. For any
z € dom f

Of(x) = 0f (x) = {y e R™ |Vz € R", (z — x,y) + f(z) < f(2)}.

We conclude by noting that if f is a proper lsc convex function, then Jf is
maximally monotone [143, Cor. 31.5.2].

1.2.5 Conjugate functions and infimal convolution

The Fenchel conjugate of an extended-real-valued function f : R® — R, denoted
f*, is defined by
[T () = sup{(v,z) - f()}.

zER™

The conjugate function f* is Isc and convex. The Fenchel-Young inequality
states that for all x,u € R™

(z,u) < f(x) + f(u).

In the special case when f = 2| - || for some symmetric positive definite matrix
V', this gives:

(x,u) < gllzll} + 3llully - (1.8)
The infimal convolution of two proper extended-real-valued functions f,g :
R™ — R is defined by

(fOg)(@) = inf {£(z) + gl — )}
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and the conjugate of the infimal convolution is given by

(fOg=f+g"

1.2.6 Proximal mappings and Moreau envelopes

For a proper Isc function f : R” — R and V € S% .y, the V-prozimal mapping of
f is defined as the following set-valued mapping

prox (x) i= argmin{f(w) + §le — wl? }

When V = 471, is a multiple of the identity matrix I,,, the notation prox. ; is
typically used and ~ is referred to as a stepsize. The value function associated
to the minimization defining the proximal mapping is the Moreau envelope

£/() = min {f(w) + w2l ).

Function f is called proz-bounded if f+ % || -11? is lower bounded for some v > 0.
The supremum of the set of all such v is the threshold v of prox-boundedness
for f.

If f is a proper Isc convex function, then the V-proximal mapping is uniquely
determined by the resolvent of V~19f:

proxy (z) = (id+ V'of)'x,
and the Moreau decomposition is given by

prox)f1 (z) + Vproxy.(V'z) = .



Chapter 2

Asymmetric forward-backward-adjoint splitting

This chapter is based on:

Latafat, P., and Patrinos, P. Asymmetric forward-backward—adjoint splitting
for solving monotone inclusions involving three operators. Computational Opti-
mization and Applications 68, 1 (Sep 2017), 57-93.

2.1 Introduction

The focus of this chapter is on solving monotone inclusion problems of the form
0€ Az + Mz + Cx, (2.1)

where A is a maximally monotone operator, M is a bounded linear operator and
C is cocoercive. The most well known algorithms for solving monotone inclusion
problems are forward-backward (FBS), Douglas-Rachford (DRS) and forward-
backward-forward (FBFS) splittings [118, 108, 49, 130, 29, 162]. The operator
splitting schemes FBS and DRS are not well suited to handle (2.1) since they
are designed for monotone inclusions involving the sum of two operators. The
FBFS can solve (2.1) by considering M +C' as one Lipschitz continuous operator.
However, being blind to the fact that C is cocoercive, it would require two
evaluations of C' per iteration. Many other variations of the three main splittings
have been proposed over time that can be seen as intelligent applications of
these classical methods (see for example [30, 38, 31, 170, 53]).

In this chapter a new algorithm called asymmetric-forward-backward-adjoint
splitting (AFBA) to solve the monotone inclusion (2.1), without resorting to
any kind of reformulation of the problem. One important property of AFBA

15
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is that it includes asymmetric preconditioning. This gives great flexibility to
the algorithm, and indeed it is the key for recovering and unifying existing
primal-dual proximal splitting schemes for convex optimization and devising
new ones. More importantly, it can deal with problems involving three operators,
one of which is cocoercive. It is observed that FBS, DRS, and the Proximal
Point Algorithm (PPA) can be derived as special cases of our method. Another
notable special case is the method proposed by Solodov and Tseng for variational
inequalities in [151, Alg. 2.1]. Moreover, when the cocoercive term C' is absent
in (2.1), in a yet another special case it coincides with the FBFS when its
Lipschitz operator is skew-adjoint. Recently, a new splitting scheme was proposed
in [58] for solving monotone inclusions involving the sum of three operators, one
of which is cocoercive. This method can be seen as Douglas-Rachford splitting
with an extra forward step for the cocoercive operator. As a special case of
our scheme, we propose an algorithm that also bears heavy resemblance to the
classic Douglas-Rachford splitting with an extra forward step (see Algorithm
2.2). The proposed algorithm differs from that of [58], in that the forward step
precedes the two backward updates.

As another contribution, big-O(1/(k + 1)) and little-o(1/(k + 1)) convergence
rates are derived for AFBA (see Theorem 2.3). It is observed that in many
cases these convergence rates are guaranteed under mild conditions. In addition,
under metric subregularity of the underlying operator, linear convergence is
guaranteed without restrictions on the parameters (see Theorem 2.4). Given
that AFBA generalizes a wide range of algorithms, this analysis provides a
systematic way to deduce convergence rates for many algorithms.

Notation: In this section, we consider real Hilbert spaces. We denote the scalar
product and the induced norm of a Hilbert space by (-,-) and || - || respectively.
Let H and G be real Hilbert spaces. We denote by #(H, G) the space of bounded
linear operators from H to G and set B(H) = H(H, H). The space of self-adjoint
operators is denoted by S(H) = {L € #(H)|L = L*}, where L* denotes the
adjoint of L. The Loewner partial ordering on S(H) is denoted by ». Let
7 €]0, 400 and define the space of T-strongly positive self-adjoint operators
by S (H) = {U € S(H)|U = 7id}. For U € S;(H), define the scalar product
and the norm by (z,y)y = (x,Uy), and ||z||y = v/(x,Ux). We also define the
Hilbert space Hy by endowing H with the scalar product (z,y)u.

All other preliminary definitons and notations in Section 1.2 extend directly to
real Hilbert spaces considered in this chapter.
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2.2 Asymmetric forward-backward-adjoint splitting

Let H be a real Hilbert space and consider the problem of finding z € H such
that
0€Tz where T:=A+ M+ C, (2.2)

where operators A, M, C satisfy the following assumption:

Assumption 2.I. Throughout the chapter the following hold:

(7) Operator A : H = H is maximally monotone and M € JB(H) is monotone.

(77) Operator C : H — H is B-cocoercive with respect to || - ||p, where
B €]1/4,+00) and P € Z,(H) for some p € (0,00), i.e.,

(V2 € H)(V2' € H) (Cz—C2\z—2) 2 Bl|C2 — C2'|[p-s.

It is important to notice that the freedom in choosing P is a crucial part of our
method. In Assumption 2.1(77) we consider cocoercivity with respect to || - || p
with 8 €]1/4,+00). However, this is by no means a restriction of our setting;
another approach would have been to consider cocoercivity with respect to

the canonical norm || - || with 8 €]0,+00) but this would lead to statements
involving || P|| and ||P~!|. Indeed convergence with respect to || - || and || - || p
are equivalent but in using || - || p we simplify the notation substantially.

In addition, let S be a strongly positive, self-adjoint operator, K € Z(H) a
skew-adjoint operator, i.e., K* = —K, H = P+ K and (), ¢y is a sequence
satisfying (2.5). Then, the algorithm for solving the monotone inclusion described
above is as follows:

Algorithm 2.1 Asymmetric Forward-Backward-Adjoint Splitting (AFBA)

Inputs: 2° € H
for k=0,1,..., do
ZF=(H+A)YH-M-C)F
gk =7k — 2F
_ AelIZ¥]%
ok = *\3k||2
I(H + M*)Z5[5-.
Pl = 2P 4 STYHH + M*)EF

Before proceeding with the convergence analysis let us define

D= (H+ M*)*S™Y(H + M*). (2.3)
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Since P € ./,(H) for some p € (0,00), K is skew-adjoint, and M € B(H) is
monotone, it follows that ((H + M*)z,2) > pl|z||? for all z € H, and we have
(V2 € H) (2,Dz) = |(H+ M")z[5-1 = p*|ISII "]l (2.4)

Hence, D € .%,(H) with v = p?||S||~!. Notice that the denominator of ay in
Algorithm 2.1 is equal to the left hand side of (2.4) for z = 2* and thus it is
bounded below by p?||S| =122

2.2.1 Convergence analysis

In this section we analyze convergence and rate of convergence of Algorithm 2.1.
We also consider a special case of the algorithm in which it is possible to relax
strong positivity of P to positivity. We begin by stating our main convergence
result. The proof relies on showing that the sequence (z¥) xen 18 Fejér monotone
with respect to zer(A+ M + C) in the Hilbert space H equipped with the scalar
product (-, -)s.

Theorem 2.1. Consider Algorithm 2.1 under Assumption 2.1 and assume that
zer(T) # 0 where T=A+ M+ C. Let 0 € (0,00), S € S(H), K € B(H) a
skew-adjoint operator, and H = P + K. Let (Ax)cy be a sequence such that

O)eers C (0.8 with 6=2— =, §>0, HminfAu(d— Ap) > 0. (2.5)
2ﬂ k—oco

Then the following hold:

(i) (z%)en is S-Fejér monotone with respect to zer(T).
(ii) (2%),en converges strongly to zero.

(iti) (2%),cy converges weakly to a point in zer(T).
Furthermore, when C = 0 all of the above statements hold with 6 = 2.

Proof. The operators A = P~'(A+K) and B = P~'(M +C — K) are monotone
in the Hilbert space Hp. We observe that

F=(H+A)(H—-M-C)zF = (id+ A)~'(id — B)z".

Therefore z¥ — BzF € 2 + Aik,pr —zF — BzF € AzF. Since —Bz* € Az* for
z* € zer(T) by monotonicity of A on Hp we have

(BzF — Bz* 4 2% 2* — 2%V p > 0.
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Then,
0 < (BzF — Bz* + 2% »* — 2F)p
= (P M+C—-K) P Y M+C—-K)z* 455, 25 — 2% p.
= (M - K)(zF — 2*) + C2F — Cz* 4+ PzF, 2* — 7F). (2.6)
On the other hand

(C2F — Cz* 27 — %) = (C2F — Cz*, 2% — 2%) + (0% — Oz, 2% — 2F)

€. 1
< SlIZ*0E + Q*EIICZ’“ —C2* |5
+ (C2F — Oz, 2" — 2F)
< SIMIB + (1= L ) (oak — 0ot 2 — 2y,
= ol® IIP 2¢83
The first inequality follows from Fenchel-Young inequality for £|| - |%, while the
second from [-cocoercivity of C' with respect to || - || p. Set € := % so that
1
(C2F —Cz* 27 — 7F) < @Hékﬂfp (2.7)

In turn, (2.6), (2.7) and monotonicity of M — K, yield
0<((M—K)(zF—2%)+CzF —Cz* 4+ PzF, 2* — 2F)

<M = K)(28 = 2%), 2" = 25) + (M - K)(2* = 27), 2% = 2F)

1
Jr@HékH%Jr(Pék,z*—zk>+<P2k,zk—2k>
1
< (F =2 (M*+ K)(2 —Zk)>+@||5k||§a (PzF, 2" — 2%) — ||2*||3

= (F — 2 — (M + H)FF) — (1 - 4,6> 125113,

or equivalently

G- ) < - (1- 21, (23)
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For notational convenience define § = 2 — % We show that [[2F — 2*||% is
decreasing using (2.8) together with step 3 and 4 of Algorithm 2.1:

124 =2 1§ = [l2" — 2" + ST H(H + M) 2"
= 112" = 2" 1§ + 200 (=" — 2, (H + M*)Z*) + o} [|(H + M*)Z*| 5,
< [l2* = 2* 5 — ardllZ® B + R | (H + M)z |5

I1Z2*]1
I(H + M*)Z*[[5 -

12115
(H + M*)zH5-

= ||2F = 2*|% — 6 +)\i”

= 112" = 2* 15 = X (8 = M) | (H + M*)Z5(| 52, 12515 (2.9)
= [|2% = 215 = (6 = A PTYVESTVE(H + MO 22 p
<P = 2% = M = AIIPTY2STVR(H + M) B2 2R

= [12% = 215 = A6 = M) STV (H + M) P24 R (2.10)

Furthermore, when C' = 0 all the above analysis holds with § = 2.

(i): Inequality (2.10) and (Ag),en C [0, 6] show that (27), oy is S-Fejér monotone
with respect to zer(T).

(ii): From (2.10) and lilgn inf A\, (6 — A\) > 0, it follows that 2% — 0.
—00

(éi7): Define
wh = —(H — M)z* 4+ Cz* — 2. (2.11)

It follows from (2.11), linearity of H — M, cocoercivity of C' and (ii) that

w® — 0. (2.12)

By step 1 of Algorithm 2.1 we have (H — M — C)z* € (H + A)z*, which together
with (2.11) yields
wh € TZF. (2.13)

Now let z be a weak sequential cluster point of (zk) keN s Say 2k, — 2. It follows
from (77) that zx, — 2z, and from (2.12) that wy, — 0. Altogether, by (2.13),
the members of the sequence (Zzy,,wr, )qen belong to gra(T'). Additionally, by
[13, Ex. 20.31, 20.34 and Cor. 25.5(i)], T is maximally monotone. Then, an
appeal to [13, Prop. 20.38(ii)] yields (z,0) € gra(7T). This together with (7) and
[13, Thm. 5.5] completes the proof. O
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Remark 2.2. It can be shown based on (2.8) that for a constant A\, = A €
10, 4], the fixed-point mapping behind Algorithm 2.1 is %—stmngly quasi-
nonexpansive (SQNE), in the sense of [35, Def. 2.1.38]. It is well known that an
averaged operator is also SQNE. In fact if an operator is %-averaged then it is
8-2_SQNE. But the converse is not true in general. See [35, Fig. 2.10] for an
overview of the relation between algorithmic operators. O

Equation (2.10) implies that the sequence (min;—;_  [|Z*|%)ken, the cumulative
minimum of (||2¥||%)ken, converges sublinearly. Next, we derive big-O(1/(k+1))
and little-o(1/(k+1)) convergence rates for the sequence itself. This is established
below, under further restrictions on (Ax),cy, by showing that the sequence
(I12*)1%) wen 18 monotonically nonincreasing and summable.

Theorem 2.3 (convergence rates). Consider Algorithm 2.1 under the assump-
tions of Theorem 2.1. Let ¢c1 and co be two positive constants satisfying

aP =D =X P, (2.14)
with D defined in (2.3). Assume
(Ak)ren € 10,¢16/cal, (2.15)

where § is defined in (2.5). Suppose that T := infreny A, (6 — A\g) > 0. Then, the
following convergence estimates hold:

2
- c N -
12405 < gyl = ="l and 2B = o(1/(k+ 1)

Proof. Using the monotonicity of A and Step 1 of Algorithm 2.1

0 < ((H—M)(zF =27 — H(ZF — 28 4 CF L — C2F 28 — M),
(2.16)

On the other hand we have

<Czlc+1 _ Czk,ik _ 2k+1> _ <Czk+1 _ Czk,ék _ 2k+1>

_|_

(CZFFY — Ok 2k — R

<51 — 2B+ g l|C T - O
+ <Czk+1 o Czk,zk o Zk+1>
o L e
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+ (1- ﬁ)(Clel — C2*, 2P — A,

The first inequality follows from the Fenchel-Young inequality for | - [|%, and

the second inequality follows from S-cocoercivity of C' with respect to || - || p.
Set € = % so that
(O — 02k 27 — ZFH) < ﬁ”ék — L Z. (2.17)

Using (2.16), (2.17) and monotonicity of M we have
0< ﬁ“gk CERLZ (R R (kR gh gk
_ ﬁ“gk CERRLZ (LR R LY (kR Bh ke
F(SM(2F = Ry (ER gy Sk ke
< ﬁHgk SRR (LR Ry (kR sk gk
V(= H (3R — gy, gk kL (2.18)
_ _(1 _ ﬁ) 125 = 2FFL|2 (M 4 H¥)(2F — 2FFY), 25— 54+ (2.19)
It follows from (2.19) and Step 4 of Algorithm 2.1 that
(1= &) 155 = 2 < (= (M + H)(F = 254, 25 — 24+
= (ap(H + M*)*S™'(H + M*)z", 25 — zF1)
< (apDz", z% — Zk+1), (2.20)
Let us show that (||2¥(|%)ken is monotonically nonincreasing. Using the identity
lall5, = 1165 = 2(Da,a = b) — |la = b]|3, (2.21)
we have

12515 — 127+ HID = 2(Dz*, 2% — 2441 — |28 — MG

> 2 (1 &) = 2R 2 - 2
e A R [
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> (G - 1))zt - 23
where the inequalities follow from (2.20), the definition of «, and (2.14). There-
fore ||2¥||% is nonincreasing as long as (2.15) is satisfied. It follows from (2.9)
and (2.14) that

2840 = 2718 < (12 = 27113 = (6 = A lI(H + M*)ZF|| 52,1281 p
= 12" = 2*[1% = (8 = M) ZE B2 1Z* 1
<128 = 201% = A (6 = M) 1241
Summing over k yields Y .2 JA‘(6 — AY)[|Z°||% < ¢3]|2° — 2*||%. Therefore we have
S2olE NS < G20 - 2 3. (2:22)

On the other hand, since ||2¥||% is nonincreasing, it follows that [|Z*||% <
.t S2F 1773 Combining this with (2.22) establishes the big-O convergence.
The little-o convergence follows from [57, Lem. 3-(1a)]. O

Recall the notion of metric subregulariy in Definition 1.2. In Theorem 2.4, we
derive linear convergence rates when the operator T'= A+ M + C is metrically
subregular at all z* € zer(T') for 0. Metric subregularity is used in [104] to show
linear convergence of Krasnosel’skii-Mann iterations for finding a fixed point of
a nonexpansive mapping (see Lemma 4.12 and the preceding discussion).

Theorem 2.4 (linear convergence). Consider Algorithm 2.1 under the as-
sumptions of Theorem 2.1. Suppose that T is metrically subreqular at all
z* € zer(T) for 0, cf. (1.5). If either H is finite-dimensional or U = H, then
(distg (2%, zer(T)))ren converges Q-linearly to zero, (2F)en and (||Z¥||p)ren
converge R-linearly to some z* € zer(T) and zero, respectively.

Proof. Tt follows from metric subregularity of T at all z* € zer(T) for 0 that
dist(x,zer(T)) < nlly|| Yz € U and y € Tz with |ly|| < v, (2.23)

for some v € (0,00) and 7 € [0, 00) and a neighborhood U of zer(T'). Consider
wk defined in (2.11). It was shown in (2.12) that w* — 0 and if  is a finite-
dimensional Hilbert space, Theorem 2.1(ii)-(i) yield that z* converges to a
point in zer(7T). Then there exists k € N such that for k > k we have ||w*|| < v
and a neighborhood U of zer(T) exists with z¥ € ¢ (This holds trivially when
U = H). Consequently (2.23) yields dist(z*,zer(T)) < n|lw*||. In addition,
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triangle inequality and Lipschitz continuity of C' yield
lw"|| = [ HZ" — Mz* — OZF + C2F|| < ||(H — M)Z"|| + [|CZ* — C=¥|
< (Il = M1+ S1PI) 241
Consider the projection of z* onto zer(T'), Per(r)(z*). By definition ||2% —

Per(r)(2F)|| = dist(z¥, zer(T)) (the minimum is attained since 7' is maximally
monotone [13, Proposition 23.39]), and we have

12 = Prercry (Z)| S 1Z* = Prorcry (2°) | + 1|12°(| = dist(z*, zer(T)) + |2
< nllZ* + 112 < (€n+ D)IPHM2)Z5 |,y (2.24)
where £ = ||H — M|| + %HPH It follows from (2.24) that
dist? (2* 26r(T) < |25~ Prerry () Z < (En+ DRI P IS 3. (2.25)

By definition we have [|zF — Pfer(T)(Zk)HS = distg(z*,zer(T)), and since
inequality (2.9) holds for all z* € zer(T), it follows that

dist§ (" zer(T)) < || = Proyr) ()13
<% = Percry (25 IS = A (G M) [ (H+M) 2R G20 1255
=distg (=" zer(T)) = A (6= M) [ (H +M7) 2| 32,1125 (2.26)
<dist (2" zer(T)) = \e(6—Np) | STHV2(H+M*)P~Y2| 72| 283 (2.27)
<dist(2* zer(T)) — 2:L=28) Qist (2F zer (1)),
where ¢ = (&n 4+ D2|[P1||IS||IIS~Y2(H + M*)P~/2||? and in the last in-
equality we used (2.25). It follows from (2.5) that there exists k € N

such that (Ax(0 — Ax))ysz € [7,00) for some 7 > 0. Hence, the sequence

(dists(2*, zer(T)))ren converges Q-linearly to zero. Thus, R-linear convergence
of (||2’“||p)kEN follows from (2.27).

Step 4 of Algorithm 2.1 and (2.26) yield

1254 = 281§ = AN CH + MG 2 B
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2
< %(dist%(zk, zer(T)) — dist5 ("1, zer(T))).

Therefore, (|51 — 2¥||s) pen converges R-linearly to zero. This is equivalent
to saying that there exists ¢ € (0,1), k € (0,00), k € N such that for all k¥ > k,
|25t — 2F||s < Kke* holds. Thus, for any j > k > k we have

, 1 , iy ,

29 — Fls < SITHEH — 2l < T re < XX, ket = inck. (2.28)
Hence, the sequence (z¥)ien is a Cauchy sequence, and therefore converges
to some z € H. From uniqueness of weak limit and Theorem 2.1(7ii) we have
z € zer(T). Let j — oo in (2.28) to obtain R-linear convergence of (2¥)zen. [

In the special case when C' = 0, M is skew-adjoint , K = M and S = P,
the operator P € #(H) can be a self-adjoint, positive operator rather than a
strongly positive operator. Under these assumptions AFBA simplifies to the
following iteration:

8= (H+ A)~'pP* (2.292)
L= 2P AL (R - 2F). (2.29b)

Notice that if P was strongly positive, this could simply be seen as proximal
point algorithm in a different metric applied to the operator A+ M, but we have
relaxed this assumption and only require P to be positive. Before providing
convergence results for this algorithm we begin with the following lemma,
showing that the mapping (H + A)~! has full domain and is continuous when
H has a block triangular structure with strongly positive diagonal blocks, even
though its symmetric part, P, might not be strongly positive. This lemma
motivates the assumption on continuity of (H + A)~'P in Theorem 2.6. As
an application of this theorem in Proposition 2.7(4), when P is positive with
a two-by-two block structure (see (2.54a) in the limiting case § = 2), DRS is
recovered.

Lemma 2.5. Let H = H1 D --- ® Hpy, where Hy,--- ,Hy are real Hilbert
spaces. Suppose that A is block separable and H has a conformable lower (upper)
triangular partitioning, i.e.,

Az (Alzl,--~ ,ANZN),

N
H:zw— (H112’1,H212’1 + H22Z2, e ’ZHNij)’ (230)
j=1
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where z; € H; fori=1,--- N, z = (21, -+ ,2n) € H, and H;; € B(H;, H;)
fori,j=1,--- ,N. Fori=1,--- N, assume that A; is maximally monotone,
and Hy; € %y, (Hi) with 7; €]0,00]. Then, the mapping (H + A)~1 is continuous
and has full domain, i.e., dom((H + A)~') = H. Furthermore, the update
Z = (H+ A)~'z is carried out using

Huii+ Ay 'z, i=1;
ziz{( ntd) (2.31)

(H21+AZ)71(22—Z;;11 Hij2j>7 2227 7]\/'7

where 2 = (Z1,--- ,2ZN) € H.

Proof. We consider a block lower triangular H as in (2.30), the analysis for
upper triangular case is identical. The goal is to consider A;’s separately. Let
zZ = (H+ A)~'z with Z = (21, , zy). The block triangular structure of H
in (2.30) yields the equivalent inclusion z; € Ai5i+Z;-:1 H;;zj, fori=1,--- ,N.
This is equivalent to (2.31), in which, each Z; is evaluated using z; and Zz; for
j < i. For the first block we have z; = (Hy; + A;)~121. Since A; is monotone
and Hi; is strongly monotone, it follows that Hy1 + A is strongly monotone,
which in turn implies that (Hy; + A;)~! is cocoercive and, as such, at most
single-valued and continuous. Since A; is maximally monotone and Hp; is
strongly positive we have

dom ((H11 + Al)il) = ran(H11 + Al) = ran(id + AlHﬁl) = ';'-[17

where the last equality follows from maximal monotonicity of A1 H 1—11 in the
Hilbert space defined by endowing #; with the scalar product (-, -) Hb and
Minty’s theorem [13, Thm. 21.1]. For the second block in (2.31) we have
Zo = (Hoa + A3)71(29 — Ha121). Hence, by the same argument used for previous
block, (Haz + A)~! is continuous and has full domain. Since (2o — Hz12;) and
(Hao + As)~1 are continuous, so is their composition (Hag + Ag) ™! (2o — Ho121).
Follow the same argument for the remaining blocks in (2.31) to conclude that
(H + A)~! is continuous and has full domain. O

The next theorem provides convergence and rate of convergence results for
algorithm (2.292)-(2.29b) in finite-dimensions by employing the same idea used
in [53, Thm. 3.3]. The idea is to consider the operator R = P +id — @, where
@ is the orthogonal projection onto ran(P). The proof presented here is for a
general P and it coincides with the one of Condat [53, Thm. 3.3] for a special
choice P € B(K) : (z,y) — ('y_la: —y,—x+ 'yy).

Theorem 2.6. Suppose that H is finite-dimensional. Let P € ./ (H), P = 0,
M € B(H) a skew-adjoint operator and H = P + M. Consider the iteration
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(2.292)-(2.29b) and assume zexr(T) # O where T = A+ M. Furthermore, assume
that (H+ A) ' P is continuous. Let (Ai,)zen be uniformly bounded in the interval
(0,2). Then,

(i) (2%)pen converges to a point in zer(T).

(ii) Let Q be the orthogonal projection onto ran(P), and R = P +id — Q.
The following convergence estimates hold:

1Pz — P2F)? < JEL Q20 — 2|13, (2.32)

for some constant T > 0, and ||Pz**1 — P2*||2 = o(1/(k + 1)).

Proof. (i): Since P is not strongly positive, it does not define a valid inner
product. Consider R := P + id — Q, where @ is the orthogonal projection
onto ran(P). We show that by construction R is strongly positive. By the
spectral theorem we can write Pz; = UAU*z;, where U is an orthonormal
basis consisting of eigenvectors of A. Consider two sets: s; = {i|\* # 0} and
sy = {i|\* = 0}. Denote by U; the orthonormal basis made up of u; for i € s;.
Then, ran (P) = ran (U;) and we have Q@ = U Uy For any z € H, z = 21 + 22
where z; = Qz and 29 = (id — Q)z. Then, Rz = Pz + 2z — Qz = Pz, + 25 and
(Rz,z) = (P21 + 29,2) = (P21,21) + ||22]|%. If 21 = 0 then (Rz,2) = ||z|* =
|z]|2. Suppose that z3 # 0 and 2; # 0. Denote by Apin the smallest non zero
eigenvalue of P. We have

(Rz,2) = (Pz1,21) + ||22||> = (UAU* 21, 21) + || 22|
= (AU*21,U*21) + ||22]1* = Amin | U5 212 + || 22|
= Amin (21, @21) + [|22/* = Aminl|21]* + [|22[|®
> min{1, Apin }|2]|-

If zo = 0 the above analysis holds with z = z; and result in strong positivity
parameter equal to Amin.

We continue by noting that by definition we have ) o P = P, and symmetry of
P yields P o @ = P. Therefore, Ro Q = P and for z € H we have

(Pz,z) = (QPz,z) = (Pz,Qz) = (RQz,Qz), (2.33)

which will be used throughout this proof. Observe now that for z* € zer(T) # 0
we have —Mz* € Az*. By monotonicity of A and (2.29a) we have (Mz*F —
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Mz* + Pz* 2% — zF) > 0. Then
0 < (MZF — Mz* + P38 2% — %) = (P3F 2> — 2F)
= (PZ*,Qz" — Qz") + (RQZ*, QZ") — (RQZ", Q")
= (PZ*,Q2" — Qz") — | QZ*(I%, (2.34)

where the equalities follows from skew-symmetricity of M and (2.33). We show
that ||Qz* — Qz*||r is decreasing using (2.34):

[QzFT! — Q2*|1% = |Qz" — Q2% + MQ2"||%
= Q2% — Qz*||% + 2)\(Q2"F — Qz*, P2¥) + M\2(|QZ" ||
<1QzF — Q1% — (2 — M) |QZ" 1% (2.35)

Let us define the sequence z* = Qz* and z* = Qz* for every k € N. Then,
since P o Q = P the iteration for z* = Qz* is written as

#" = Q(H + A)7'P(a")
P = 2k 4 A (28 — b)), (2.36)

Let G=(H + A)"'P and G' = Qo G. It follows from H = P + M and (2.29a)
that
0€T(G(2)) + PG(z) — P=z. (2.37)

Use (2.37) and monotonicity of T at z* € zer(T') and G(2*) to derive
0 < (G(z*) — z*,Pz* — PG(z")). (2.38)

In view of (2.38) and positivity of P, we have (G(z*) — z*, PG(z*) — Pz*) =0,
and by [13, Cor. 18.18], PG(z*) — Pz* = 0. Hence, since Ro Q = P, we have
RQG(z*) — RQz* = 0, and strong positivity of R implies Qz* = QG(z*) =
QG(Qz*), where the last equality is due to G o @ = G. Thus, Qz* is a fixed
point of G = QG. We showed that if 2* € zer(T') then Qz* € fix(G'), i.e.,

Qzer(T) C fix(G"). (2.39)

Furthermore, for any z* € fix(G’) we have Pz* = PG'(z*) = PQG(2*) =
PG(z*). Combine this with (2.37) to derive G(z*) € zer(T). Therefore, 2* =
G'(z*) = QG(z*) € Qzer(T). This shows that if z* € fix(G’), then z* €
Qzer(T), i.e., fix(G") C Qzer(T). Combine this with (2.39) to conclude that the
two sets fix(G') and @ zer(T') are the same. On the other hand, we rewrite (2.35)



ASYMMETRIC FORWARD-BACKWARD-ADJOINT SPLITTING 29

for ¥ and z*:
%+~ Q% < ok — Q2% — Ae@ — A)lle — MR (240)

Therefore, (z¥), o is R-Fejér monotone with respect to fix(G’). Since (Ar)gen
is uniformly bounded in (0, 2), it follows that

G'(zF) —aF =zF —2F > 0. (2.41)

Let = be a sequential cluster point of (z¥)icy, say xy, — x. G’ is continuous
since G’ = QoG and G is assumed to be continuous. Thus, it follows from (2.41)
that G'(z) —x =0, i.e., x € fix(G’). This together with Fejér monotonicity of
x¥ with respect to fix(G’) and [13, Thm. 5.5] yields z* — z € fix(G").

The proof is completed by first using G o Q = G and continuity of G to deduce
that z¥ = G(2*) = G(2%) converges to G(2*) € zer(T), and then arguing for
convergence of zF. We skip the details here because they are identical to the
last part of the proof in [53, Thm. 3.3]).

(ii): Follow the procedure in the proof of Theorem 2.3 to derive (2.18), except
that in this case the cocoercive term is absent. This yields

0< <—M(zk _ ZkJrl) o H(Ek o ZkJrl) gk _ 2k+1> . <H(Zk o Zk+1) Zlc . Zk+1>.

(2.42)
Since H = P+ M and M is skew-symmetric, (2.42) simplifies to
O S <_P(ik _ 2k+1)’2k _ 2k+1> + <_P(zk) _ Zk+1)72k _ 2/€+1>
= —|QF" — QFFM % 4+ A\p(P2F, 2F — 2, (2.43)

where we used (2.33) and (2.29b). Using identity (2.21), we derive
1QZ*|% — 1QZ* 1% = 2(RQz", Q2* — QM) — [|Q7* — Q"%

— o(Pzk 5k — sy )| QzF — QM3
> (£ -1)1Q% - Q| (244

where we made use of (2.43). Consider (2.35) and sum over k to derive

Z/\Z = MIQEIR < 1Q=° — Q="|I% (2.45)
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Inequality (2.44) shows that ||QZ*||% is monotonically nonincreasing. Combined
with (2.45) and uniform boundedness of Ay, i.e., (Ax),cy C [€,2 — €] for some
€ >0,

Q2 5 Q2" — Q[ (2.46)

i < (k+1)

Furthermore, it follows from (2.36) and definition of z*, z* that
lz*+ = 2% = ARNQE* 1% < (2 - Q2" % (2.47)
Combine (2.47) and (2.46) to derive

ot — a1z < 229 00 gupe (2.48)
RS e R |

This establishes big-O convergence for (z*) ren- Lhe little-o convergence of
|Qz*||% and subsequently [lz* —z*+1||% follows from (2.44), (2.45) and [57, Lem.
3-(1a)]. We derive from (2.33) that [Jz% — 2Ft1||% = (28 — 2FHL P2k — 2k HL)),
Then, it follows from [13, Cor. 18.18] that

1Pz" — P2 < ||P|[|a* — 2" (2.49)

Set 7 = (2%)2, and combine (2.49) with (2.48) to yield big-O convergence for

the sequence (Pz*)gen. Similarly, little-o convergence follows from that property
of ||zk — z*+1||%. O

2.3 Operator splitting schemes as special cases

We are ready to consider some important special cases to illustrate the impor-
tance of parameters S, P and K. Further discussion on other special choices for
the parameters appear in Chapter 3 in the framework of convex optimization
with the understanding that it is straightforward to adapt the same analysis for
the corresponding monotone inclusion problem.

2.3.1 Forward-backward splitting

When H = y7tid, S = id and M = 0, Algorithm 2.1 reduces to forward-
backward splitting (FBS):

= (id + ’}/A)fl(id — ’yC’)zk
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2P =2k 4\, (Ek — zk).

Let 8 be the cocoercivity constant of C' with respect to the canonical norm
Il - |I, then 8/~ is the cocoercivity constant with respect to the P norm and
condition (2.5) of Theorem 2.1 becomes

(Me)keny € [0,0] with d=2— , v €(0,45), hlgnlnf Ae(d— Ag) > 0.
—00

(2.50)
This allows a wider range of parameters than the standard ones found in the
literature. The standard convergence results for FBS are based on the theory
of averaged operators (see [52] and the references therein) and yield the same
conditions as in (2.50) but with v € (0,25] (see also [53, Lem. 4.4] and [13,
Thm. 26.14]). Additionally, if C' = 0, FBS reduces to the classical PPA.

J
26

The convergence rate for FBS follows directly from Theorem 2.3. Since D =
v72id and P = y~lid, (2.14) holds with ¢; = ca = v~ !. Consequently, if
(A (0 — Ak))ken C [1,00) for some T > 0, we have

1 0

zk||2 <
11 < gy e

_ z*||27
and [|2¥]2 = o(1/(k +1)).

2.3.2 Solodov and Tseng

In Algorithm 2.1, set C = 0, H = id and A = Ny where X is a nonempty
closed convex set in ‘H. Then, Algorithm 2.1 reduces to

P =Px (P — M) -2

=28 4 STHId + M¥)ZEF, g = M1 ER 2

recovering the scheme proposed by Solodov and Tseng [151, Alg. 2.1].

2.3.3 Forward-backward-forward splitting

Consider Algorithm 2.1 when M is skew-adjoint and set H = v~ tid, S = id. We
can enforce ay, =y by choosing \x = (y||(y~tid+M*)2*||/||2¥|))?. It remains to
show that the sequence (A;)xen satisfies the conditions of Theorem 2.1. Since M
is skew-adjoint, we have A\, = 1+ (y||M2¥||/||2*||)?, and if the stepsize satisfies
v € (0,]|M||7ty/1 — 1/(28)), then (A\x)ren is uniformly bounded between 0 and
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d (in fact it is larger than 1) and thus satisfies (2.5). Under these assumptions
Algorithm 2.1 simplifies to

Zh = (id +yA) 7' (id = yM — ’yC)zk
S 7]\4(5k B Zk).

This algorithm resembles the FBFS [162]. Indeed, if C' = 0, then the range for
the stepsize simplifies to v € (0, |[M||~1) and yields the FBFS when its Lipschitz
operator is the skew-adjoint operator M.

2.3.4 Douglas-Rachford type with a forward term

We now focus our attention on a choice for P, K and S that lead to a new
Douglas-Rachford type splitting with a forward term. Consider the problem of
finding # € H such that

0€ Dx+ Fx + Fz, (2.51)

together with the dual inclusion problem of finding y € H such that there exists
r € H,
{OEDx—i-Fx-l-y (2.52)

0€ B~y —a.

where D : H = H, £ : H = H are maximally monotone and F' : H — H is
n-cocoercive with respect to the canonical norm. Let I be the Hilbert direct
sum K = H @ H. The pair (z*,y*) € K is called a primal-dual solution to (2.51)
if it satisfies (2.52). Let (z*,y*) € K be a primal-dual solution, then z* solves
the primal problem (2.51) and y* the dual (2.52). In this section, we assume
that there exists z* such that z* € zer (D + E + F). This assumption yields
that the set of primal-dual solutions is nonempty (see [50, 26] and the references
therein for more discussion).

Reformulate (2.52) in the form of (2.2) by defining

A:K=K: (2,y) = (Dz, E™1y), (2.53a)
Me BK): (x,y) — (y,—x), (2.53b)
C:K—-K:(z,y) —~ (Fz,0). (2.53¢)

The operators A and M are maximally monotone [13, Prop. 20.23 and Ex.
20.35]. Tt is easy to verify, by definition of cocoercivity, that C' is cocoercive. Let
v > 0,0 €[0,2], (the case of § = 2 can only be considered in the absence of the
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cocoercive term and results in classic DR, see Proposition 2.7). Set

PeBK): (z,y)— (v 'z— 10y, — 102 +yy), (2.54a)
Ke#BK): (z,y)— (%Qy,—%t%), (2.54b)
SeBK): (z,y)— (B-0v'z—y,—z+y). (2.54c)

The operators S and P are strongly positive for 8 € [0,2) [96, Lem. 5.1, 5.3].
The operator H = P + K is given by

Hc BK): (z,y) — (v o, —0x + vy). (2.55)

Notice that H has the block triangular structure described in Lemma 2.5. By
using this structure as in (2.31) and substituting (2.54), (2.55) in Algorithm
2.1, after some algebraic manipulations involving Moreau’s identity as well as a
change of variables s* := x¥ — yy* (see proof of Proposition 2.7 for details), we
derive the following algorithm:

Algorithm 2.2 Douglas-Rachford Type with a Forward Term

Inputs: zg € H, so € H

for k=0,1,... do

Tk = JVD(S — yFah)

—JWE(Hx + (2 - 0)zk — s¥)

1yt
k+1

Pl =2k 4 pp(zF — 2F)

In the special case when pp = 1, the last line in Algorithm 2.2 becomes obsolete
and z* can be replaced with z**1. The next proposition provides the convergence
properties for Algorithm 2.2.

Proposition 2.7. Consider the sequences (x*)ren and (s¥)ren generated by
Algorithm 2.2. Let i € (0,400) be the cocoercivity constant of F'. Suppose that
one of the following holds:

(i) 6 € 10,2), v € (0,n(4 — 6?)) and the sequence of relazation parameters
(pr)ken s uniformly bounded in the interval

4-0—/n
(Pr)ren C < 2 9)(2+\/2f)> (2.56)
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(ii) F=0,60¢€(0,2), v e (0,00), and sequence (pr)ren uniformly bounded in
the interval
(pu)ien € (02— V2=6).

(iti) F =0, 0 =2, v € (0,00), (pr)ren uniformly bounded in the interval
(0,2), and K is finite-dimensional.

Then, there exists a pair of solutions (z*,y*) € K to (2.52) such that the
sequences (x¥)ren and (s¥)ren converge weakly to x* and x* — yy*, respectively.

Proof. (i): Let us start by noting that P and S defined in (2.54) are strongly
positive if 6 € [0,2) [96, Lem. 5.1, 5.3].

Next, consider step 3 of Algorithm 2.1 and Substitute the parameters defined
in (2.54), to derive

T oA+ A5 — 04, ) -
N T IFFIR T AT = 30+ ) oI+ 20— 0 )

where D is defined in (2.3) and by construction is strongly positive. Let A; be
equal to the inverse of the right hand side in (2.57) multiplied by pp where
(pr)ken € (0,2). This would result in ap = pi and simplify the iterations.
Consider C defined in (2.53c), we have

-1
|Cz — C||pr = (1= 26%) ||C2 — CZ|2.

From here it is easy to see that C' is S-cocoercive with respect to P norm, where
B =mny"1(1— 162). In order to apply Theorem 2.1, condition (2.5) must hold.
From strong positivity of D, boundedness of P and the fact that py is uniformly
bounded above 0 it follows that (Ag)ren € (v1,00) for some positive v4. Let vy
be a positive parameter such that

1 2pk(2+\/2—9)
Vo < 2 Qﬁ 210 s (258)

holds for all £ € N. It’s easy to verify that such v, exists as long as py, is uniformly
bounded in the interval (2.56). For brevity, we define 8’ such that %ﬂ, = % +vs.
Additionally, introduce the notation v = (2 — 2%’)/'0’“’ wp = vl +2(1 - 0),
wy = 62 — 30 + 3. We proceed by showing that A is smaller than 2 — ﬁ — vy,
A sufficient condition for this to hold is

E=7 0 — @)+ = DI - @7 > 0. (259)
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Apply the Fenchel-Young inequality for || - [|* to lower bound &:

€2 (v v —wa) = lwr| ) 17°)* + (v(v = 1) = Jwrl3) I5°]1%, (2.60)
where | - | is the absolute value. It follows from (2.58) that v > 1 for all k € N.
Let € = 27'{;’)1_'1) so that the term involving [|7*||? in (2.60) disappears. We
obtain

(—Uz ~
7 (v = ws = 25 ) 1341 > o, (2.61)

which is sufficient for (2.59) to hold. By substituting w; and ws and after some
algebraic manipulations we find that the condition (2.58) is sufficient for the
right hand side in (2.61) to be positive. Consequently, Theorem 2.1 completes
the proof of convergence. We showed that we can set aj = pr by choosing A
appropriately. Algorithm 2.2 follows by setting aj = pk, a change of variables

sk = zF — yyF, substituting 2*! and application of Moreau’s identity.

(4¢): Mimic the proof of (i), but use Theorem 2.1 with C' = 0, by showing that
Ak is uniformly bounded between 0 and 2.

(#i1): When 6 = 2, we have P € .(K), P = 0. It follows from (2.53a), (2.55)
and Lemma 2.5 that (H + A)~!P is continuous. Therefore, since F' = 0, by
appealing to Theorem 2.6 and following the same change of variables as in
previous parts the assertion is proved. O

The next proposition provides convergence rate results for Algorithm 2.2 when
6 = 2, based on Theorem 2.6. Similarly, for the case when 6 € [0, 2), convergence
rates can be deduced based on Theorem 2.3. Furthermore, when metric subreg-
ulariy assumption in Theorem 2.4 holds, linear convergence follows without any
additional assumptions.

Proposition 2.8 (convergence rate). Let K be finite-dimensional. Consider the
sequences (x¥)pen and (s¥)ren generated by Algorithm 2.2. Let F =0, 0 = 2,
v € (0,00), and (pg)ren be uniformly bounded in the interval (0,2). Then

540 — M2 < gy Q20 — Q7%

and ||s*T1 — sk||2 = o(1/(k + 1)) for some constant T > 0, where Q is the
orthogonal projection onto ran(P), R = P+id—@Q, and z* = (ac’“, yH(zk — sk))

Proof. Following the argument in proof of Proposition 2.7(iii) and Theorem
2.6(ii) yields

1Pz — P2F)? < JES Q20 — 2|13, (2.62)
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and || PzF T — P2*||2 = o(1/(k + 1)), where 2* = (2%, (2% — s¥)). Combine
this with definition of P, (2.54a) with 6 = 2, to derive

|[P2FFL — P2%|? = (1 + 972 s — %2 (2.63)

Furthermore, simple calculation shows that P? = (y +~~!)P. Hence for all
ze

|Pz||* = (v +~7")(z, Pz)
=+ H O Ml + Ayl - 2(z,y)
< (v +vH2=1%, (2.64)

where we used Fenchel-Young inequality with € = ~. It follows from (2.64)
that | P|| < (y +~71). Combining this with (2.62) and (2.63) completes the
proof. O

Remark 2.9. Recently, another three operator splitting algorithm was proposed
in [58] which can also be seen as a generalization of Douglas-Rachford method
and allows a third cocoercive operator. In the aforementioned paper, the forward
step takes place after the first backward update, while in Algorithm 2.2 it
precedes the backward update. The parameter range prescribed in [58, Thm.
3.1] is simply v € (0,2n) and (pg)ren € (0,2 — %), while for Algorithm 2.2
it consists of v € (0,7(4 — 62)) with relaxation parameter uniformly bounded
in the interval (2.56). For 0 € [0,/2), Algorithm 2.2 can have larger stepsize
but it is important to notice that this might not necessarily be advantageous
in practice because the upper bound for the relaxation parameter in (2.56)
decreases as we reduce 6. For example if we fix py = 1, conditions of Proposition
2.7 become 0 € (1,2) and v/n € (0, (2 —0)(0 — v/2 — 0)). This stepsize is always
smaller that the one of [58]. However, if the relaxation parameter pj is selected
to be small enough then + can take values larger than the one allowed in [58]. In
Section 3.5 numerical simulations are performed for the two algorithms which
indicate that on dual support vector machine problem Algorithm 2.2 is slower
presumably due to smaller stepsize.

O

Remark 2.10. In Algorithm 2.2 the case § = 2, p, = 1 with F = 0 (see
Proposition 2.7(ii7)) yields the classical DRS [108]. This choice of P is precisely
the one considered in [53, §3.1.1]. O



OPERATOR SPLITTING SCHEMES AS SPECIAL CASES 37

ADMM form

Consider the following problem

minimize  fi(x1) + fa(x2) + f3(x3) (2.65a)
T1,T2,T3
subject to  Lixzy + Loxs + L3xz = b, (2.65b)

where f; € To(H;), Li € B(Hi, Ha), t = 1,2,3, and b € Hy with Hy, ..., Hy
denoting real Hilbert spaces. Additionally, f; is &-strongly convex for some
& €]0, +oo]. It is well known that the classic Alternating Direction Method of
Multipliers (ADMM) is equivalent to Douglas-Rachford algorithm applied to
the dual problem (see [29] and the references therein). We derive a new 3-block
ADMM iteration in a similar way. Consider the dual problem

miniinize di(y) + da(y) + ds(y), (2.66)

where di(y) = f{(=Liy), da(y) = f5(—L3y) and d3(y) = f3(—L3y) + {y,b). By
strong convexity of f; we have that d; has a €~1| Ly ||*-Lipschitz gradient. Form
the augmented Lagrangian

3 3 3
L(x1,22,23,y) = Zlfz(ﬂﬂz) + <yv ;szl - b> + % ;Lz% —b

We apply Algorithm 2.2 with pr = 1 to the monotone inclusion associated with
(2.66) and after a change of order and some algebraic manipulations we derive
Algorithm 2.3 (the procedure is similar to the one found in [66, §3.5.6] for the
classic ADMM). Our 3-block ADMM can be written as

2

Algorithm 2.3 3-block ADMM
Inputs: (29,29, 29) € H1 x Ha x Hz, (y°,y') € Ha x Hy
for k=0,1,... do
gr=(0 -1y + 2 -0y

k1 _ . k ok ok
x{ T = argming, Lo(z1, 25,25, y")
k+1 . k k ok
3t = argming, £, (2, va, 2§, §%)

k+1 _k+1

k-‘rl . —k
xg ' =argming, L, (z7" x5 ", x3,¥")

Y =58 4+ (LT 4 Loay ™ 4 Lyas ™ —0)

Proposition 2.11. Let Hy,...,Hy be finite-dimensional, f; € To(H;), b € Ha,
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L; € B(H;i, Hy) fori = 1,2,3 and ker(Lg) = {0}, ker(L3) = {0}. Let € €
10, +o0[ be the strong convexity constant of fi. Assume that the set of saddle
points of (2.65), denoted by X, is nonempty. Let 6 €]1,2[ and

v <&2-0)(0 - V2-0)/||IL.|*. (2.67)
Then the sequence (%, x5, x5 y*)ren generated by Algorithm 2.3, converges to
some (a7, x5, x5, y*) € 2.

Proof. Let (z7, 2%, 2%,y*) denote a KKT point of (2.65), i.e.,

{0€8fi(xi)+Li , for i =1,2,3 (2.68)

0=0b-— Lll'*l( - LQ.’E§ — Lgxg

Algorithm 2.3 is an implementation of Algorithm 2.2 for solving (2.66). Hence,

Proposition 2.7 yields y* — y, where y is a solution to (2.66). Let z; be a point

satisfying —Ljy € dfi(z1). From strong convexity of f; at z; and X1 we

have

(Vu € dfi (i) (Vo € 0fi(w1))  Elay™ = [* < (w— v, 2T — 1)

It follows from the optimality condition for the x’f“ update and the definition

of x1 that
it — i |? < (—Liy" + Liy, af ™' —z) < | Laflll2}* — 2 lllly* — vl

Combine this with the convergence of (y*)en to derive ¥ — z;. From the
change of variables to derive Algorithm 2.3 we have

sF — ¥ = —yLiak — y L2k, (2.69)
which together with the convergence of (s*)ren, (¥*)ren (see Proposition 2.7)
and (z1.,)ken imply that (Lzx%)gen converges to a point. Since ker(Lz) = {0},
it follows that (23, )ken converges to some xz. From the optimality condition
for the x§+1 update and the last step in Algorithm 2.3, we have

—Liy*t = —Ligh — A LE (L2 4 Loah ™ 4 Laah™ —b) € afs(ab™).

Taking the limit and using [13, Prop. 20.38(iii)], we have — L%y € df3(x3). On
the other hand, Theorem 2.1(ii) and the last line of Algorithm 2.3 yield

y*tt — gk =0, and  Lia¥ 4 Loxh + Laak — b. (2.70)

It follows from (2.69), (2.70), and the convergence of (s¥)ren, (¥*)ren that
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(Loz¥)ren converges to a point. We can now argue almost exactly as we did
for (L3x%)ren. Since ker(L2) = {0}, we deduce that (z2,)ren converges to
some xo. Combine the optimality condition for the xé“ update and the last
step in Algorithm 2.3 with the convergence of y*, to derive — L}y € 0fa(12).
Altogether, we showed that the limit points (z1, 2, x3,y), are jointly optimal
by the KKT condition (2.68). O

Remark 2.12. The convergence rate of Algorithm 2.3 can be deduced similar
to Algorithm 2.2 from Theorems 2.3, 2.4 and 2.6 with pr = 1. However, we do
not consider it here. O

Remark 2.13. In the case when f; = 0 we can choose the limiting value
6 = 2 and recover the classical ADMM (see Proposition 2.7(iii)). On the other
hand if fy or f3 vanish, the Alternating Minimization Method (AMM) [160] is
recovered. Finally, when both fs and f3 vanish then the dual ascent method is
recovered. 0

Remark 2.14. In [58, Alg. 8], another 3-block ADMM formulation is presented
by following similar algebraic manipulations (It is derived by applying their
Algorithm 7 to the dual). It should be noted that they do not require rank
assumptions on Lo, L3. In contrast to that work in our version (m’f)keN and
(x5)ren are updated in parallel which corresponds to the fact that in Algo-
rithm 2.2 the forward step precedes the first prox step. Furthermore, in our
algorithm, (z5)ren and (2%) e are updated using the augmented Lagrangian at
(6 — 1)y* 4 (2 — 0)y*~! rather than y*. Moreover, the stepsize in [58, Thm. 2.1]
has to satisfy v < 2¢/||L1||>. This is always larger than the stepsize in (2.67).
Refer to Remark 2.9 for further discussion, noting that Algorithm 2.3 is derived
by setting the relaxation parameter, pg, equal to one. O

Remark 2.15. Some of the other recent attempts to directly generalize ADMM
for 3 blocks include [33, 42, 81, 103, 107]. In [42], it was shown through a
counterexample that a direct extension of ADMM to more than 2 blocks is not
convergent in general. In order to ensure convergence, additional assumptions
on strong convexity of the functions or rank of L;’s are needed. In [33] the
authors require one function to be strongly convex and L, and L3 to have full
column rank, while [103] modify the steps with regularization terms and [107]
solves a perturbed problem (see [107] and the references therein for further
discussion). In contrast to these papers, the first minimization step of Algo-
rithm 2.3 consists of minimizing a normal Lagrangian rather than an augmented
one (therefore it can be trivially executed in a distributed fashion in the case
where f7 is block-separable) and it can be performed in parallel to the second
step. O
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2.4 Conclusions

In this chapter the operator splitting technique asymmetric-forward-backward-
adjoint splitting (AFBA) was introduced for solving monotone inclusions in-
volving three terms. We discussed how it relates to, unifies and extends classical
splitting methods. Asymmetric preconditioning is the main feature of AFBA
that can lead to several extensions and new algorithmic schemes. We make ex-
tensive use of the results of this chapter in the next five chapters where we
study primal-dual proximal algorithms for distributed applications.

We conclude by noting some recent developments. In Section 2.3.3 it was shown
that a special case of AFBA coincides with the classical forward-backward-
forward splitting (FBFS) when the Lipschitz operator in FBFS is skew-adjoint.
Interesting recent work [78] proposes a four operator splitting that recovers
AFBA as well as the forward-backward-forward splitting (FBFS). Moreover,
several new splittings have been proposed recently that involve Lipschitz con-
tinuous operators but unlike FBES require only one evaluation of the Lipschitz
operator per iteration [116, 36, 146, 140].



Chapter 3

A unifying framework for primal-dual proximal
algorithms

This chapter is based on:

Latafat, P., and Patrinos, P. Asymmetric forward—backward—adjoint splitting
for solving monotone inclusions involving three operators. Computational Opti-
mization and Applications 68, 1 (Sep 2017), 57-93.

Latafat P., Patrinos P., Primal-dual prozimal algorithms for structured convex
optimization: a unifying framework, in Chapter 5 of Large-Scale and Distributed
Optimization, (Giselsson P., and Rantzer A., eds.), vol. 2227 of Lecture Notes
in Mathematics, Springer International Publishing, 2018, pp. 97-120.

3.1 Introduction

In this chapter we revisit the convex optimization problem (1.1). As discussed
in Chapter 1 this model is quite rich and captures a plethora of problems arising
in machine learning, signal processing and control [49, 152, 92].

Here, we present a simple primal-dual framework that relies on the splitting
method introduced in Chapter 2. Recall that this splitting involves a stepsize
parameter oy, (cf. Alg. 2.1), which is dynamically computed at each iteration.
We also consider a variant with constant stepsize that serves to simplify the
analysis for primal-dual algorithms discussed in Section 3.2.1. We provide a
general and easy-to-check convergence condition for the stepsizes in Assumption
3.IT and Assumption 3.IIT (for the case with dynamically computed stepsize
parameter). Furthermore, we discuss four mild regularity assumptions on the

41
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functions involved in (1.1) that are sufficient for metric subregularity of the
operator defining the primal-dual optimality conditions (¢f. Lem.s 3.8 and 3.11).
Linear convergence rate is then deduced based on the results developed for
AFBA (c¢f. Thm. 3.5). These results do not impose additional restrictions on the
stepsizes of the algorithms. It is important to note that the provided conditions
are much weaker than strong convexity and in many cases do not imply a unique
primal or dual solution.

It is worth mentioning that another class of primal-dual algorithms was intro-
duced recently that rely on iterative projections onto half-spaces containing the
set of solutions [4, 48]. This class of algorithms is not covered by the analysis of
this chapter.

3.2 A simple framework for primal-dual algorithms

In this section we present a simple framework for primal-dual algorithms. For
this purpose we consider the following extension of (1.1)

mil;ie%bize o(x) = f(z) + g(x) + (RO (L), (3.1)

where [ is a strongly convex function. Notice that when [ = (g}, the infimal
convolution h[J! reduces to h and problem (1.1) is recovered. As it will become
apparent later in the chapter, the framework developed here is not symmetric
with respect to the primal and dual variables. Some known algorithms are
recovered by applying it to the dual problem (where I* plays the role of the
smooth term, see (3.2)).

Throughout this chapter the following assumptions hold for (3.1).
Assumption 3.I1.

(i) g : R* — R, h : R” — R are proper closed convex functions, and
L:R"™ - R" is a linear mapping.

(i) f: R™ — R is convex, continuously differentiable, and for some 3y €
[0,00), Vf is fy-Lipschitz continuous with respect to the metric induced
by some @ > 0 , i.e., for all z,y € R™:

IVf (@) = ViWllo- < Bl —ylle,

(iii) 1 : R" — R is proper closed convex, its conjugate [* is continuously
differentiable, and for some f§; € [0,00), VI* is §;-Lipschitz continuous
with respect to the metric induced by some R > 0.
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(iv) The set of solutions to (3.1), denoted by X™*, is nonempty.

(v) (Constraint qualification) There exists x € ridomg such that Lz €
ridom h 4 ridom .

In Assumption 3.1(%) the constant 8¢ is not absorbed into the metric @ in order
to be able to treat the case when Vf is constant in a uniform fashion by setting
B¢ = 0. The same reasoning applies to Assumption 3.1(%i).

The dual problem is given by
minier]}%jze (" O Y=L u) 4+ h*(u) + 1" (u). (3.2)

Notice the similar structure of the dual problem in which [, f and h,g have
swapped roles. A well-established approach for solving (3.1) is to consider the
associated convex-concave saddle point problem given by

mini%lize maxi%ize L(z,u) = f(z)+ g(x) + (Lx,uy — h*(u) — " (u). (3.3)
ze n ue T

The primal-dual optimality conditions are

0 € dg(x) + Vf(x) + L u,

* * (3.4)

0 € Oh*(u) + VI*(u) — L.

Under the constraint qualification condition, the set of solutions for the dual

problem denoted by U* is nonempty, a saddle point exists, and the duality gap

is zero. In fact for any 2* € X* and v* € U*, the point (z*,u*) is a primal-dual
solution, see [143, Cor. 31.2.1] and [13, Thm. 19.1].

The right-hand side of the optimality conditions in (3.4) can be split as the sum
of three operators:

(e (2) = (TN (% 5V () e

Operator A defined above, is maximally monotone [13, Thm. 21.2, Prop. 20.23],
while operator C, being the gradient of f(x,u) = f(x) + I*(u), is cocoercive
and M is skew-symmetric and as such monotone.

Throughout this section we use T to denote the operator above, i.e.,

0€Tz=A4A2+Cz+ Mz. (3.6)
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3.2.1 Primal-dual algorithms with constant stepsize

Algorithm 3.1 describes the proposed primal-dual framework for solving (3.1).
This framework is the result of solving the monotone inclusion (3.5) using the
three term splitting AFBA with constant stepsize as described in Section 3.3.
We defer the derivation and convergence analysis of Algorithm 3.1 to Section
3.4.

The proposed framework involves two scalar parameters 6 € [0,00) and p €
[0, 1]. Different primal-dual algorithms correspond to different values for these
parameters. The iterates in Algorithm 3.1 consist of two proximal updates
followed by two correction steps that may or may not be performed depending
on the parameters p and 6. Below we discuss some values for these parameters
that are most interesting.

Notice that Algorithm 3.1 is not symmetric with respect to the primal and dual
variables; another variant may be obtained by switching their roles (equivalently
by applying the algorithm to the dual problem (3.2)).

Algorithm 3.1 A simple framework for primal-dual algorithms

Require: 2° € R”, «° € R", algorithm parameters u € [0,1], § € [0, 0).
Initialize: 3, T" and X based on Assumptions 3.11(7) and 3.11(%7).
for k=0,1,... do
7 = prox! (2% — TLTu" — T'Vf(z"))
w* = proxZ, ' (u* + SL((1 — 0)z* + 0z%) — SVI* (uF))
Fh = gk — gk gk = gk — b
Pt =gk L N(EF — (2 - T LTa")
uFt =P + N@F + (1 — p)(2 — 0)ZLz*)

In Section 3.4 we show that the sequence (z¥,u") ren generated by Algorithm
3.1 converges to a primal-dual solution if Assumption 3.II holds. Practical rules
of thumb for selecting the stepsizes are presented in Section 3.5.

Assumption 3.IT (convergence condition for Algorithm 3.1).

(i) (Algorithm parameters) 6 € [0,00), 1 € [0,1].

(i) (Stepsizes) I' € ST, , ¥ € S’ , and (relaxation parameter) X € (0,2)
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(#ii) The following condition holds

(1§ g) - 0, (3.7)
where
A=(EZ - -(1-w1-0)2-0LTSL- %0,
B=(u—(1-p1-0-4)L,
C=(Z-1)2 ' —pu2-0)LTL" — &R

In Algorithm 3.1 the linear mappings L and LT must be evaluated twice at
every iteration. In the special cases when pu = 0,1 they may be evaluated only
once per iteration by keeping track of the value computed in the previous
iteration. As is evident from (3.7), the cases where both the algorithm and
the convergence condition simplify are combinations of u = 0,1, § = 0,1, 2.
Here we briefly discuss some of these special cases to demonstrate how (3.7)
leads to simple conditions that are often less conservative than the conditions
found in the literature. We have dubbed the algorithms based on whether the
two proximal updates can be evaluated in parallel and if a primal or a dual
correction step is performed.

The first algorithm is the result of setting § = 2 (regardless of p) and leads
to the algorithm of Condat and Vi [53, 170] which itself is a generalization of
the Chambolle-Pock algorithm [38]. With this choice of 8, the two proximal
updates are performed sequentially while no correction step is required. In the
box below a general condition is given for its convergence.

4 N\

SNCA (Sequential No Corrector Algorithm): 6 = 2
Substituting 8 = 2 in (3.7) and dividing by % — 1 yields

]_—‘71 _ ﬂi Q 7LT
( _222 VU e s R0 (3.8)
2(2—N)

If QR = id and T = vid, ¥ = cid for some scalars «, o, then the
following sufficient condition may be used

LI < (1- o3 ) (1 - oy). A€ 02 (39)
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Notice that this condition is less conservative than the condition of [53,
Thm. 3.1] (see [96, Rem. 5.6]).

In the next algorithm proximal updates are evaluated sequentially, followed by
a correction step for the primal variable, hence the name SPCA. Most notable
property of this algorithm is that the generated sequence is S-Fejér monotone
where S is block diagonal. The algorithm introduced in [95] (discussed in Chap-
ter 4) can be seen as an application of SPCA to the dual problem when the
smooth term is zero. Note that SPCA can be transformed into SNCA (when
A =1and f =0) by a change of order, eliminating the primal variable z* and
keeping the auxiliary primal variable z*. Below we comment on algorithms
proposed in [62, 95] emphasizing the close relation between them.

4 N\
SPCA (Sequential Primal Corrector Algorithm): § =1, u =1,
A=1

In this case the left-hand side in (3.7) is block diagonal. Therefore the
convergence condition simplifies to

-1 B, -1 T B
I —%Q%O, Y —LT'L —7’R>-O.

If Q =id, R =1id, I' = ~vid, ¥ = ¢id for some scalars v, o, then it is
sufficient to have

VBr <2, oy||L|* <1 - %L (3.10)

This special case generalizes the recent algorithm proposed in [62]. In
particular we allow a third nonsmooth function g as well as the strongly
convex function /. In addition to this improvement our convergence
condition with I* =0 (set 8, = 0 in (3.10)) is less restrictive and doubles
the range of acceptable stepsize v. The convergence condition in that
work is given in our notation as vy < 1 and ovy||L||* < 1 [62, Cor. 3.2].

. J

The next algorithm features sequential proximal updates that are followed by a
correction step for the dual variable, for all values of 8 € (0, 00). The parallel
variant of this algorithm, referred to as PDCA, is discussed in a separate box
below. We have observed that selecting 6 so as to maximize the stepsizes, i.e.,
0 = 1.5, leads to faster convergence [100]. Moreover, if we set 3 = "1, this
choice of u leads to a three-block ADMM or equivalently a generalization of
DRS to include a third cocoercive operator (see Section 2.3.4).
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SDCA (Sequential Dual Corrector Algorithm): § € (0,00), u = 0,
A=1

In this case the convergence condition simplifies to

-1 _ (1 _ _ T _ Br 7T
(F (1-60)2-0)L"SL - 5Q - L . ) . 0.
~L 1

If I = 0g0y then 8 = 0 and using Schur complement we derive the
following condition

It — (02 -30+3)L"SL - 2@~ o0.

If in addition @ = id, and T' = ~id, ¥ = oid for some scalars v, o, then
we have the following sufficient condition

B
(0> =30+ 3)oy|L|*> <1— 5L

\. J/

The next algorithm appears to be new and involves parallel proximal updates
followed by a primal correction step.

4 N\
PPCA (Parallel Primal Corrector Algorithm): 6 =0, =1

The convergence condition is given by

G-I -%0Q L <0
L (2 -1)x'—2LrLT — &R '
A 2\

If f =0 (set 8y =0) and A = 1, using Schur complement yields the
following condition

21 -3LTLT - 2R 0.

If in addition R = id and T’ = vid, ¥ = ¢id for some scalars ~, o, then
the following sufficient condition may be used

3ov||L|I* < 1 - "Tﬁl

. J

The parallel variant of SDCA is considered below. Interestingly, by switching
the order of the proximal updates (since § = 0), PDCA may be seen as PPCA
applied to the dual problem (3.2).
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PDCA (Parallel Dual Corrector Algorithm): § =0, u =0

In this case the convergence condition simplifies to

<(§ — )27 - 21Q LT ) o,
-L (2-1)21- &R

If | = 00y (set By = 0) and A = 1, using Schur complement yields the
following condition

L_3LTsL - 4Q 0.

If in addition Q = id, and T = ~id, ¥ = oid for some scalars v, o, then
the following sufficient condition may be used

3oyl L|* <1 - 2.

. J

The last special case considered here involves sequential proximal updates
followed by correction steps for the primal and dual variables. As noted before
for this choice of 1, the linear mappings L and LT must be evaluated twice at
every iteration.

( \
PPDCA (Parallel Primal and Dual Corrector Algorithm): 6 = 0,
w=0.5

In this case condition (3.7) reduces to:

-1 X T B 1 T
T - /\)L YL — (2L\)Q>Ov ¥ - A)Ll“L —2(2 /\R>O

IfQ=id, R=id, A =1 and I = 4id, ¥ = oid for some scalars , o, the
following sufficient condition may be used

o||L|[? < min{1 — 2521 — 28y,

This special case generalizes [31, Alg. (4.8)] with the addition of the
smooth function f and the strongly convex function [.

. J

Remark 3.1. In [180] a new primal-dual algorithm is proposed for solving (3.1)
that recovers the three term splitting of [58] when L = id. It is interesting to
note the relation to our framework. This algorithm is given by [180, Eq. 4a-4c]:

uF ! = prox,,,. (uk +oLz" — aVl*(uk)) (3.11a)

Sﬁ'k+1

prox. , (zF — yLTuFtt — yVf(2h)) (3.11b)
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FEHL = 227 _ gk L AV f(2b) — 4V (M. (3.11¢)

Let us consider SPCA, a special case of Algorithm 3.1 where 6 = 1, = 1, with
A =1, Y =o¢id, I" = vid. Change the order of the updates starting from the
dual update to obtain:

ut = prox,,. (uf +oLz" — oVI*(u")) (3.12a)
ZP L = LT (R k) (3.12b)
R prox_, (& = yLTub ! — 4 Vf(ak ). (3.12¢)

In order to be able to compare the stepsizes of the two algorithms without
algebraic difficulty (see [180, Assumption 1 and Thm. 1]) set [ = droy and
Q@ = id. Using the above parameters in Assumption 3.11(%ii) we obtain the
following sufficient condition for (3.12):

By <2, o|L|* <1 (3.13)

This stepsize condition is the same as that of [180]. However, the two algorithms
are quite different in the way the primal variables are updated. In Section 3.5,
simulations are performed for solving dual support vector machine problems,
and the results indicate very similar convergence speed for the two algorithms,
see Figure 3.2. O

3.2.2 Primal-dual algorithms with a dynamically updated step-
size

In this section a variant of Algorithm 3.1 is discussed that involves a stepsize
parameter that is computed based on the primal and dual variables at every
iteration, leading to potentially larger stepsizes. This algorithm is the result
of applying AFBA Algorithm 2.1 to solve the monotone inclusion (3.5). The
algorithm converges to a primal-dual solution provided that Assumption 3.111
holds. The analysis is detailed in Section 3.4. As remarked in Section 3.2.1, Al-
gorithm 3.1 is also not symmetric with respect to the primal and dual variables,
and a variant may be obtained by switching their roles.
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Algorithm 3.2 A simple framework for primal-dual algorithms

Require: 2° € R”, 4 € R", algorithm parameters u € [0,1], § € [0, 00).
Initialize: 3, T and A based on Assumption 3.I1I.
for k=0,1,... do
7 =prox! " (z¥ — TLTu* — I'Vf(a"))
—1
u* = prox}. (uf + SL((1 - 0)z* + 0z%) — SVI*(u¥))
=k — 2k ok =uk —uF
Compute ay, according to (3.14)
Pt = 2% 4+ g (8 — p(2 — )L LT a*)
uFtt = b 4 g (@ 4 (1 — ) (2 — ) S LEF)

In Algorithm 3.2

_ )\Hf?kH%—l +la* 13-, — o(@", LTab)
V(zk,ak) ’

o (3.14)

where
V(@ ab) = 350 + @150 + (1= ) (1 = 0)(2 - 0)||LE" |3
+ (2= O)|LTE 2+ 2((1 - p)(1 - 0) — p)(at, LTaR).  (3.15)

Note that in many distributed applications the computation for the stepsize in
(3.14) is disadvantageous since it would entail global coordination. Nevertheless,
if this is not a concern, it can lead to larger stepsizes.

In Section 3.4 it is shown that the sequence (2", u” )ren generated by Algorithm
3.1 (resp. Algorithm 3.2) converges to a primal-dual solution if Assumption
3.II (resp. Assumption 3.IIT) holds. Moreover, linear convergence rates are
established if either one of four mild regularity assumptions hold for functions
fyg,l and h (cf. Cor. 3.12).

Assumption 3.ITI (convergence condition for Algorithm 3.2). Additionally to
Assumptions 3.11(7) and 3.11(%) suppose that the following holds

1'\—1 S _QLT
2 P1Q I = 0. (3.16)
—3L D 2(2—N) AR
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3.3 Simplified asymmetric forward-backward-adjoint
splitting

A new three term splitting technique was introduced in Chapter 2 for the
problem of finding z € R? such that

0€Tz=A2+Cz+ Mz, (3.17)

where A is maximally monotone, C' is cocoercive and M is a monotone linear
mapping. AFBA in its original form includes the stepsize ay, (cf. Alg. 2.1).
Here we simplify the algorithm by considering a constant stepsize (cf. Alg. 3.3).
This variant of AFBA is particularly advantageous in distributed applications
where global coordination may be infeasible. Furthermore, unlike Algorithm
2.1, cocoercivity of the operator C' is considered with respect to some norm
independent of the parameters of the algorithm, and the convergence condition
is derived in terms of a matrix inequality. These changes simplify the analysis
for the primal-dual algorithms discussed in Section 3.2. We remind the reader
that Algorithm 3.1 is the result of solving the primal-dual optimality conditions
using AFBA. We defer the derivation and convergence analysis of Algorithm
3.1 until Section 3.4. A basic key inequality that we use is the following,.

Lemma 3.2 (three-point inequality). Suppose that C' : RP — RP is cocoercive
with respect to || - || with U € Sﬁ-—&-’ and let V : RP — RP be a linear mapping
such that V o C = C (identity is the trivial choice). Then, for any three points
z,2',2" € RP we have

(Cz—CZ 2 = 2"y < HVT(z=2")|3. (3.18)

Proof. Use the inequality, valid for any a,b € RP,
1 1
(a,b) = 2(3U2a,U"20) < fllally + [1BlIF - (3.19)
together with (1.7) and V o C' = C to derive
(Cz—CZ 2 =" =(V(Cz—C2),z = 2")+ (Cz — CZ, 2/ — 2)

=(Cz—CZ VT (z=2")+(Cz—CZ, 2 - 2)

3.19

<3V =2)0E +1Cz = CZ 7

+(Cz—C2 2 —2)

1.7
<3V =2 O
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The main reason for considering V' is to avoid conservative bounds in (3.18). For
example, assume that the space is partitioned into two blocks z = (21, 29) € RP
with z; € RP* and 2z € RP?2, and C : R? — RP is given by Cz = (C121,0)
where C; : RP* — RP! is cocoercive. Using inequality (3.19) without taking
into account the structure of C, i.e., that V o C' = C for V = blkdiag(L,,,0,,),
would result in the whole vector appearing in the upper bound in (3.18).

Algorithm 3.3 involves two matrices H and S that are instrumental to its
flexibility. In Section 3.4 we discuss a choice for H and S and demonstrate
how Algorithm 3.1 is derived. Below we summarize the assumptions for the
monotone inclusion (3.17) and the convergence conditions for Algorithm 3.3 (cf.
Thm. 3.4).

Assumption 3.IV.

(i) Assumptions for the monotone inclusion (3.17):

1) The operator A : R = RP is maximally monotone.
2) The linear mapping M : R? — R? is monotone.

3) The operator C' : RP — RP is cocoercive with respect to || - ||y with
U € s, . In addition, V' : R? — RP? is a linear mapping such that
Vo C = C (identity is the trivial choice).

(ii) Convergence conditions for Algorithm 3.3:

1) The matrix H := P+ K, where P € §% | and K is a skew-symmetric
matrix.

2) The matrix S € §% | and the following holds
2P —iVUVT —D =0, (3.20)

where
Di=H+M"'STYH+M"). (3.21)

Algorithm 3.3 AFBA with constant stepsize
Require: 2° € R?

Initialize: set S and H according to Assumption 3.1V (ii).
for k=0,1,... do
F=H+A) Y H-M-C)*
2l =2k L STUH + M T (ZF - 2F)
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Lemma 3.3. Let Assumption 3.1V hold. Consider the update for z in Algorithm
3.3
Zz=(H+A) Y H-M-0)z (3.22)

For all z* € zer T the following holds

(o (HAM)E-2) <HVT -2}~z - 213 (323)

Proof. Use (3.22) and the fact that z* € zer T, together with monotonicity of
A at z* and Zz to derive

0<(-Mz*-Cz*+Mz+Cz+ H(zZ—2),2" - Z). (3.24)
In Lemma 3.2 set 2/ = 2* and 2" = 2
(Cz—Cz",2"—2) < iHVT(z—Z)H?J. (3.25)

For the remaining terms in (3.24) use skew-symmetry of K (twice) and mono-
tonicity of M:

(~Mz* + Mz+H(z - 2),2* — 2)
—(—Mz*+Mz+P(z—2)+ K(z—2)+ K(z* —2),2" — 2)
=((M — K)(z = 2*) + P(Z — 2),2* — %)
=((M — K)(z — 2*) + P(Z — z),2" — 2)
F (M —K)(z—2")+P(3—2),2 — 2)
(P(Z—2),2" —2) + (M~ K)(z — 2"),2 = 2) = | - 2|3
<(z =2 (M7 + H)(z— 2)) = |17 — 2[5
Combining this with (3.24) and (3.25) completes the proof. O

Theorem 3.4 (convergence). Let Assumption 3.1V hold. Consider the sequence
(zk)keN generated by Algorithm 3.5. Then, the following inequality holds for all
keN

e [ e e EA , (3.26)

~ivuvT-D

and (Zk)keN converges to a point z* € zerT.
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Proof. We show that the generated sequence is S-Fejér monotone with respect
to zer T. For any z* € zer T using the z**! update in Algorithm 3.3 we have

|24 — 22 =% — 253 + 1S THEH + MT)(E* - 213
+2(2F — 2%, (H + M T)(zF - 2F))

(3.23) N B B
<2 =2+ ISTHH + M) (EF - 2)|1E

Tk _ sk k_ sk
+3IVIER =G - 201" - 21

(3.21)

k k sk
e [ EL L LS W,
2

Therefore, the sequence (2% — z¥), . converges to zero. Convergence of (2*),
to a point in zer T follows by standard arguments; see the last part of the proof
of Theorem 2.1. U

It is shown in Theorem 2.4 that under a metric subregularity assumption for
operator T, (3.17), the sequence generated by AFBA (¢f. Alg. 2.1) converges
R-linearly. In the next theorem we show that Algorithm 3.3 also enjoys linear
convergence if either (i) operator T is metrically subregular at all z* € zer T
for 0 or (ii) when the operator id — Tapga has this property, where Tarpa
denotes the operator that maps z* to z**! in Algorithm 3.3. In addition, we
show that the two conditions are equivalent. Note that although not stated,
this equivalence also holds for TArpga corresponding to Algorithm 2.1 in Chap-
ter 2. In Section 3.4 we exploit the first condition in order to establish linear
convergence based on the properties of the cost functions involved.

Theorem 3.5 (metric subregularity equivalence and linear convergence). Let
Assumption 3.1V hold. The following subregularity assumptions are equivalent.

(i) T=A4+ M + C is metrically subregular at all z* € zer T for 0.

(ii) Let Tappa denote the operator that maps z* to 2**1 in Algorithm 3.3,
i.e., 2kl = TAFBA(zk). The operator id — Tappa is metrically subreqular
at all z* € zerT for 0.

Moreover, if either condition holds then (z’f)kEN generated by Algorithm 3.3
converges R-linearly to some 2* € zerT and (dists(z*,zerT)), .y converges
Q-linearly to zero.



SIMPLIFIED ASYMMETRIC FORWARD-BACKWARD-ADJOINT SPLITTING 55

Proof. (ii) = (i): assume that R :=id — Tapga is metrically subregular at z*
for 0. Then, there exists 7 > 0 and a neighborhood U of z* such that

dist(z, R710) < ndist(0,Rz) VzeU. (3.27)

Using the definition of Thppa we have that z € fix Tappa if and only if
(H+ A)~'(H — M — C)z = z which is equivalent to z € zer T. Therefore, the
sets R~10 and 7710 are equal. In what follows, we upper bound dist(0, Rz) by
dist(0,7z). Let w € Tz = Az+ Mz + Cz and consider Z as in (3.22). We have

Hz—Mz—-Cz—HZze Az.
Using this together with the monotonicity of A at z and z, we obtain:
0<{(z—2,(w—Mz—-Cz)—(Hz—Mz—Cz— Hz))
=(z—zZ,w—Hz+ HZ) = (2 — z,w) — |z — 2||%,

where in the last equality we have used the fact that H = P + K and K is
skew-symmetric.

By the Cauchy—Schwarz inequality
12 = 2l < (2 = 2,w) < ||Z = 2llpw]p-1,

therefore
12— 2llp < llwllp. (3.28)

On the other hand since Tapppaz = 2z + S™HH + M T)(z — 2),
IRzl < 1S7H(H + MT)P~V2||z — 2 p.
Combine this with (3.27) and (3.28) to obtain
dist(z, T710) =dist(z, R710) < n||R2||
<n|S~HH + M )PPV w].

Since w € Tz was arbitrary, we conclude that T is metrically subregular at z*
for 0 (possibly with a different subregularity modulus).

(i) = (ii): assume that T is metrically subregular at z* for 0, i.e., there exists
7 > 0 and neighborhood U of z* such that

dist(z, 7710) < ndist(0,T2) Vz € U. (3.29)
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By (3.23) and the Cauchy—Schwarz inequality we infer that
12— zll < ¢llz = 27,

for some positive constant c. Hence, there exists a neighborhood U C U of z*
such that if z € U then z € Y. Fix a point z € U so that z € U. By (3.29) it
holds that:

dist(z, 7710) < ndist(0,T%). (3.30)

Define
vi=—(H-M)(zZ-2)+Cz—Cxz

By the triangle inequality and Lipschitz continuity of C'
ol = I(H = M)(z - 2) = Cz + Cz||
< |I(H = M)(z — 2)|| + ICZ — C2|| < €5 - 21, (3.31)
for some positive £. Moreover, noting that v € Tz, it follows from (3.30) that
dist(z, 7710) < nllv]| < ngllz — 21|, (3.32)

where we used (3.31) in the second inequality. Invoking triangle inequality we
have

dist(z, R710) =dist(z, 7710) < dist(z, T710) + ||z — 2|
<1+ )|z - 2|l (3.33)
On the other hand it holds that
12 = 2l < (2 + M T)"LS|[|R=].
Combining this with (3.33) yields
dist(z, R710) < (L +né)[|(H + MT)'S||R=|| vz eld,

i.e., that R is metrically subregular at z* for 0. This completes the proof of
equivalence of (i) and (ii).

The proof of linear convergence based on (i) is identical to Theorem 2.4 and is
therefore omitted. O



A UNIFIED CONVERGENCE ANALYSIS FOR PRIMAL-DUAL ALGORITHMS 57

3.4 A unified convergence analysis for primal-dual
algorithms

Our goal in this section is to describe how Algorithms 3.1 and 3.2 are derived
and to establish their convergence. The idea is to solve the monotone inclu-
sion corresponding to the primal-dual optimality conditions using asymmetric
forward-backward-adjoint splitting (AFBA) described in Section 3.3. In order to
recover Algorithm 3.1 simply apply Algorithm 3.3 to this monotone inclusion
with the following parameters: let 6 € [0,00) and set H = P + K with

r-t -ert 0o 2rT
= 2 — 2
Pl o) () o
and S = (ApST 4+ A1 — p)S;) ™" where € [0,1], A € (0,2) with
g = r-! (1-6)L" G- r~4+(2-0)L™SL —LT
T\a-0)L 2H4-(1-6)(2—-0)LTLT )0 T2 L »-t)

Notice that with P and K set as in (3.34), H has a lower (block) triangular
structure. Therefore the backward step (H + A)~! in Algorithm 3.3 can be
carried out sequentially, see Lemma 2.5. Algorithm 3.1 is derived by noting this
and substituting S and H defined above. Algorithm 3.2 is obtained similarly by
using Algorithm 2.1 with P, K, M and S as defined in this chapter. Therefore,
convergence of both algorithms follow directly from that of the two variants of
AFBA. This is summarized in the next theorem.

Theorem 3.6 (convergence of Algorithms 3.1 and 3.2). Let Assumption 5.1
hold. Consider the sequence (%), oy = (x¥,u¥), oy generated by Algorithm 3.1
(resp. Algorithm 3.2). Suppose that Assumption 3.11 (resp. Assumption 3.11I)
holds. Then, (zk)keN converges to some point z* € zerT.

Proof. We begin by establishing the claim for Algorithm 3.3. The goal is to
verify that Assumptions 3.1 and 3.II are sufficient for Assumption 3.IV to
hold. As noted in Section 3.2, operator A is maximally monotone [13, Thm.
21.2, Prop. 20.33], and the linear mapping M is skew-adjoint and as such
monotone. The operator C' is cocoercive with respect to the metric induced
by U = blkdiag(8¢Q, fiR). In Assumption 3.1V we use the linear mapping V'
in order to avoid conservative requirements. The special cases when f =0 (or
I* = 0) are captured by setting V' = blkdiag(0,,1,) (or V = blkdiag(L,, 0,)).
It remains to verify Assumption 3.1V (ii). Evaluating D according to (3.21)
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yields the following D = AuD; + A(1 — p) Do where

o (T -LT
"\ -L '+@2-0LTLT )

(T 4+ (1-0)(2-0)LTSL (1-6)LT
D2_( (1-6)L »-! >

Noting that I', ¥ > 0, and using Schur complement for D; and P defined in
(3.34) we have

D=0 & S 4 (1-0IrLT =0, S '-ZIrLT -0 & P>0.

Thus, since 1 —6 > —% for all 8, we have that Dy > 0 if P > 0. It can be shown
that the same argument applies for S7, Sy and Ds. The sum of two positive
definite matrices is also positive definite, therefore S, D > 0 if P > 0. Matrix
P is symmetric positive definite if (3.20) holds. The convergence conditions in
Assumption 3.IT are the result of replacing D, P, U and V in (3.20).

In order to establish convergence of Algorithm 3.2 we start by adapting the
convergence analysis of Algorithm 2.1 to suit the notation of this chapter. This
amounts to the following condition:

2-NP-ivUvT =0, Xe(0,2). (3.35)
To see this note that using Lemma 3.3, inequality (2.10) is updated as follows:
12571 =2 S <[12" =" 5+ A (H + M) |52, 1255

FMHAM) 2R (GIV T =25 201" ~28)17)

k * 12 *\ ~k || —2 ~k 2 ~112 2~k 2
=12 I~ | (M) 52 12 |p(A|z||2P;VUVT—A E ||p)

k * 12 —1/2a—1/2 *\ ~k—2 k|12 ~112
=22 AP 2STYA (HM ) 2 |p(||z||<mp;ww>

Sl = (BN P HA MO, 1y~
Therefore, using standard arguments we conclude that if (3.35) holds then the
sequence (z¥) ken converges to a primal-dual solution. It is straightforward to
see that Assumption 3.III is a restatement of (3.35) with P, U, V defined here.
This completes the proof. O
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3.4.1 Linear convergence

In this section we explore sufficient conditions for f, g, h and [ under which Al-
gorithm 3.1 and Algorithm 3.2 achieve linear convergence rates. In Lemma 3.8
and Lemma 3.11 we provide four regularity assumptions under which 7" defining
the primal-dual optimality conditions is metrically subregular at z* € zer T for
0. The linear convergence rate results are then deduced in Corollary 3.12.

Let us first recall the notion of quadratic growth: a proper closed convex function
g is said to have quadratic growth at & for 0 with 0 € 0g(Z) if there exists a
neighborhood U of z such that

g(z) > inf g + cdist®(z, 091 (0)), Vz e U. (3.36)

Metric subregularity of the subdifferential operator and the quadratic growth
condition are known to be equivalent [6, 63]. In particular, dg is metrically
subregular at = for w with @ € 9g(z) if and only if the quadratic growth
condition (3.36) holds for g(-) — (u, ), i.e., there exists a positive constant ¢
and a neighborhood U of Z such that [6, Thm. 3.3]

g(z) > g(z) + (0,2 — z) + cdist®(z, 09" (1)), Yz €U. (3.37)
Strong subregularity has a similar characterization [6, Thm. 3.5]
g(z) > g(2) + (U, 2 — ) + cl|lz — z||*, Vxecl. (3.38)
Next, let us define the following general growth condition.

Definition 3.7 (quadratic growth relative to a set). Consider a proper closed
convez function g and a pair (Z,u) € gradg. We say that g has quadratic growth
at T for u relative to a monempty closed convex set X containing x, if there
exists a positive constant ¢ and a neighborhood U of T such that

g(z) > g(Z) + (a,z — Z) + cdist’(z, X), Vzell. (3.39)

From the above definition it is evident that metric subregularity and strong
subregularity characterized in (3.37) and (3.38) are recovered when X = g~ (u)
and X = {Z}, respectively.

Another regularity assumption used in Lemma 3.8 is the notion of local strong
convexity: a proper closed convex function g is said to be locally strongly convex
in a neighborhood of z, denoted by U, if there exists a positive constant ¢ such
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that
9(2') > g(z) + (v,2’ —z) + 5|2’ — 2>, Va,2’ €U, Vv € dg().

Notice that local strong convexity in a neighborhood of Z implies (3.38), but
(3.38) is much weaker than local strong convexity since it holds only at z and
only for u € 9¢g(Z).

In the next lemma we provide three different regularity assumptions that are
sufficient for metric subregularity of the operator defining the primal-dual
optimality conditions. In Lemma 3.8(7) (or Lemma 3.8(7i)) we use local strong
convexity, as well as the quadratic growth condition (3.39) relative to the set of
primal solutions (or dual solutions). Interestingly, this regularity assumption
does not entail a unique primal-dual solution.

Lemma 3.8. Let Assumption 3.1 hold. The operator T defining the primal-dual
optimality conditions, cf. (3.6), is metrically subregular at z* = (x*,u*) for 0
with 0 € Tz* if one of the following assumptions holds:

(i) f+ g has quadratic growth at x* for —LTu* relative to the set of primal
solutions X*, and h* + 1* is locally strongly convex in a neighborhood of
u*. In this case the set of dual solutions is a singleton, U* = {u*}.

(i) f + g is locally strongly convex in a neighborhood of x*, and h* +1* has
quadratic growth at u* for Lx* relative to the set of dual solutions U*. In
this case the set of primal solutions is a singleton, X* = {z*}.

(iii) Vf +0g is strongly subregular at x* for —LTu* and Oh* + VI* is strongly
subregular at w* for Lx*. In this case the set of primal-dual solutions is a
singleton, zer T = {(x*,u*)}.

Proof. 3.8(i)- Consider the point z* = (z*,u*). By definition of quadratic
growth there exists a neighborhood U« and a positive constant c¢; such that

(f+9)(@) > (f+9) @)+ (=L u*, z—2*) +¢; distg(x,X*), Vz € Uy« (3.40)

Let Uy~ denote the neighborhood of u* in which the local strong convexity of
h*+1* holds. Fix a point z = (z,u) € Z,+ = Uy~ X Uy+. Now take v = (v1,v2) €
Tz=Az+ Mz+ Cz, i.e.,

{vl € 0g(x) + Vf(x) + L u,

vy € Oh*(u) + VI*(u) — Lz. (3.41)
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Let 29 = (2, ug) denote the projection of z onto the set of solutions, zer T'. The
subgradient inequality for f 4+ g at = using (3.41) gives

(v1,2 = @0) > (f +9)(@) = (f + g)(wo) + (L u, 2 — ). (3.42)
Noting that 0 € T'zg, by the subgradient inequality for A* 4+ [* at uy we have
(h* +1")(u) > (h* + ") (uo) + (Lxo,u — ug). (3.43)
Summing (3.42) and (3.43) yields
(v1,2 — ) > L(z,u) — L(x0,u0) = L(x,u) — L(z",u*), (3.44)

where £ is the Lagrangian defined in (3.3). By local strong convexity of h* + [*
at u € Uy« (for some strong convexity parameter cs):

(h* +1%)(u*) > (h* + 1) (u) + (v2 + Lo, u* —u) + 2 |Ju* — ul|®.
Sum this inequality with (3.40) to obtain that for z € Z,«
L(z,u) — L(z*,u*) > cp dist®(z, X*) + (vo, u* — u) + 2 |lu* —ul®>. (3.45)
It follows from (3.44) and (3.45) that
(vo,u —u*) + (v, 2 — o) > 2|u* —ul® + 1 dist®(z, X*)
= Gl —ull® + erlle — zo?
> c(flu* = ull® + ||z — zo|*), (3.46)

where ¢ = min{ci, ¢ }. By the Cauchy-Schwarz inequality

1
(o1, @ = zo) + (v2,u — u*) < [lvl (lu — w*|* + |z — zo|*) 2. (3.47)

Combining (3.46) and (3.47) yields

1
o]l = e(llu —w*[|* + l|lz = 2ol*)2 = cllz — 20| = cd(z, T70).
Since v € Tz was selected arbitrarily we have that

d(2,T7'0) < Ld(Tz,0), Vze€ Z...
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This completes the first claim. Next, consider z* = (z*,u*) € zer T such that
Z* € Z,«. Setting z = z* in (3.45) yields

0= L(*u") - L*,u*) > G lu* —a*[|*.
Therefore, 4* = u* and since zer T is convex we conclude that U* = {u*}.

3.8(ii)- The proof of the second part is similar to part 3.8(i). Therefore, we
outline the proof. Let U+, U, be the neighborhoods in the definition of local
strong convexity of f + g and quadratic growth of h* 4 [*, respectively. Fix
2 € Zyo = Upr X Uy». Take v = (v1,v2) as in (3.41), and let zy denote the
projection of z onto zer T'. In contrast to the previous part, sum the subgradient
inequalities for f + ¢ at x¢ and for h* +1* at u to derive

(va,u —ug) > L(xg,up) — L(x,u) = L(a*,u*) — L(z,u). (3.48)

Use local strong convexity of f + g at x, and the quadratic growth of h* 4 [* at
u* for La* relative to U* to derive

L(z*,u*) — L(z,u) > crd(u, U*) + (v, 2% — 2) + 2|z — 2*|°.

Combining this with (3.48) and arguing as in the previous part completes the
proof.

3.8(iii)- The proof of this part is slightly different. Let U,«,U,» be the neigh-
borhoods in the definitions of the two strong subregularity assumptions. Fix
2z € Z,o = Uye X Uy+. Sum the subgradient inequality for f + g at x and for
h* +1* at u to derive

(v, 2z — 2%) = (vg, u —u*) + (v, — %) > L(z,u*) — L(z*,u) (3.49)

On the other hand by [6, Thm. 3.5, f+ g has quadratic growth at 2* for —L T u*
relative to {z*} and h* 4+ [I* has quadratic growth at u* for La* relative to {u*}.
Summing the two yields

L(z,u*) — L(x*,u) > col|u — u*||* + ez — 2*||? (3.50)

Combining this inequality with (3.49) and using the Cauchy-Schwartz inequality
as in previous parts completes the proof. Uniqueness of the solution follows from
(3.50) by setting z = z* € zer T such that z* € Z,. and using the convexity of
zerT. O

The assumptions of Lemma 3.8 are much weaker than strong convexity and do
not always imply a unique primal-dual solution. Here we present two simple
examples for demonstration. Notice that in the next example the assumption of
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Lemma 3.8(7) that f 4 g has quadratic growth with respect to the set of primal
solutions is equivalent to the metric subregularity assumption.

Example 3.9. Consider the problem

minigllgize g(x) + h(z) = max{1l — z,0} 4+ § min{z, 0}

The solution to this problem is not unique and any z* € [1,00) solves this
problem. The dual problem is given by

minimize ¢*(—u) + A" (u), (3.51)
u€eR

where g*(u) = u + 0[_1,0)(u) and h*(u) = 2u® + d<o(u). It is evident that the
dual problem has the unique solution u* = 0. It is easy to verify that g has
quadratic growth at all the points 2* € [1, 00) for 0 with respect to X* = [1, c0).
Moreover, we have dg~1(0) = [1,0), i.e., X* = dg~1(0). In other words in
this case the assumption of Lemma 3.8(7) for g is equivalent to the metric
subregularity of dg at x* for 0. Notice that dg is not strongly subregular at any
point in [1, 00) for 0. Furthermore, h* is globally strongly convex given that Vh
is Lipschitz. Therefore, according to Lemma 3.8(7) one would expect a unique
dual solution but not necessarily a unique primal solution, which is indeed the
case. O

Example 3.10. Let ¢ € [—1,1] and consider

minimize g(z) + h(z) = |z| + cz.
rzeR

When ¢ € (—1,1) the problem attains a unique minimum at z* = 0. When
¢c=1 (or ¢ = —1) all z* € (—00,0] (or z* € [0,00)) solves the problem. The
dual problem is given by (3.51) with ¢g*(u) = dj_1 1)(u) and h*(u) = dcy(u).
The unique dual solution is u* = ¢. Furthermore, Oh* is strongly subregular
at u* = ¢ for all x* given that «* € Oh*(u*). It is easy to verify that 9g is
metrically subregular at * = 0 for u* € [—1, 1] but is only strongly subregular
at * = 0 for u* € (—1,1). Notice that u* = ¢, therefore by Lemma 3.8(7i) one
would expect a unique primal-dual solution when u* = ¢ € (—1,1) which is
indeed the case. O

A wide range of functions used in optimization applications belong to the class
of piecewise linear-quadratic (PLQ) functions, Definition 1.4. Some notable
examples include: affine functions, quadratic functions, indicators of polyhedral
sets, polyhedral norms such as ¢1, and regularizers such as elastic net, Huber loss,
hinge loss, and many more [144, 7]. For a proper closed convex PLQ function g,
Jg is piecewise polyhedral, and therefore metrically subregular at any z for any
2" provided that 2z’ € dg(z) [144, 61].
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Lemma 3.11. Let Assumption 3.1 hold. In addition, assume that f,g,l, and h
are piecewise linear-quadratic. Then, the operator T defining the primal-dual
optimality conditions, cf. (3.6), is metrically subregular with the same constant
at any z for any 2z’ provided that 2’ € Tx.

Proof. The subdifferential dg, Vf, Oh* and VI* are piecewise polyhedral [144,
Prop. 12.30, Thm. 11.14]. Therefore, A and C' are piecewise polyhedral. Further-
more, the graph of M is polyhedral since M is linear. Therefore, the graph of
T = A+ M + C is also piecewise polyhedral. The inverse of a piecewise polyhe-
dral mapping is also piecewise polyhedral. Therefore by [61, Prop. 3H.1, 3H.3]
the mapping T is metrically subregular at z for 2z’ whenever (z,2') € graT. O

In the next corollary linear convergence results based on the two previous
lemmas and Theorem 3.5 are presented.

Corollary 3.12 (linear convergence for Algorithms 3.1 and 3.2). Let Assump-
tion 3.1 hold. Consider the sequence (zk)keN = (xk,uk)keN generated by Algo-
rithm 3.1 (resp. Algorithm 3.2). Suppose that Assumption 3.1I (resp. Assumption
3.111) holds. In addition, suppose that one of the following assumptions holds:

(i) f,g,1, and h are piecewise linear-quadratic.
(ii) f,g,l, and h satisfy at least one of the conditions of Lemma 3.8 at every

z* € zer T (not necessarily the same condition at all the points).

Then, the sequence (zk)keN converges R-linearly to some z* € zerT, and
(dists(z*,zerT)), oy converges Q-linearly to zero.

3.5 Stepsize selection and simulations

In this section we present some rules of thumb for selecting the stepsizes of the
algorithms introduced in Section 3.2. Note that in applications where function
g (or h) is separable, i.e., g(x) = Ziv=1 gi(x;) with x = (1, 22,...,2y5) € R™,
x; € R™ using a diagonal matrix ¥ = blkdiag(o11L,,,021n,,. .., on],, ) results
in the following decomposition of the proximal mapping of g

prOXgZA (.’E) = (proxalgl (xl)v proxaggg (1'2), s aprOXaNgN (xN))v

and leads to larger stepsizes than if we had used ¥ = ol,, (this would effectively
correspond to ¢ = min; 0;). Below, after discussing stepsize selection and
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practical aspects of termination criteria, numerical simulations are performed
comparing the performance of the algorithms presented in this chapter.

Stepsize selection: For simplicity we discuss some rules of thumb for stepsize
selection when ¥ = oid, I' = ~id, R,Q = id and the relaxation parameter
A = 1. Similar rules can be obtained following the same reasoning for more
general cases such as when diagonal stepsize matrices are used.

While the choice of the stepsizes is application dependent, the choices discussed
below perform reasonably well in our experiments. These are also used as default
parameters in the Julia package ProzimalAlgorithms' for the primal-dual AFBA
solver.

Consider the stepsize condition for the Vi-Condat algorithm (see (3.9)):

o|| L)% < (1 - %) (1 - %) (3.52)

This inequality is always satisfied for

1 0.99
")/ = ﬁ y g = y
s IL] B
v L >z

v e (0,00). (3.53)

In our experiments, setting

§2|\L||/[3f if ﬁf >&60 & flﬁf > ||L||
v=1qBleL) if B> &Br & & > |1 (3.54)
1 otherwise,

with & = 5 and £ = 100 seems to perform best. The idea here is that if 5 is
much larger that /3, it is best to select v as large as possible. If 8; and 3 are
of the same order, or if ||L|| is much larger than both of them, then given the
symmetry in (3.53), stepsizes v and o of the same order are used.

In the case of SPCA, the condition is as follows:
yollLI* < (1= 224), vB; <2

In the simulations we set v = 1.99/5, and o = 0-99/y|L|?> (since §; = 0).

In the case of SDCA, PDCA, PPDCA when §; = 0 (as is the case in the
simulations) the stepsizes are selected as in (3.53) and (3.54), with || L|| replaced
by n||L|| where n = 6% — 36 + 3.

In the case of Algorithm 3.2, in order to satisfy Assumption 3.I1I we set the
stepsizes as follows: if § # 0 then the stepsizes are selected as in (3.53) and

Thttps://github.com/kul-forbes/Proximal Algorithms.jl
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(3.54), with ||L|| replaced by &||L|. If & = 0 then v = 1.99/3; and o = 1.99/p,.
Since in the example below 5; = 0, o can be any positive number and is selected
by trial for best performance.

Termination criteria: Another practical matter is to have a criterion for
termination and performance comparisons of primal-dual algorithms. Consider
v = (vy1,v3) € Tz, i.e.,

vy € 9g(z) + Vf(z)+ LTu,
vy € Oh*(u) + VI*(u) — L.

This inclusion is satisfied with v = 0 at any primal-dual solution (x, u). Therefore,
the norm of v is an appropriate measure of optimality. Consider the primal and
dual updates in Algorithms 3.1 and 3.2 with ¥ = ¢id and T' = ~id. Using the
definition of proximal mapping we have

y @F 2R~ LT (uF —ak) + VF(@F) -V (a*) e LT +og(z%) + VI (zF),
o b —ak) + (1-0) L(aF —2F)+VI* (a*) — VI* (u*) € Oh* (u*) +VI* (a¥) — Lz*.
Therefore, we use O(z*, z%) given by
O(*,2%) = |y Ha* = 2%) — LT (u* —a*) + Vf(@*) = Vf (")
+ lo Wk —a*) + (1 — 0)L(z* — z%) + VI* (@*) — VI (uF) ||?

as a measure of optimality in the simulations. Note that computing O(z*, z¥)
does not always require additional gradient evaluations. This is the case for
several of the special cases discussed in Section 3.2.1 for which zF+1 = z*,
such as SNCA with A = 1, or SDCA, PDCA and dual of SPCA when [ = d¢y
and A = 1. Although in other cases additional gradient evaluations may be
unavoidable, O(z*, z%) is used here for performance comparisons anyway. We
also remark that in practice one may use the sum of residuals [|z% — z*||/y and

|u¥ — u*||/o as the termination criteria.

Simulations: We evaluate the performance of the algorithms with the above
stepsizes on the dual support vector machine problem (1.3) with C' = 1/10. In
our simulations we used two processed datasets, iris (first two classes) and ala
from the LIBSVM dataset [40].

We formulate the problem in the form of (3.1) by setting f equal to the
quadratic cost, g the indicator of the box [0,C]V, h = dr0y and L = bT
where b = (b1,...,bn). The results are presented in Figure 3.1 where we
have only included some representative algorithms. Other variants have similar
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Figure 3.1: Dual SVM on iris, ala: (left column) variants of Algorithm 3.1
(right column) variants of Algorithm 3.2

performances and are excluded for the sake of clarity of the plot. The stepsizes for
SPCA can take larger values compared to other variants. Consequently, we often
observe faster convergence for SPCA; however, it is observed that in general the
algorithms have similar performance and the trajectories are very close to each
other. Note that other than PPDCA the other five algorithms depicted require
only two matrix-vector products excluding the gradient evaluation (PPDCA
requires four). Moreover, for this problem the performance gain by using Algo-
rithm 3.2 is not significant enough to justify the extra computation required for
computing v in (3.14).

Next, SPCA is compared with PD30 [180] discussed in Remark 3.1. We use
the same formulation for both algorithms. The stepsize condition for PD30O is
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Figure 3.2: Performance comparisons for SPCA and PD3O [180] for classifying
ala dataset
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Figure 3.3: Performance comparisons for SPCA, Alg. 2.2 and Davis-Yin algo-
rithm for classifying ala dataset

identical to SPCA, and therefore we use the same rule of thumb described above
for best performance. Note that the iterates are not necessarily feasible. In order
to have a fair comparison, for both algorithms we use the primal variable that
belongs to the domain of g, 4.e., x**! in (3.11) and z¥*1 in (3.12). Figure 3.2
(left) shows the distance of the quadratic cost from the optimal cost and (right)
plots |Lz| (recall the constraint Lz = 0). It is observed that both algorithms
have very similar performances.

In Chapter 2 a DRS-type algorithm was introduced, Algorithm 2.2, which in
the optimization framework can be derived from Algorithm 3.1 with u = 0,
by setting | = dy0y, L = id, and v = o1 after a change of variable. As
noted in Remark 2.9, we compare its performance against the three term
splitting of Davis and Yin [58]. For this set of simulations, problem (1.3) is
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formulated as before with the difference that h is set to be the indicator of the
set {x € RV | Zf;l x;b; = 0} (and L = id). Note that the proximal mapping
of h can be computed efficiently. The stepsizes of Algorithm 2.2 were selected
according to Proposition 2.7 with § = 1.5, v = 0.5(4 — %)/ and pj, set to
the maximum permitted value in (3.37). It is observed in Figure 3.3 that for
this problem Algorithm 2.2 is slower, which is due to limiting the stepsizes to
v = o1, We also plotted the result of SPCA with this formulation and observe
that its trajectories are quite close to those of the Davis-Yin algorithm.

3.6 Conclusions

This section introduced a simple primal-dual framework for solving structured
convex optimization problems. Depending on the value of two parameters,
(extension of) known as well as many new primal-dual algorithms are obtained.
Owing to this unified framework linear convergence rates were obtained for
all the special cases of our framework provided that some mild regularity
conditions for the cost functions are satisfied. Moreover, numerical simulations
were performed on dual SVM where we discussed practical issues such as rules
of thumb for stepsize selection and termination criteria.



Chapter 4

A randomized block-coordinate primal-dual
proximal algorithm

This chapter is based on:

Latafat, P., Freris, N. M., and Patrinos, P. A new randomized block-coordinate
primal-dual proximal algorithm for distributed optimization. IEEE Transactions
on Automatic Control 64, 10 (10 2019), 4050-4065.

4.1 Introduction

In this chapter we revisit the optimization problem

mialie%jze f(z)+ g(x) + h(Lz), (4.1)
where L is a linear mapping, h and g are proper, closed, convex functions
(possibly nonsmooth), and f is convex, continuously differentiable with Lipschitz
continuous gradient. We further assume that the proximal mappings associated
with h and g are efficiently computable [49]. This setup is quite general and
captures a wide range of applications in signal processing, machine learning and
control.

In problem (4.1), it is typically assumed that the gradient of the smooth term
f is B¢-Lipschitz for some nonnegative constant 3y. We consider Lipschitz
continuity of Vf with respect to || - ||¢ with @ > 0 in place of the canonical
norm (cf. (4.2)). This is because in many applications of practical interest, a
scalar Lipschitz constant fails to accurately capture the Lipschitz continuity of
Vf. A prominent example lies in distributed optimization, where f is separable,

70
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i.e., f(z) = >, fi(z;). In this case, the metric @ is taken block-diagonal
with blocks containing the Lipschitz constants of the Vf;’s. Notice that in
such settings considering a scalar Lipschitz constant results in using the largest
of the Lipschitz constants, which leads to conservative stepsize selection and
consequently slower convergence rates.

This chapter presents a primal-dual algorithm TriPD (Alg. 4.1), that consists
of two proximal evaluations (corresponding to the two nonsmooth terms g and
h), one gradient evaluation (for the smooth term f), and one correction step
(cf. Alg. 4.1). We adopt the general Lipschitz continuity assumption (4.2) in
our convergence analysis, which is essential for avoiding conservative stepsize
conditions that depend on the global scalar Lipschitz constant.

In Section 4.2, it is shown that the sequence generated by TriPD (Alg. 4.1)
is S-Fejér monotone (with respect to the set of primal-dual solutions), where
S is a block diagonal positive definite matrix. This key property is exploited
in Section 4.3 to develop a block-coordinate version of the algorithm with a
general randomized activation scheme.

The connections of TriPD to other related primal-dual algorithms in the litera-
ture are discussed in Section 4.2.1. Most notably, TriPD transforms into the
algorithm of Vit and Condat [170, 53] by a change of order and elimination of
the dual variable (refer to Section 4.2.1). Convergence of the Vi-Condat scheme
was established independently by Vi [170] and Condat [53], by casting it in the
form of the forward-backward splitting. In the original analysis a scalar constant
is used to capture the Lipschitz continuity of the gradient of f, thus resulting in
potentially smaller stepsizes (and slower convergence in practice). In [47], the
authors assume the more general Lipschitz continuity property (4.2) by using a
preconditioned variable metric forward-backward iteration. Nevertheless, the
stepsize matrix is restricted to be proportional to Q1.

Block-coordinate (BC) minimization is a simple approach for tackling large-scale
optimization problems. At each iteration, a subset of the coordinates is updated
while others are held fixed. Randomized BC algorithms are of particular interest,
and can be divided into two main categories:

Type a) comprises algorithms in which only one coordinate is randomly ac-
tivated and updated at each iteration. The BC versions of gradient [125] and
proximal gradient methods [139] belong in this category. A distinctive attribute
of the aforementioned algorithms is the fact that the stepsizes are selected
to be inversely proportional to the coordinate-wise Lipschitz constant of the
smooth term rather than the global one. This results in applying larger step-
sizes in directions with smaller Lipschitz constant, and therefore leads to faster
convergence.



72 A RANDOMIZED BLOCK-COORDINATE PRIMAL-DUAL PROXIMAL ALGORITHM

Type b) contains methods where more than one coordinate may be randomly
activated and simultaneously updated [22, 51]. Note that this class may also
capture the single active coordinate (type a) as a special case. The convergence
condition for this class of BC algorithms is typically the same as in the full algo-
rithm. In [22, 51] random BC is applied to a-averaged operators by establishing
stochastic Fejér monotonicity, while [51] also considers quasi-nonexpansive oper-
ators. In [134, 22] the authors obtain randomized BC algorithms based on the
primal-dual scheme of Vi1 and Condat; the main drawback is that, just as in
the full version of these algorithms, the use of conservative stepsize conditions
leads to slower convergence in practice.

The BC version of TriPD (Alg. 4.1) falls into the second class, i.e., it allows for
a general randomized activation scheme (c¢f. Alg. 4.2). The proposed scheme
converges under the same stepsize conditions as the full algorithm. As a conse-
quence, in view of the characterization of Lipschitz continuity of Vf in (4.2),
when [ is separable, i.e., f(z) = > i, fi(z;), our approach leads to algorithms
that depend on the local Lipschitz constants (of Vf;’s) rather than the global
constant, thus assimilating the benefits of both categories. Notice that when f is
separable, the coordinate-wise Lipschitz continuity assumption of [125, 139, 70]
is equivalent to (4.2) with fy =1 and @ = blkdiag(f11y,, ..., BmIn,, ), where
m denotes the number of coordinate blocks, n; denotes the dimension of the
i-th coordinate block, and f3; denotes the Lipschitz constant of f;. In the gen-
eral setting, [125, Lem. 2] can be invoked to establish the connection between
the metric @ and the coordinate-wise Lipschitz assumption. However, in many
cases (most notably the separable case) this lemma is conservative.

In [70], the authors propose a randomized BC version of the Vi-Condat scheme.
Their analysis does not require the cost functions to be separable and utilizes
a different Lyapunov function for establishing convergence. Notice that the
block-coordinate scheme of [70] updates a single coordinate at every iteration
(i.e., it is a type a) algorithm) as opposed to the more general random sweeping
of the coordinates. Additionally, in the case of f being separable, our proposed
method (¢f. Alg. 4.2) assigns a block stepsize that is inversely proportional
to % (where §; denotes the Lipschitz constant for f;), in place of §; required
by [70, Assumption 1(e)]: larger stepsizes are typically associated with faster

convergence in primal-dual proximal algorithms.

In Section 3.4.1 linear convergence rates were obtain for a large class of primal-
dual algorithms (special cases of Algorithms 3.1 and 3.2). In Section 4.4 we
further explicate the required conditions for TriPD in terms of the objective
functions, with two special cases of prevalent interest: a) when f, g and h satisfy
a quadratic growth condition (cf. Lem. 4.8) (which is much weaker than strong
convezity) or b) when f, g and h are piecewise linear-quadratic (cf. Lem. 4.9),
a common scenario in many applications such as LPs, QPs, SVM and fitting
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problems for a wide range of regularization functions; e.g. ¢; norm, elastic nets,
Huber loss and many more. Specifically, for the BC version of TriPD, linear
conveergence rate is established under slightly stronger conditions (¢f. Thm.
4.11).

Finally, as an important application, we consider a distributed structured
optimization problem over a network of agents. In this context, each agent has
its own private cost function of the form (4.1), while the communication among
agents is captured by an undirected graph G = (W, €):

minimize Z fi(x) + gi(x;) + hi (L)

T1yee3Tm
=1
subject to Az + Ajiz; = b 5 (4,4) € €.

We use (4, j) to denote the unordered pair of agents 4, j, and ij to denote the
ordered pair. The goal is to solve the global optimization problem through local
exchange of information. Notice that the linear constraints on the edges of the
graph prescribe relations between neighboring agents’ variables. This type of
edge constraints was also considered in [182]. It is worthwhile noting that for
the special case of two agents ¢ = 1,2, with f;, h; = 0, one recovers the setup for
the celebrated alternating direction method of multipliers (ADMM) algorithm.
Another special case of particular interest is consensus optimization, when A;; =
I, Aj; = —1I and b(; j) = 0. A primal-dual algorithm for consensus optimization
was introduced in [100] for the case of f; = 0, where a transformation was used
to replace the edge variables with node variables.

This multi-agent optimization problem arises in many contexts such as sensor
networks, power systems, transportation networks, robotics, water networks,
distributed data-sharing, etc. [28, 89, 136]. In most of these applications, there
are computation, communication and/or physical limitations on the system
that render centralized management infeasible. This motivates the fully dis-
tributed synchronous and asynchronous algorithms developed in Section 4.5.
Both versions are fully distributed in the sense that not only the iterations are
performed locally, but also the stepsizes of each agent are selected based on
local information without any prior global coordination (c¢f. Assumption 4.VI).
The asynchronous variant of the algorithm is based on an instance of the ran-
domized block-coordinate algorithm in Section 4.3. The protocol is as follows:
at each iteration, a) agents are activated at random, and independently from
one another, b) active agents perform local updates, ¢) they communicate the
required updated values to their neighbors and d) return to an idle state.
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4.2 Triangularly preconditioned primal-dual algo-
rithm

In this section we present a primal-dual algorithm for problem (4.1). We adhere
to the following assumptions throughout sections 4.2 to 4.4:

Assumption 4.1.

(i) g : R — R, h : R" — R are proper, closed, convex functions, and
L:R"™ - R” is a linear mapping.

(i) f: R™ — R is convex, continuously differentiable, and for some 3y €
[0,00), Vf is f;-Lipschitz continuous with respect to the metric induced
by @ >0, i.e.,

IVf(x) = ViW)lle-1<Bslz —yle Vz,y e R" (4.2)

(iii) The set of solutions to (4.1) is nonempty. Moreover, there exists z €
ridom g such that Lz € ridom h.

In Assumption 4.1(i7), the constant B > 0 is not absorbed into the metric @ in
order to also incorporate the case when Vf is a constant (by setting 87 = 0).

The dual problem is to

minimize (g + £ (=LTu) + h*(u). (4.3)
With a slight abuse of terminology, we say that (u*,2*) is a primal-dual solution
(in place of dual-primal) if u* solves the dual problem (4.3) and x* solves
the primal problem (4.1). We denote the set of primal-dual solutions by S.
Assumption 4.1(7i) guarantees that the set of solutions to the dual problem is
nonempty and the duality gap is zero [143, Corollary 31.2.1]. Furthermore, the
pair (u*,x*) is a primal-dual solution if and only if it satisfies:

{O € Oh*(u) — Lz, (4.4)

0€ dg(z) + Vf(x)+ L u.

We proceed to present the new primal-dual scheme TriPD (Alg. 4.1). The
motivation behind the name becomes apparent in the sequel after equation
(4.12). The algorithm involves two proximal evaluations (respective to the non-
smooth terms g, h), and one gradient evaluation (for the Lipschitz differentiable
term f). The stepsizes in TriPD (Alg. 4.1) are chosen so as to satisfy the
following assumption:
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Assumption 4.IT (stepsize selection).  Both the dual stepsize matrix X €
R"™" and the primal stepsize matrix I' € R"*™ are symmetric positive definite.
In addition, they satisfy:

r-'-2Q-LTSL > 0. (4.5)

Selecting scalar primal and dual stepsizes, along with the standard definition of
Lipschitz continuity, as is prevalent in the literature [170, 53], can plainly be
treated by setting ¥ = ol,., I' = vI,,, and Q = I,,, whence from (4.5) we require
that 1

R
5oL

Algorithm 4.1 Triangularly Preconditioned Primal-Dual algorithm (TriPD)

Inputs: 20 ¢ R?, v’ € R"

for k=0,1,... do
a* = prox}.  (u¥ + SLak)
a1 = prox! " (aF — I'Vf(a*) — TLTa")
uFtl = g% 4 Bk — 2F)

Remark 4.1. Each iteration of TriPD (Alg. 4.1) requires one application of
L and one of LT (even though it appears to require two applications of L).
The reason is that, at iteration k, only LTu*, La**! need to be evaluated
since L(x**+1 — 2*) = La**! — La* and La* was computed during the previous
iteration. O

TriPD (Alg. 4.1) can be compactly written as:

2P = T2k,
where 2* := (u¥, 2¥), and the operator T is given by:
i = prox}- (u-+ SLz) (4.6a)
_ r—! T-
r=prox, (z-IVf(z)-TL u) (4.6b)

Tz = (u+XL(Z - x),T). (4.6¢)
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Remark 4.2 (relaxed iterations). It is also possible to devise a relazed version
of TriPD (Alg. 4.1) as follows:

2P = 2 A(T2F - 2P,

where A is a positive definite matrix and A < 21I,,,.. For ease of exposition, we

present the convergence analysis for the original version (i.e., for A = I,,4,).
Note that the analysis carries through with minor modifications for relaxed
iterations. O

For compactness of exposition, we define the following operators:

A (u,z) = (Oh*(u),dg(x)), (4.7a)
M : (u,z) — (—Lz, L"u), (4.7b)
C: (u,x) — (0,Vf(x)). (4.7¢)

The optimality condition (4.4) can then be written in the equivalent form of
the monotone inclusion:

0€Az+ Mz+Cz = Fz, (4.8)

where z = (u, ). Observe that the linear operator M is monotone since it is
skew-symmetric, i.e., M T = —M. It is also easy to verify that the operator A
is maximally monotone [13, Thm. 21.2 and Prop. 20.23], while operator C is
cocoercive, being the gradient of f(u,z) = f(z), and in light of Assumption
4.1(ii) and [13, Cor. 18.17].

11 0 -1
— 2 — 2
P = (;LT Fl)) K = (éLT 0 ) (49)

and set H = P 4 K. It is plain to check that condition (4.5) implies that
the symmetric matrix P is positive definite (by a standard Schur complement
argument). In addition, we set

We further define

S = blkdiag(X ', T71). (4.10)
Using these definitions, the operator T' defined in (4.6) can be written as:

Tz=z+S Y H+M")(z-2), (4.11)
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where

Zz=(H+A) Y (H-M-C)z (4.12)

This compact representation simplifies the convergence analysis. A key consid-
eration for choosing P and K as in (4.9) is to ensure that H = P + K is lower
block-triangular. Notice that when M = 0, (4.11) can be viewed as a triangu-
larly preconditioned forward-backward update, followed by a correction step.
This motivates the name TriPD: Triangularly Preconditioned Primal-Dual al-
gorithm. Due to the triangular structure of H, the backward step (H + A)~! in
(4.12) can be carried out sequentially: an updated dual vector @ is computed
(through proximal mapping) using (u, z) and, subsequently, the primal vector &
is computed using @ and z, c¢f. (4.6). Furthermore, it follows from (4.11) that
this choice makes H + M T upper block-triangular which, alongside the diagonal
structure of S, yields the efficiently computable update (4.6¢) in view of:

STHH+M") = (é ZIL>. (4.13)

Remark 4.3. Note that potentially larger stepsize parameter as in Section
3.2.2 can be considered here. Although this can potentially improve the rate
of convergence in practice, we opt not to: the reason is that in the context of
multi-agent optimization (that we especially target in this chapter) such design
choice would require global coordination, that is contradictory to our objective
of devising distributed algorithms. O

We proceed by showing that the set of primal-dual solutions coincides with the
set of fixed points of T, fix T":

S={z|0€Az+ Mz + Cz} =fixT. (4.14)
To see this note that from (4.11) and (4.12) we have:
2efixT <= 2=Tz <= z=2
= (H+A) Y H-M-C)z=2
< Hz—Mz—Cze Hz+ Az < z €S,

where in the second equivalence we used the fact that S is positive definite and
(H+ MT)z,z) > ||z||% for all z € R™*" (since K is skew-adjoint and M is
monotone).

Next, let us define

- »-1 -ir
P = ( _ 2 Jé] > (415)
T -5
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Observe that (from Schur complement) Assumption 4.11 is necessary and suffi-
cient for 2P — S to be symmetric positive definite (cf. the convergence result in
Thm. 4.5). In particular, P is positive definite since S is positive definite.

The next lemma establishes the key property of the operator T' that is instru-
mental in our convergence analysis:

Lemma 4.4. Let Assumptions 4.1 and j.II hold. Consider the operator T
in (4.6) (equivalently (4.11)). Then, for any z* € S and any z € R™*" we have

1Tz — z||3 < (z — 2*,2 — T2)s. (4.16)

Proof. Consider the operator T as in (4.11). By monotonicity of A at z* and z
along with (4.12) we have

0<(—-Mz*-Cz*+Mz+Cz—Hz+ Hz,z" — Z). (4.17)

For B¢ > 0, assumption 4.1(7i) is equivalent to Vf being cocoercive [13, Thm.
18.17], i.e., for all z,y € R™

7 IVE (@) = V)lg-r < (VF(@) = Vi(y),z —y). (4.18)

On the other hand, for 55 > 0 we have

(Cz — Cz*,z" —z) = (Vf(z) — Vf(z"),z* — z)

= (Vf(z) = Vf(z*),z — z) + (Vf(z) — Vf(z*),z* — z)
< %llvf(z) = V)G + %Hm —Z|j + (Vf(z) — Vf(a*),z* —z)
<{Vf(z) = Vf(z*),z —z*) + %foU — |5 + (Vf(z) = Vf(z*),z* — ),

B i,
=Gl -z, (4.19)

where we have used (1.8) (with V' = %Qfl) in the first inequality, and (4.18)
in the second inequality, respectively. Notice that if 8y = 0 then inequality
(4.19) holds trivially with equality.

Using (4.19) in (4.17), along with skew-symmetry of K and M, we have
0<(-Mz*-Cz*+Mz+Cz—Hz+Hz, z*—Z)

<M = K)(z = 2*) + P(Z— 2), 2" = 2) + 2 |jo — 5|}
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=((M = K)(z — 2*) + P(Z — 2), 2" — 2) + 2 |lo — 7|}
+(M—-K)(z—2")+P(z—2),z— %)
=(P(2 = 2),2* = 2) + % le = 2l — |2 = 2l + (M = K)(2 — 2%),2 - 2)
=(z—2*,(H+ M)z~ 2) + Lz — 7|3 — |7 - 2> (4.20)
By definition, S~'(H + MT)(2 — z) = Tz — z. Thus
(z— 25, (H+ M) (z—2) = (z— 2%, 2 — T2)s. (4.21)

On the other hand, we have z — z = (H + M ")~1S(Tz — z). Using (4.9), (4.13)
and (4.6¢) we conclude

12— 2|3 - 2@ - 2|} = ||T2 — 2|3, (4.22)

where P is defined in (4.15). Combining (4.20), (4.21) and (4.22) completes the
proof. O

The main convergence result for TriPD (Alg. 4.1) is established in the next
theorem. In specific, it is shown that the generated sequence is S-Fejér monotone.
We emphasize that the diagonal structure of S is the key property used in
developing the block-coordinate version of the algorithm in Section 4.3.

Theorem 4.5. Let Assumptions 4.1 and 4.II hold. Consider the sequence
(zk)kEN generated by TriPD (Alg. J.1). The following Fejér-type inequality holds
forallz € S:

125t = 2% < 125 = 2 [1F = 12 = 22 (4.23)

Consequently, (2¥),cy converges to some z* € S.

Proof. We establish convergence by showing that the sequence (2*), o is S-Fejér
monotone with respect to S = fix T. We have

124 = 2* |15 =IT2" = 2% + 2% — 2%
= ll2* = 2" + 172" = 28§ + 20" — 2, T2 — 2F)s

< l2* =215 = I1T2" = 2*135_g, (4.24)
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where the inequality follows from Lemma 4.4. Note that 2P — S is symmetric
positive-definite if and only if assumption 4.IT holds. Therefore, by (4.24) the
sequence (2%) ren is Fejér monotone in the space equipped with inner product
(-,")s; in particular, (z¥), .y is bounded. Furthermore, it follows from (4.24)
and the fact that 2P — S is positive-definite that

|T2F — 2% — 0. (4.25)

The operator T is continuous (since it involves proximal and linear mappings that
are continuous, and since Vf is assumed continuous). Let z¢ be a cluster point
of (zk)keN. It follows from the continuity of T" and (4.25) that Tz¢ — 2¢ = 0, i.e.,
z¢ € fix T. The result follows from Fejér monotonicity of (z*), .y with respect
to & =fixT and [13, Thm. 5.5]. O

4.2.1 Related primal-dual algorithms

In this section we elaborate on the relation between TriPD (Alg. 4.1) and other
primal-dual algorithms. In Section 3.2 six main special cases of Algorithm 3.1
were discussed. The algorithm considered in this chapter, TriPD (Alg. 4.1), can
be seen as SPCA (sequential primal corrector algorithm) applied to the dual
problem when the smooth term is zero (see Section 3.2). Note that it is possible
to derive and analyze a variant of TriPD (Alg. 4.1) for (3.1). However, we do not
pursue this in this chapter and focus on problem (4.1) for clarity of exposition.

A closely related algorithm was proposed in [62] called PAPC (proximal alter-
nating predictor-corrector) for solving saddle point problem (3.3) with g =0
and [ = d¢y. Refer to the explanation for SPCA in Section 3.2 for more details.
Another closely related primal-dual algorithms is the algorithm of Vi and Con-
dat [53, 170]. In fact TriPD (Alg. 4.1) transforms into this algorithm with a
change of order (by starting from the primal update) and elimination of the
dual variable «* while keeping the axillary dual variable @*. Another connec-
tion with [53, 170] can be drawn by seeing it as a special case of Algorithm 3.1
as discussed in Section 3.2 under the name SNCA. One can verify that the op-
erator defining the fixed-point iterations in the Vu-Condat algorithm is given
by (4.11) with H = P + K and S defined as follows:

! L
S = (LT F—l)v (426)

oL 0 -L
=i b)) w= ()
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For such selection of S, P, K, it holds that S~*(H + M ") = I, whence in
proximal form, the operator defined in (4.11) becomes:

u proxff1 (u—XVI"(u) + XLx)

z=prox! (¢ —TVf(z) ~TLT(2a - u))

Observe the non-diagonal structure of S for the Vi-Condat algorithm in (4.26),
in contrast with the one for TriPD (Alg. 4.1) in (4.10). For the sake of comparison
with [53, 170] we consider the relaxed iteration zFt1 = zF + \(TzF — 2*) for
some A € (0,2) and problem (3.1) with [ satisfying Assumption 3.I(iii) in this
subsection (which we opted to exclude from TriPD (Alg. 4.1) solely for the
purpose of simplicity).

The analysis in Theorem 4.5 can be further used to establish convergence of the
Viu-Condat scheme for problem (3.1) under the sufficient conditions (3.8) (in
place of Assumption 4.IT). Notice that when I = 0o} (i.e., for problem (4.1)),
[* = 0 whence ; = 0, and the condition simplifies to:

-1 B T
= - Q(Tf)\)Q — L' 'YL ~0.
Given the stepsize condition (3.1) the following Fejér-type inequality holds.

1251 = 2% < 12" = 21I% = M = 2R (4.27)

with S defined in (4.26) and P given by:

P (T )
L r-' - 8¢

This generalizes the result in [53, Thm. 3.1], [170, Cor. 4.2] and [96, Prop. 5.1]
where () = I and the stepsizes are assumed to be scalar.

Our main goal here was to demonstrate the non-diagonal structure of S for the
Vi-Condat algorithm. In the sequel, we highlight that our analysis additionally
leads to less conservative conditions as compared to [170, 53, 47]. Notice that
the proofs in the aforementioned papers are based on casting the algorithm in
the form of forward-backward iterations. Consequently, the stepsize condition
obtained ensures that the underlying operator is averaged. In contradistinction,
the sufficient condition in (3.1) only ensures that the Fejér-type inequality (4.27)
holds, which is sufficient for convergence. Therefore, even in the case of scalar
stepsizes (as in [170, 53]) condition (3.1) allows for larger stepsizes compared to
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[170, 53].

In [47, 134] the authors propose a variable metric version of the algorithm
with a preconditioning that accounts for the general Lipschitz metric. This is
accomplished by fixing the stepsize matrix to be a constant times the inverse of
the Lipschitz metric, and obtaining a condition on the constant. Our approach
does not assume this restrictive form for the stepsize matrix; even when such a
restriction is imposed it allows for larger stepsizes, thus achieving generally faster
convergence. As an illustrative example, let us set I' = @~ and ¥ = vR~! for
some p,v > 0. For simplicity and without loss of generality, let 3, = 1, 8y = 1.
Then, (3.1) simplifies to:

W - )0 Q- LTRTE 0 (43)

whereas the condition required in [47, 134] is A € (0,1] and

0 max{u, v}
1+6 2

with & = ﬁuG*/?LQ*/?H*l —1. (4.29)

It is not difficult to check that condition, (4.28), is always less restrictive
than (4.29). For instance, let R™/2LQ~'/2 = I and set yu = 1.5, then (4.28)
requires that v < 6—15 whereas (4.29) necessitates that v < i.

4.3 A randomized block-coordinate algorithm

In this section, we describe a randomized block-coordinate variant of TriPD (Alg.
4.1) and discuss important special cases pertaining to the randomized coordi-
nate activation mechanism. The convergence analysis is based on establishing
stochastic Fejér monotonicity [51] of the generated sequence. In addition, we es-
tablish linear convergence of the method under further assumptions in Section
4.4.

First, let us define a partitioning of the vector of primal-dual variables into m
blocks of coordinates. Notice that each block might include a subset of primal
or dual variables, or a combination of both. Respectively, let U; € R(?+7)x(n+r)
for i =1,...,m, be a diagonal matrix with 0-1 diagonal entries that is used to
select a subset of the coordinates (selected coordinates correspond to diagonal
entries equal to 1). We call such matrix an activation matriz, as it is used to
activate/select a subset of coordinates to update.

Let ® = {0,1}™ denote the set of binary strings of length m (with the elements
considered as column vectors of dimension m). At the k-th iteration, the
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algorithm draws a ®-valued random activation vector e**! which determines
which blocks of coordinates will be updated. The i-th element of the vector e*+!
is denoted as €": the i-th block is updated at iteration k if €1 = 1. Notice
that in general multiple blocks of coordinates may be concurrently updated.
The conditional expectation E[- | F] is abbreviated by Ei[-], where Fj, is the
filtration generated by (e!,...,€*). The following assumption summarizes the
setup of the randomized coordinate selection.

Assumption 4.I11.

(i) {U;}i™, are 0-1 diagonal matrices and Y .-, U; = I.

(ii) (€")yen is a sequence of ii.d. ®-valued random vectors with
pi=Pl;=1)>0 i=1,...,m. (4.30)

(iii) The stepsize matrices 3, T" are diagonal.

The first condition implies that the activation matrices define a partition of the
coordinates, while the second that each partition is activated with a positive
probability.

We further define the (diagonal) coordinate activation probability matrix IT as
follows:

= ZpiUi. (4.31)
i=1
For € = (e1,...,¢€,) we define the operator 7 py:
Tz =2+ Z Ui (Tz — 2),
i=1

where T' was defined in (4.6) (equivalently (4.11)). Observe that this is a compact
notation for the update of only the selected blocks. The randomized scheme is
then written as an iterative application of TE for k= 0,1,... (this operator
updates the active blocks of coordinates and leaves the others unchanged, i.e.,
equal to their previous iterate values). The randomized block-coordinate scheme
is summarized below.
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Algorithm 4.2 Block-coordinate TriPD algorithm
Inputs: 2° € R", v® € R"
for k=0,1,... do

Select ®-valued r.v. €
k+1)

k+1

Zk:+1 _ T(e Zk

We emphasize that the randomized model that we adopt here is capable of
capturing many stationary randomized activation mechanisms. To illustrate
this, consider the following activation mechanisms (of specific interest in the
realm of distributed multi-agent optimization cf. §4.5):

e Multiple coordinate activation: at each iteration, the j-th coordinate block
is randomly activated with probability p; > 0 independent of other coordi-
nates blocks. This corresponds to the case that the sample space is equal to
® = {0,1}™. The general distributed algorithm of Section 4.5 assumes this
mechanism.

e Single coordinate activation: at each iteration, one coordinate block is selected,
i.e., the sample space is

{(1,0,...,0),(0,1,0,...,0)...,(0,...,0,1)}. (4.32)

We assign probability p; to the event ¢; = 1 (and €; = 0 for j # i), whence
the probabilities must satisfy > ..~ p; = 1.

The next lemma establishes stochastic Fejér monotonicity for the generated
sequence, by directly exploiting the diagonal structure of S. The proof technique
is adapted from [22, Thm. 3] (see also [88, Thm. 2], [51, Thm. 2.5]), and is
based on the Robbins-Siegmund lemma [142].

Theorem 4.6. Let Assumptions 4.1—4.111 hold. Consider the sequence (zk)keN
generated by TriPD-BC (Alg. 4.2). The following Fejér-type inequality holds for
all z* € §:

k k k k
Er [l = 2 [If-1s] < 1% = 2 lIf-1s = 172" = 2" [55_- (4.33)

Consequently, (z’“)kEN converges a.s. to some z* € S.

Proof. Let us define the operator EF = S €*U; that maps the elements

7

of (R™" Fr_1) to (R"", Fx). The iterations of TriPD-BC (Alg. 4.2) can be
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written as 2+l = 2% + EFHL(T2F — 2%). We have

Ek o Ek+1 = Z]P)(EIH_I = E) ié‘jUj = i ZP(€k+1 = E)E]’Uj
j=1

€l j=1ec¥

= i Y, P =eU; = iijj =11, (4.34)

j=le€W,e;=1 j=1
where we used Assumptions 4.111(7) and 4.111(7i). Therefore, we have
Ei 12" = 2*[[f-1s] = Ex[le" + BMH(T2* = 2%) — 27| 6]
2% — 2B + 2R — 2%, B [EMFU(TER — )
+Ey [(B¥TH(T2F — 2F), MY (T2F — 2F))pag]
2% — g + T2 — 252+ 2(F — 2%, T2k — 2Ry

where we used (4.34) and the fact E¥ is self-adjoint and idempotent (since U; are
0-1 matrices) in the last equality. Inequality (4.33) follows by using (4.16). The
convergence of the sequence follows from (4.33) using the Robbins-Siegmund
lemma [142] and arguing as in [22, Thm. 3] and [51, Prop. 2.3]. O

It is important to emphasize that a naive implementation of TriPD-BC (Alg.
4.2) (with regards to the partitioning of primal-dual variables) may involve
wasteful computations. As an example, consider a BC algorithm in which, at
every iteration, either all primal or all dual variables are updated. In such a
case, if at iteration k the dual vector is to be updated, both z**1 u**! are
computed (cf. Alg. 4.1), whereas only u**1 is updated. This phenomenon is
common to all primal-dual algorithms, and is due to the fact that the primal
and dual updates need to be performed sequentially in the full version of the
algorithm. As a consequence, the blocks of coordinates must be partitioned in
such a way that computations are not discarded, so that the iteration cost of
a BC algorithm is (substantially) smaller than computing the full operator T
This choice relies entirely on the structure of the optimization problem under
consideration. A canonical example of prominent practical interest is the setting
of multi-agent optimization in a network (cf. §4.5), where L is not diagonal, f
and g are separable, and additional coupling between (primal) coordinates is
present through h, see (4.51). In this example, the primal and dual coordinates
are partitioned in such a way that no computation is discarded (cf. §4.5 for
more details).
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We proceed with another example where the coordinates may be grouped such
that the BC algorithm does not incur any wasteful computations: consider prob-
lem (4.1) with Lz = blkdiag(Lyz1, ..., Ln2zm), and g, h separable functions

i.e.,
m

migi@rﬂg}ze flx) + ; (gi (x:) + hi(Lixi)).
In this problem, the coupling between the (primal) coordinates is carried via
function f. For each i = 1,...,m, we can choose U; such that it selects the i-th
primal-dual coordinate block (u;, ;). Under such partitioning of coordinates,
one may use TriPD-BC (Alg. 4.2) with any random activation pattern satisfying
Assumption 4.1T1. For example, for the case of multiple independently activated
coordinates, as discussed above, at iteration k the following is performed

« each block (u;, ;) is activated with probability p; > 0
« for active block(s) i compute:

uk = PIOX, ;- (uf 4+ oL;zk)
gt = prox., (z§ —yV;f(a¥) —yL] af)

k+1 _ —k k41 k
u; T =u +oLli(x;T —af).

More generally, when g and h are separable in problem (4.1), and L is such that
either each (block) row only has one nonzero element or each (block) column
has one nonzero element, then the coordinates can be grouped together in such
a way that no wasteful computations occur: in the first case the primal vector
x; and all dual vectors u; that are required for its computation are selected by
U; (with the role of primal and dual reversed in the second case).

Remark 4.7. Note that in TriPD-BC (Alg. 4.2) the probabilities p; are taken
fixed, i.e., the matrix II is constant throughout the iterations. This is a non-
restrictive assumption and can be relaxed by considering iteration-varying
probabilities p¥ in (4.30) and modifying TriPD-BC (Alg. 4.2) by setting:
2P = b 4 i K Ui(T2" — 2F)
= el .

i=1

Let I1* denote the probability matrix defined as in (4.31) using p¥. Then, by
arguing as in Theorem 4.6, it can be shown that the following stochastic Fejér
monotonicity holds for the modified sequence:

Er[ll2570 = 2*[§] < 12" = 2" — 172" = 2¥)1%

1 .
m D=z S
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4.4 Linear convergence

In this section, we establish linear convergence of Algorithms 4.1 and 4.2 under
additional conditions on the cost functions f, g and h. To this end, we show
that linear convergence is attained if the monotone operator FF = A+ M + C
defining the primal-dual optimality conditions (cf. (4.8)) is metrically subregular
(globally metrically subregular in the case of TriPD-BC (Alg. 4.2)). A notable
consequence of our analysis is the fact that linear convergence is attained when
the cost functions either a) belong in the class of piecewise linear-quadratic
(PLQ) convex functions or b) when they satisfy a certain quadratic growth
condition (which is much weaker than strong convexity). Moreover, notice that
in the case of PLQ the solution need not be unique (¢f. Thm.s 4.10 and 4.11).

Recall the notion of metric subreqularity in Definition 1.2. Metric subregularity
of the subdifferential operator has been studied thoroughly and is equivalent to
the quadratic growth condition [6, 63] defined next. In particular, for a proper
closed convex function f, the subdifferential Jf is metrically subregular at x
for y with (z,y) € gradf if and only if there exists a positive constant ¢ and a
neighborhood U of Z such that the following growth condition holds [6, Thm.
3.3]:
F(@) > f(@) + (ox - 2) + cd®(z, (0f) ') Ve €U

Furthermore, df is strongly subregular at x for y with (z,y) € gradf, if and
only if there exists a positive constant ¢ and a neighborhood U of z such that
[6, Thm. 3.5]:

fx)> f(@) + g,z —2) +cl|lz—z||> VYoeelU (4.35)

Note that strongly convex functions satisfy (4.35), but (4.35) is much weaker
than strong convexity, as it is a local condition: it only holds in a neighborhood
of z, and also only for 3.

The lemma below provides a sufficient condition for metric subregularity of the
monotone operator A+ M + C, in terms of strong subregularity of Vf + dg and
Oh* (equivalently the quadratic growth of f 4+ g and h*, cf. (4.35)) as stated in
the following assumption:

Assumption 4.IV (strong subregularity of Vf + dg and 0h*). There exists

*

z* = (u*,z*) € S satisfying:

(i) Vf + Og is strongly subregular at z* for —L T u*,

(i) Oh* is strongly subregular at u* for Lz*.
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We say that f, g and h satisfy this assumption globally if the strong subregularity
assumption of Vf + dg and 0h* both hold globally (cf. Def. 1.2).

In particular, Assumption 4.IV holds globally if either f or g (or both) are
strongly convex and h is continuously differentiable with Lipschitz continuous
gradient, i.e., h* is strongly convex.

Lemma 4.8. Let Assumptions 4.1 and 4.1V hold. Then, F = A+ M + C
(cf. (4.7)) is strongly subregular at z* for 0. Moreover, if f, g and h satisfy
Assumption 4.1V globally, then F' is globally strongly subregular at z* for 0. In
both cases the set of primal-dual solutions is a singleton, S = {z*}.

Proof. From the equivalent characterization of strong subregularity in (4.35)
we have that there exists a neighborhood U« of x* such that for all z € U«

(f +9)(@) 2(f +9)(@*) + (~L " & —z*)
+ ¢z — 2|2, (4.36)
and a neighborhood U, of u* such that for all u € U+
B (u) > h*(u*) + (La*, u — u*) + collu — u*]|? (4.37)
Fix z = (u,z) with v € Uy» and & € Uy+. Consider v = (vy,v2) € Fz =

Az + Mz + Cz. By definition (cf. (4.7)) we have

{m € Oh*(u) — Lz,
vy € dg(z) + Vf(z) + L u.
Using this together with the definition of subdifferential yields:
(v + Lz,u — u*) > h*(u) — h*(u*), (4.38)
(03— LTu,2 = 2%) > (f + 9)(&) — (f + 9)(="). (4.39)
Combining (4.38), (4.39) with (4.36), (4.37) and noting that
(LT (u* =),z — %) + (L(z — 2*),u — u*) =0,
yields:
(v, 2 —2") = (v1,u —u*) + (vg, & — &)

> eallu—u*|? +erlle — 2P = cllz — 2%,
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where ¢ = min{ecy, ca}. Therefore, by the Cauchy-Schwarz inequality |jv]| >
c||z — z*||. Since ||z — 2*|| > dist(z, F~10), and v € Fz was selected arbitrarily,
we have

dist(z, F710) < 1 dist(0, F2) Vz € Uys X Uy (4.40)
Thus F is metrically subregular at z* for 0.

To establish uniqueness of the primal-dual solution consider:
L(u,x) = (f + g)(2) + (Lx,u) — h*(u).
Adding (4.36) and (4.37) yields
L(u*,x) — L(u,z*) > ||z — 2*||> Vz € Uyr X Uy (4.41)

Let z* = (u*,x*) € S such that z* € Uy« X Uy+. Since z* is also a primal-dual
solution we have L(u*,z*) — L(u*,z*) > 0. Therefore, using (4.41) at z* yields
z* = z*. Since S is convex, we conclude that it is a singleton, i.e., S = {z*}.
Consequently it follows from (4.40) that F is strongly subregular at z* for 0.

The second part is a direct consequence of the first part and the fact that
if Assumption 4.1V holds globally then also the quadratic growth conditions
(4.36) and (4.37) hold globally, i.e., Uy~ = R™, U, € R". This can be shown by
adapting the proof of [6, Thm. 3.3]. O

Lemma 4.9 establishes metric subregularity of the operator A+ M + C when the
functions f, g and h are piecewise linear-quadratic (PLQ) (see Definition 1.4).
The claim follows directly from Lemma 3.11. Note that this assumption does not
imply that the set of solutions S is a singleton, nevertheless, linear convergence
can still be established. The class of PLQ functions is closed under scalar
multiplication, addition, conjugation and Moreau envelope [144]. A wide range
of functions used in optimization applications belong to this class, for example:
affine functions, quadratic forms, indicators of polyhedral sets, polyhedral norms
(e.g., the £1-norm), and regularizing functions such as elastic net, Huber loss,
hinge loss, to name a few.

Lemma 4.9. Let Assumption 4.1 hold. In addition, assume that f, g and h
are piecewise linear-quadratic. Then F'= A+ M + C (c¢f. (4.7)) is metrically
subregular with the same constant n at any z for any v with (z,v) € gra F.

Our main convergence rate results are provided in Theorems 4.10 and 4.11. In
this context, Lemmas 4.8 and 4.9 are used to establish sufficient conditions in
terms of the cost functions. We omit the proof of Theorem 4.10; it is similar to
that of Theorem 4.11, the main difference being that in Theorem 4.10 local (as
opposed to global) metric subregularity is used: due to the Fejér-type inequality
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(4.23), 2* will eventually be contained in a neighborhood of metric subregularity,
where inequality (4.46) applies.

Theorem 4.10 (linear convergence of Alg. 4.1). Consider TriPD (Alg. 4.1)
under the assumptions of Theorem 4.5. Suppose that F = A+ M +C' is metrically
subregular at all z* € S for 0. Then, (dists(z",S)),cn converges Q-linearly to
zero, and (2¥)ren converges R-linearly to some z* € S.

In particular, the metric subregularity assumption holds and the result follows
if either one of the following holds:

(i) either f, g and h are PLQ,

(i) or f, g and h satisfy Assumption 4.1V, in which case the solution is
unique.

Theorem 4.11 (linear convergence of Alg. 4.2). Consider TriPD-BC (Alg. 4.2)
under the assumptions of Theorem 4.6. Suppose that F' = A+ M + C' is globally
metrically subregular for O (cf. Def. 1.2), i.e., there exists n > 0 such that

dist(z, F~10) < ndist(0, Fz) Vze R™.
Then (E [d% -1 4(2",8)])ren converges Q-linearly to zero.
In particular, this result holds if
(i) either f,g,h are PLQ and there exists a compact set C such that (zk)keN -
C (as is the case if dom g and dom h* are compact),
(i) or f, g and h satisfy Assumption 4.1V globally, in which case the solution

18 unique.

Proof. For notational convenience let S = II-'S and note that S = zer F
(cf. (4.14)). By definition we have |z¥ — P2 (2¥)||5 = dist5(z*,S) (where the
minimum is attained since S is a closed convex set). Consequently, it follows
from (4.33) that

B [d3(,8)] < B[l - PE()I2

k Sk k k
<% = PG = IT2" = 2F155

= dist§(z",S) — | T=" — %2, _s. (4.42)
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By definition (4.11), we have

128 = 28| = | (H + MT)71S(T2F - 2F)|?
<|I(H +MT)TIS|2)2P - §) 7 |72 - 242, (4.43)

where z* is defined by (4.12) applied at z = z¥. Consider the projection of z¥
onto S, Ps(z*). By definition ||z¥ — Ps(z¥)|| = dist(z*,S), and we have

dist3(z*,8) < |28 = Ps(M)IIZ < 1S]12* - Ps(z9))1”
< IS (1% = Ps Gl + 112 - 2*1)°
= |5 (dist (2", 8) + |2 — 2¥]|)°. (4.44)
In what follows we bound dist(z*,S) by [|z* — 2*||. Define
P = —(H — M)(2" — 2F) + 0zF — C2F. (4.45)
It follows from (4.12) that (H — M — C)z* € (H + D)z*, which in turn implies
v e FEF = (A4+ M+ O)F~.
Consequently, using (global) metric subregularity of F' yields
dist(z%,8) < n|lv"|. (4.46)
By the triangle inequality and Lipschitz continuity of C,
o = N(H = M)(E* — 2%) — O3 + O
S|IH = M)(Z* = 2P| +[|02" - C=F|| < €|2* — 2|, (4.47)
where § = ||H—-M| + B¢||Q||. By (4.46) and (4.47) we have
dist(z%,8) < &n||2F — 2.
Combine this with (4.43) and (4.44) to derive

dist%(z*,8) < ¢||Tz" — = (4.48)

k2
H2I5—S’
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where ¢ = (€n+ 1)2[(H + MT)=15)12[(2P — 8)||||S|l. Therefore, by (4.42)
and (4.48) we have

Ep [d3 (21, 8)] < dist3(2F,S) — LdistZ (2", S).

Taking expectation in both sides concludes the proof. For the case of PLQ
functions, let U,, denote an open subregularity neighborhood around z, € S,
and set Uy = U «csl,,. By Lemma 4.9 there exists a positive n such that
dist(z, F~10) < ndist(Fz,0) for z € U,. Moreover, since (z¥), .y C C up to
possibly enlarging C we have (z¥), o C C. Note that since (2¥), .y C C and C is
closed, CNS # 0 and C NU, # 0. Tt is sufficient to show that dist(z, F~10) <
ndist(0, F'z) for z € C. Let us define D(z) := dist(0, F'z). Since gra F is closed,
D(z) is lower semicontinuous [144, Thm. 5.7, Prop. 5.11(a)]. By [144, Cor. 1.10]
D(z) attains a minimum over the compact set C\Uy: c¢c = min ec\y, D(z) >0
where the strict inequality is due to the fact that the minmizer belongs to
C \ U,. Moreover, c¢ = sup, ¢ dist(z, F~'0) < co due to the fact that C is
bounded. Hence dist(z, F~10) < ¢ < ¢ dist(F'2,0) for z € C\ U,. Therefore,
by combining the two cases we obtain dist(z, F~10) < max{ <, n} dist(£z,0)
for z € C as claimed. The second sufficient condition follows from Lemma
4.8. O

In the recent work [104] the authors establish linear convergence in the framework
of non-expansive operators under the assumption that the residual mapping
defined by R = id — T is metrically subregular. However, such a condition is not
easily verifiable in terms of conditions on the cost functions. In the next lemma,
we show that R is metrically subregular if and only if the monotone operator
F' is metrically subregular. This result connects the two assumptions and is
interesting in its own right. More importantly, it enables the use of Lemmas 4.8
and 4.9 for establishing linear convergence for a wide array of problems.

Lemma 4.12. Let Assumptions 4.1 and 4.1l hold. Consider the operator T
defined in (4.11) and a point z* € S. Then, F = A+ M + C (cf. (4.7)) is
metrically subreqular at z* for 0 if and only if the residual mapping R :=id —T
is metrically subregular at z* for 0.

4.5 Distributed optimization

In this section, we consider a general formulation for multi-agent optimization
over a network, and leverage Algorithms 4.1 and 4.2 to devise both synchronous
and randomized asynchronous distributed primal-dual algorithms. The setting
is as follows. We consider an undirected graph G = (V,€) over a vertex set
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V ={1,...,m} with edge set £ C V x V. Each vertex is associated with a cor-
responding agent, which is assumed to have a local memory and computational
unit, and can only communicate with its neighbors. We define the neighborhood
of agent i by N; := {j|(i,7) € £}. We use the terms vertex, agent, and node
interchangeably. The goal is to solve the following global optimization problem
in a distributed fashion:

m

T1y-e3Tm
i=1
subject to szz + AjiSCj = b(@j) (l,]) eé, (449b)

where x; € R™. The cost functions f;, g;, h; o L; are taken private to agent/node
i €V, i.e., our distributed methods operate solely by exchanging local variables
among neighboring nodes that are unaware of each other’s objectives. The
coupling in the problem is represented through the edge constraints (4.49b).

Throughout this section the following assumptions hold:

Assumption 4.V. Foreachi=1,...,m:

(i) For j € N, b j) € Rl and A;; € R™ — Rl s a linear mapping.

(ii) gi : R" — R, h; : R" — R are proper closed convex functions, and
L;: R™" — R"™ is a linear mapping.

(iii) f; : R™ — R is convex, continuously differentiable, and for some f; €
[0,00), Vf; is B;-Lipschitz continuous with respect to the metric @; > 0,
i.e.,

IVfi(x) =V iyllg-r < Billz —ylle, =y eR™.

(iv) The graph G is connected.

(v) The set of solutions of (4.49) is nonempty. Moreover, there exists x; €
ridomg; such that L;z; € ridomh;, for i = 1,...,m, and A;;z; +
Ajiil,’j = b(i,j) for (Z,]) cé&.

Each agent ¢ € V maintains its own local primal variable z; € R™ and dual
variables y; € R™ and w; j); € RiG.9 (for each j € Nj), where the former is
related to the linear mapping L;, and the latter is the local dual variable of agent
i corresponding to the edge-constraint (4.49b). It is important to note that the
updates in TriPD-Dist (Alg. 4.3) are performed locally through communication
with neighbors: the only information that agent ¢ shares with its neighbor j € N;
is the quantity A;;z;, along with edge variable w; jy;, while all other variables

are kept private.
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Algorithm 4.3 Synchronous & asynchronous versions of TriPD-Dist algorithm

Inputs: 2¥ € R", y) € R™ for i =1,...,m, and W(i,5),i € Rl for j € Nj.
for k=0,1,... do

I: Synchronous version II: Asynchronous version
Each agent i = 1....,m is activated indepen-
dently with probability p; > 0

for all agentsi = 1,...,m do for all active agents do

Local updates:
—k 1 K(i,j k k .
Wi y,= 3 (W 5yt wh gy ;) + =52 (Al + Ajiaf —ba ), VieN;
gf - prOXaihi* (yi + UzLixf)
of Tt =prox, . (¢F —mLTgF =Y e n AL s 5y — iV fil@}))
yf“ = §F + o Li(af T — ab)
écjal) = w(w) R A @t —2k), VieN,
Transmission of information:

Send Aijxfﬂ é“fjl) ; to agent j, Vj € N

The proposed distributed protocol features both a synchronous as well as an
asynchronous implementation. In the synchronous version, at every iteration,
all the agents update their variables. In the randomized asynchronous imple-
mentation, only a subset of randomly activated agents perform updates, at each
iteration, and they do so using their local variables as well as information previ-
ously communicated to them by their neighbors. After an update is performed,
in both cases, updated values are communicated to neighboring agents. Notice
that the asynchronous scheme corresponds to the case of multiple coordinate
blocks activation in TriPD-BC (Alg. 4.2). Other activation schemes can also be
considered, and our convergence analysis plainly carries over; notably, the single
agent activation which corresponds to the asynchronous model of [169, 74, 186]
in which agents are assumed to ‘wake-up’ based on independent exponentially
distributed tick-down timers.

Furthermore, in TriPD-Dist (Alg. 4.3) each agent ¢ keeps positive local stepsizes
o;, T; and (“(ivj))je/\&' The edge weights/stepsizes #(; j) may alternatively be
interpreted as inherent parameters of the communication graph. For example,
they may be used to capture edge’s ‘fidelity,” e.g., the channel quality in a
communication link. The stepsizes are assumed to satisfy the following local
assumption that is sufficient for the convergence of the algorithm (¢f. Thm.s
4.13 and 4.14).

Assumption 4.VI (stepsizes of TriPD-Dist (Alg. 4.3)).
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(i) (node stepsizes) Each agent i keeps two positive stepsizes oy, 7;.

(7i) (edge stepsizes) A positive stepsize x(; ;) is associated with edge (4,7) € &,
and is shared between agents 4, j.

(#ii) (convergence condition) The stepsizes satisfy the following local condition

1
Bl o LT Li + X e, 505y AL As |

Ti

According to Assumption 4.VI(%ii) the stepsizes 7;, o; for each agent only depend
on the local parameters 3;, ||Q;||, the edge weights, £ (; ;) and the linear mappings
L;, and A;;, which are all known to agent ; therefore the stepsizes can be selected
locally, in a decentralized fashion.

We proceed by casting the multi-agent optimization problem (4.49) in the form
of the structured optimization problem (4.1). In doing so, we describe how
TriPD-Dist (Alg. 4.3) is derived as an instance of Algorithms 4.1 and 4.2.

Define the linear operator

N(i,j) X = (Aijxi, Aji.’lij),

and N € R e X 2™ by stacking N(; jy:
N :x — (N(Z,J)X)(l,j)eg
Its transpose is given by:

T . S T
NT s (wig)ages = X = Y, Nijywei),
()€€

with Ifz = Z]EM A;;w(l,]),l We have set w(w-) = (w(i,j)7i,w(i,j)7j), 7:.6., we
consider two dual variables (of dimension I(; ;)) for each edge constraint, where
W(;,j), 18 maintained by agent 7 and w; ;) ; by agent j.

Consider the set
Cligy = {(21,22) € RUG) X RUD | 21 + 25 = by; ) }.
Then problem (4.49) can then be re-written as:

minimize Z fi(z:) + gi(mi) + hi(Lix;) + Z S,y (Nigyx) (4.50)
=1 (i.5)€€
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Let C = X(i,j)es Ci,jy, L = blkdiag(Ly, ..., L), and Lx = (Lx,Nx) =:
(¥, W) € R™ with ng = 237, jyce liij) + 2ieq 74, and rewrite (4.50) in the
following compact form:

2%

minimize f(x) + g(x) + h(Lx), (4.51)

where f(x) = 331, fi(w:), g(x) = 72, gi(2), h(F,W) = h(y) + dc (W), h(y) =
220ty ha(Fi)-

In what follows, S refers to the set of primal-dual solutions of (4.51). As in
Section 4.2, the primal-dual optimality conditions can be written in the form of
monotone inclusion (4.8) with

Ay, w,%) = (Oh*(y), 06%(w), Dg(x)),
M :(y,w,x) — (—Lx, —Nx, LTy + NTW),
C :(y,w,x) — (0,0, Vf(x)),

where u = (y,w) represents the dual vector.

We define the edge weight matrix as follows
W = blkdiag (ki far,.,) ) ig)ee)

where the weights r(; ;) are repeated twice (for each of the two neighboring
agents). Furthermore, we set

Y. = blkdiag(o11y,,...,0mI., , W),
I = blkdiag(m Ly, .-, TmIn,, ),

Q = blkdlag(ﬂl@la s 7BQO)-

Since proxg, (y,w) = (prox,.(y),w — Pc(w)) (using prox;,(-) = Pc(-) along
with Moreau decomposition [13, Thm. 14.3]) the proximal updates of TriPD (Alg.
4.1), ¢f. (4.6), become:

Yi = ProX, . «(yi + oiLiz;),

W(5.5)= Wei.j) T 60,9) Ny X = Peg i W) + Nigx)),

x; = pI'OXTigciL’i — TZL;rgl — Ti(NT\TV)i — Tlv‘f(l'i))
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Note that for wy,ws € RlG.5 the projection onto C’(i,j) is

(U/1 —wz + by 5), —w1 + wa + b(i,j))'

[N

PC“J) (wh w2) =

By assigning to agent ¢ the primal coordinate x; and dual coordinate y; and
w(; 5),i for all j € Ny, TriPD-Dist (Alg. 4.3) is obtained. Note that this assignment
entails non-overlapping sets of coordinates, i.e., Assumption 4.I11(7) is satisfied.

The convergence results of TriPD-Dist (Alg. 4.3) are provided separately for the
synchronous and asynchronous schemes in the next two theorems, along with
a sufficient condition for linear convergence. The proofs follow directly from
Theorems 4.10 and 4.11.

Theorem 4.13 (convergence of Algorithm 3-I). Let Assumptions 4.V and
4. VI hold. The sequence (z"f)keN = (yk,wk,x’“),~C€N generated by Algorithm 3-
I converges to some z* € S. Furthermore, if f;, g; and h;, i = 1,...,m are
PLQ, then (dists(z*,8)),cy converges Q-linearly to zero, and (z"),y converges
R-linearly to z* € S.

Theorem 4.14 (convergence of Algorithm 3-1T). Let Assumptions 4.V and
4.VI hold. The sequence (z¥),oy = (y¥,w” x¥), oy generated by Algorithm
3-1I converges almost surely to some z* € S. Furthermore, if f;, g; and
hi, i = 1,...,m are PLQ and (zk)keN C C where C is a compact set, then

(E [dist%lfls(zk7 8)} Jren converges Q-linearly to zero.

4.6 Application: formation control

In this section we consider the problem of formation control of a group of robots
[136, 148], where each robot/agent has its own local dynamics and cost function
and the goal is to achieve a specific formation by communicating only with
neighboring agents.

For simplicity of visualization we consider a 2D problem. Each subsystem
(corresponding to a robot) has four states z; = (pa,, Dy, , Uz, , Uy, ), Where (pz,, Dy,)
and (vg,,vy,) denote the position and the velocity vectors, respectively. The
input for each system is given by u; = (v, v, ). The discrete-time LTT model
of each system is given by

xz(k—kl):@zml(k)—&—Alul(k), k=0,1,....
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The state and input transition matrices are as follows

10 X; 0 Xs 0
o1 0 x o xs
i = 00 Xo 0|’ Ai = Xy 0 )
00 0 X, 0 Xy
_L _1
where the parameters are given by X; = —t4(e ta — 1), X9 = e ta and
1

Xz =1ti(e ta —1+ i) with time constant ty = 5 (s). This discrete-time model
was derived from the continuous-time model of [148] using exact discretization
with step length AT = 1.

Let NV denote the horizon length. Consider the stacked state and input vectors
T; € R4N,ui e R2V:

Xr; ‘= (.’131(1)7 ce ,$1<N))7 u; = (UZ(O), ce ,ui(N — 1))

Then the dynamics of each agent can be represented as A;x; + B;u; = b;
where A;, B; are appropriate matrices and b; depends on the initial state.
The state and input constraints of each agent are represented by the sets A7,
U; and are assumed to be easy to project onto, e.g., boxes, halfspaces, norm
balls, etc. Moreover, we assume that each agent has its own private objective
captured by input and state cost matrices Q; and R;, and vectors ¢;, t;. The
specific formation between agents is enforced using another quadratic term that
penalizes deviation of two neighbors from the desired relative position. The
optimization problem is described as follows:

m
minim_ize Z %ngmz — qu2 + %HRluz — tin

T, Wq i—1
m
+ ) Al — ) — dyl? (4.52)
i=1jEN;
SU.bjeCt to .Ai:Bi + Biu; = bi, x; € X;, u; €UY;
i=1,....m

The relative desired distance of agent ¢ from its neighbor j is given by d;;, C is
an appropriate linear mapping that selects the position variables, and A; is a
scalar weight to penalize deviation.

For each system that communicates with i, i.e., j € AV;, we introduce a local
variable x;;, that can be seen as the estimate of x; kept locally by agent . In
order to be consistent hereafter the self variables x;, u; are denoted by x;;, u;;.
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For each agent ¢ = 1,...,m define the stacked vector
2n: = ((®i)jeniugys wii) € R™,
where n; = 4N(|N;| +1) + 2N.

Let E; be a linear mapping such that E;zx;, = A;x;; + B;u;;. Hence, the set of
points satisfying the dynamics are given by D; = {z € R"|E;z = b; }. Consider
the linear mapping L; such that L;zn; = (@i, us;) and denote Z; = &; x U;.
Moreover, let h; = 0z,, g; = ép, and

filzny) = 31 Qimii — @il)® + 2 IRiws — ti])* + & 2jen; IC(@i — mi5) — dij||.

With these definitions problem (4.52) is cast in the form of problem (4.49) (min-
imizing over zx,, ¢ = 1,...,m) where the linear mapping A;;, for j € N;, is such
that Al]ZNz = (.’E“‘, 7581']‘) if 1 < j and Al]ZNz = (7.’131']'723“') otherwise. There-
fore, we can readily apply TriPD-Dist (Alg. 4.3) to solve the problem in a fully
distributed fashion yielding both synchronous and randomized asynchronous
implementations.

In our simulations we used horizon length N = 3. For the input and state
constraints of all agents we used box constraints: the positions p., and p,, are
assumed to be between 0 and 20 (m). The velocities v, and v,, and inputs v}
and vy, are assumed to be between between 0 and 15 (m/s) (for all agents). The
local state cost matrices are set Q; = 0.11 for all 7. The local input cost matrices
are set R; = I for half of the agents and R; = 2I for the rest. Moreover, the
vectors ¢;, t; are set equal to zero, and the penalty parameter A\; = 10 is used
for all the agents.

The stepsizes of TriPD-Dist (Alg. 4.3) were selected as follows: i) (edge stepsizes)
K(,j) = 1 for all (i,7) € £, ii) (node stepsizes) o; = 8;/4 and 7; = 0.99/(% +
i+ D jen; K for all i, where we used

B8; = max{||Q;] Qi|| + Ni(INi| + 1), RT Ril},

which is an upper bound for the Lipschitz constant of Vf;. It is plain to see
that the above choice of stepsizes for the agents satisfy Assumption 4.VI(%ii).
Note that the stepsize selection only requires local parameters R;, Q;, A; and
the number of neighbors ||, i.e., the algorithm can be implemented without
any global coordination.

In our simulations, we considered m robots initially in a polygon configuration
and enforced an arrow formation by appropriate selection of d;; in (4.52). This
scenario is depicted for m = 5 in Figure 4.2. The neighborhood relation in
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Figure 4.1: Comparison for the convergence of the algorithms for m =5 (left),
and m = 50 (right).

this case is taken to be the same arrow configuration, i.e., all agents have two
neighbors apart from two agents with only one neighbor.

For comparison we considered the dual decomposition approach of [136] (based
on the subgradient method). Notice that dual decomposition with gradient
or accelerated gradient methods can not be applied to this problem since
fi’s are convex but not strongly convex. Recently, TriPD-Dist (Alg. 4.3) was
compared against the dual accelerated proximal gradient method, in the context
of distributed model predictive control (with strongly convex quadratic cost)
[94].

In the simulations for Figure 4.1, we used the stepsize 10/k (as tuned for achiev-
ing better performance) for the dual decomposition method where k is the
number of iterations. Notice that the dual decomposition approach for this
problem can not achieve a full splitting of the operators involved: at every itera-
tion agents need to solve an inner minimization (we used MATLAB’s quadprog
to perform this step), the result of which must be communicated to the neigh-
bors for their computation, and is followed by another communication round.
This extra need for synchronization would further slow down the algorithm in
practice [73].

Figure 4.1 demonstrates the superior performance of both the synchronous and
asynchronous versions of TriPD-Dist (Alg. 4.3) compared to the dual decompo-
sition approach. The y-axis is the distance of v¥ = (¥ u¥,, ... xk  uF )
from the solution (v* was computed by solving (4.52) in a centralized fashion).
The x-axis denotes the total number of local transmissions between agents. In
the asynchronous implementation we used independent activation probabilities
p; = 0.5 for all agents. It is observed that the total number of local iterations is

similar to that of the synchronous implementation. Finally, as evident in Figure
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Figure 4.2: Five agents reorganizing from a polygon to an arrow configuration.

4.1 both versions of TriPD-Dist (Alg. 4.3) achieve linear convergence rate as
predicted by Theorems 4.13 and 4.14 (the functions f;, g; and h; are PLQ).

4.7 Conclusions

The primal-dual algorithm considered in this chapter enjoys several structural
properties that distinguish it from other related methods in the literature. A key
property, that has been instrumental in developing a block-coordinate version of
the algorithm, is the fact that the generated sequence is S-Fejér monotone, where
S is a block diagonal positive definite matrix. It is shown that the algorithm
attains linear convergence under a metric subregularity assumption that holds
for a wide range of cost functions that are not necessarily strongly convex. The
block-coordinate version of the developed algorithm is exploited to devise a novel
fully distributed asynchronous method for multi-agent optimization over graphs.
Our future work includes designing a block-coordinate version of the SuperMann
scheme of [157] that applies to quasi-nonexpansive operators. In light of the
fact that this method enjoys superlinear convergence rates, such extension is
especially attractive for multi-agent optimization yielding schemes with faster
convergence and fewer communication rounds. Other research directions enlist
investigating extensions to account for directed and time-varying topologies,
communication delays, and designing efficient strategies for selecting activation
probabilities and stepsizes.



Chapter 5

Plug and play distributed model predictive
control

This chapter is based on:

Latafat, P., Bemporad, A., and Patrinos, P. Plug and play distributed model
predictive control with dynamic coupling: A randomized primal-dual proximal
algorithm. In European Control Conference (ECC) (June 2018), pp. 1160-1165.

5.1 Introduction

This chapter considers distributed model predictive control (DMPC) of a network
of m dynamically coupled linear systems. For ¢ = 1,...,m, the dynamics of
system ¢ is of the form

wi(k+1) =Y Oya;(k) + Aijuy (),
j=1

with z;(k) € IR*, u;(k) € IR", subject to local state and input constraints.
The structure of the network is defined by the coupling of the dynamics through
matrices ®;; and A;;. System j affects ¢ if either one of ®;;, A;; is nonzero. It
is natural to assume that two systems can communicate if either one of them
affects the dynamics of the other, in which case we say that they are neighbors.
However, the systems need not be aware of the global structure of the network,
or even existence of systems beyond their neighbors.

DMPC formulations considered in the literature vary depending on the nature
of the coupling and can be grouped in two general categories. In applications

102
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such as formation control where the systems are physically separate but share a
common goal the DMPC problem involves coupling cost or constraints without
dynamic coupling [171, 65, 173]. The second category involves DMPC problems
with dynamic coupling with applications ranging from smart grids, sensor
networks, water networks to transportation systems, and has been studied by
many authors [79, 16, 77, 86, 69, 159]. This chapter is focused on the second
category. We note that in our setting it is straightforward to extend the proposed
setup to include coupling in cost and constraint between neighbors, however,
this leads to complicated notation and has been avoided for the sake of clarity.
Furthermore, this chapter is not concerned with the stability of the closed-loop
system and looks at the DMPC problem from the optimization point of view.

A popular approach for solving the DMPC problem is to derive distributed
algorithms using dual decomposition. Many authors have considered solving
the dual problem using the proximal gradient method, the alternating direction
method of multipliers (ADMM) or their variants [124, 77, 69, 86, 79]. These
approaches are preferred to subgradient methods given that they allow constant
stepsizes. Algorithms that are based on proximal gradient or its accelerated
variants require the cost function to be strongly convex. Another common issue is
the need for centralized computations for selecting the stepsizes. This is a major
drawback that can hinder the implementation especially in applications where
the network structure is subject to change. For example, applying proximal
gradient requires the stepsize to be bounded by the inverse of the Lipschitz
constant associated to the dual function [79]. In [76] a metric for Lipschitz
continuity is used which requires solving a semidefinite program (SDP) globally.
In [77] the authors provide a distributed method for selecting the metric that
involves solving a series of local SDPs. Another recent work that involves
distributed stepsize selection is [86] where the Lagrangian minimization step
is modified with regularization terms. Each iteration in [77] and [86] involve a
local inner minimization step the result of which is required by the neighbors,
i.e., each iteration involves two rounds of communication.

The main contributions are summarized below:

e The new algorithm is fully-distributed, involves simple computations for each
subsystem without any inner loops, and requires one round of communication
per update. At every iteration active subsystems perform local updates,
communicate the necessary vectors to their neighbors, and go idle. The
algorithm is presented in two forms: The synchronous case where all of
the systems are active at every iteration, and the asynchronous case where
subsystems are activated at random independently of one another.

e The stepsize of each subsystem is selected locally through a simple rule (cf.
Assumption 5.11(74)). Therefore, any modification to the network structure
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would only affect the neighboring subsystems.
e The cost function must be convex but not necessarily strongly convex.

e The algorithm possesses linear convergence rate when the local input and
state constraints are polyhedral sets, a common scenario.

5.2 Problem setup

We consider a distributed model predictive control problem with m dynamically
coupled subsystems. We use an undirected graph G = (V,€) to model the
interaction between subsystems/agents. Each node i € V is associated with a
subsystem, maintains its own local variables, and can communicate with its
neighbors. The goal is to solve the global model predictive control problem with
only local exchange of information between neighbors.

Let ®;; and A;; denote the state transition and input matrices from subsystem
j toi. For all i € V, the in-neighbor and out-neighbor sets are defined by

N ={j € V\ {i}|®i; # 0 or Aj; # 0},
NP ={j € V\{i}|®ji # 0 or Aj; # 0},

and the neighborhood set is defined by N; = NP"UN™, d.e., the edge (i,5) € €
exists if 7 € N;. The DMPC problem is written in the following standard form:

N-1
minimize — Z (le ) QY (k) + Z uz(k)TRfuz(k))
i=1 = k=0
subject to l‘l(k + 1) = Z q)ijl‘j (kﬁ) + A”u](k) (5.1&)

JeNmU{i}
u;(k) ey, fork=0,...,N—1,
zi(k)e X, fork=1,...,N—1,
z;(N) e x7
foralli=1,...,m

where z;(0) is given, z;(k) € IR* and u;(k) € IR" denote the state and input
variables of subsystem 7 at time k.
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Note that the separable quadratic cost function is used for clarity of exposition.
It may be replaced by any Lipschitz differentiable function without requiring
the subsystems to solve inner minimizations (¢f. Rem. 5.1). Furthermore, it is
straightforward to modify our analysis to allow coupling between neighbors.

Throughout the chapter the following assumptions hold:
Assumption 5.1I. Fori=1,...,m:
(i) Input and state constraint sets X;, Xif CIR* and i; C IR" are nonempty,
closed, and convex.
(i) The cost matrices QF and R¥ are positive semidefinite.
(iii) The graph G is connected.

(iv) The DMPC problem admits a solution. Moreover, for ¢ = 1,...,m there
exists x;(k) eriX; for k=1,...,N—1,2;(N) € rié\fif, and u;(k) € ril;
for k =0,..., N — 1 such that the linear dynamics (5.1a) are satisfied.

The strict feasibility enforced in Assumption 5.1(iv) ensures that strong duality
holds, and can be dropped whenever the constraint sets are polyhedral [143,
Corollary 31.2.1].

For i =1,...,m define

zi = (xz(l)’ L 2i(N),ui(0), - ui(N — 1)) cR",

where 7, = N(s; + t;). The quadratic cost function can be written as
13" 2 Giz; where G; = blkdiag(Q},...,QN, RY, ..., RY"). The dynamics

can be expressed as:

Z Lijz; = Z b;jxj(0), fori=1,---,m,

JEN™U{i} JENIU{i}

where L;; and b;; are appropriate linear mappings [76]. With these definitions
the distributed MPC problem becomes

L 1
minimize 5 ; 2] Gizi (5.2a)
subject to > Lijz=bi, i=1--,m (5.2b)
JENIU{i}

z €Z;, i=1,---,m (52(?)



106 PLUG AND PLAY DISTRIBUTED MODEL PREDICTIVE CONTROL

where b; = 3¢ iy 0ij2(0), and the constraint sets Z; denote the product
of local input and state constraint sets:

Zi:X,;x...xXixXifo{ix...xZ/l,;.
— —
N-1 N

5.3 A primal-dual algorithm for DMPC

Our goal is to solve (5.2) in a fully distributed fashion while keeping the number
of communications to a minimum. For each subsystem that affects i, i.e.,
j € Nj, we introduce a local variable z;;, that can be seen as the estimate of z;
kept locally by agent i. For notation consistency, self-variables z; are hereafter
denoted by z;;. We write the equivalent optimization problem:

m

C 1
minimize B ; 2 Gz (5.3a)
subject to Z Lijzij =b;, i=1,...,m (5.3b)
JeENIU{i}
Zii € Zi, t=1,....m (53C)
zij =255, i=1,...,mandj € N® (5.3d)

Fori eV, let nj =3 cpmmygy vy and define:

XN,

i Ns;
2N, = (2i5) jenmury €IR™, Li = [Ligljenmo € R
The set of points satisfying the linear constraint is given by:

D; :{ZEIR/nl

We note that the variables are stacked in ascending order (index-wise). For
example, consider the neighborhood relation described in Figure 5.1. Subsystem
1 is affected by subsystems 2 and 4, therefore, znr, = (211, 212, 214). Our proposed
algorithm is a primal-dual scheme. Therefore, in addition to primal variables
each system holds dual variables. For each i € V we introduce two sets of dual
variables: the node variable y; € IR™ and the edge variables W;j,i € IR"™ for
j € N2Ut and wj;; € IR™ for j € Nj®. The first argument of the subscript
denotes the edge relation and the second the ownership of the variable, i.e., if
system 7 affects j, then ¢ and j will keep w;;,; and w;; ; respectively.
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L1p# 0

Nin = (2,4}
NPt = (3,4}

Z,\/1

Figure 5.1: Dynamic coupling in the DMPC problem

Let E; € IR™ ™ be a linear mapping such that E;zy;, = 2. Define
gi(ZNi) = 6Di (ZM) + %Z.;\rflEzTGlElan h; = 5272’ (54)

where §x denotes the indicator function of a closed nonempty convex set, X.
Problem (5.3) becomes

minimize Z gi(zn;) + hi(Eizn;) (5.5a)
i=1
subject to Az, + Ajiza; =0 (1,5) € € (5.5b)

where A;; € IR *™ s defined based on the neighborhood relation as follows

Zii j¢ N{“, jenN
Aijz./\f- = —Zij ] € ./\[im, ] ¢ ./\[Z-OUt (56)

Notice that depending on the neighborhood relation [(; ;) is either equal to r;,
rj or Ty +1j.

A primal-dual algorithm was introduced in [100] (see Chapter 6) for problems of
the form (5.5) with consensus constraint. However, a consensus constraint can
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not capture the coupling in the DMPC problem depicted in Figure 5.1. Another
drawback of the aforementioned work is that the stepsize selection requires
global coordination. Our analysis here is different from that work and is based
on [95] (see Chapter 4). In Section 5.4 we describe how TriPD-Dist (Alg. 4.3) is
applied to the DMPC problem to derive Algorithm 5.1.

Our proposed distributed scheme is summarized in Algorithm 5.1. It involves
two versions. In the synchronous case at each iteration all systems perform
their local updates and broadcast the result to the relevant neighbors. In
the asynchronous case each system wakes up randomly independent of other
systems, i.e., there may be several active systems at each iteration. The stepsizes
appearing in Algorithm 5.1 should satisfy the following:

Assumption 5.IT (stepsizes in Algorithm 5.1).

(i) (node stepsizes) Subsystem i keeps two positive stepsizes o;, 7; associated
to h; and g;, respectively.

(ii) (edge stepsizes) For each edge (i,j) € £ we associate a positive stepsize
K(i,5) that is shared between system 7 and j.
(iii) (convergence condition) The stepsizes satisfy the following local condition
consensus
1
max{zjeNfut K(i,5) + oy, (K/(i’j))jej\/’;n} ’

T < (57)

The dual updates for y; in Algorithm 5.1 require projection onto the set Z;
which can often be performed efficiently, e.g. for boxes, halfspaces, norm balls.
The primal updates are compactly written as zy, = prox,, . (c) where ¢ =

(Cij)jej\/gnu{i} is given by

i = zii — i (Ui + Z Wij.i), (5.8a)
JENout
Cij = Zij + Ti@ji,h for all j € Min. (58b)

The proximal mapping prox, , (c) involves the minimization of a strongly
convex quadratic function over an affine subspace:

minimize 1z (E]GiE; + L1,,)2— Lc'z (5.9a)
4 K3 %

subject to  L;z = b;, (5.9b)
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Algorithm 5.1 Synchronous & asynchronous distributed primal-dual algorithm
for DMPC

Inputs: 0; >0, 75 >0fori=1,...,m, and K(,;) > 0 for (i,5) € £

for k=0,1,... do

I: Synchronous version II: Asynchronous version
draw r.v. € according to P(¢? = 1) = p; > 0
for all systems i = 1,...,m do || for all systems i with ¢ =1do

Local updates

Wi = 5 (Wi, +wi ;) + = 2 52 (2l — 25,), Vi € NP
w;“” = ;( j”+wﬂj) + SGA (2K — 2E) Vi e N
yl :yZ —|—a,z” 0i Pz, ( Z_lyf—kzﬁ-)
ﬁfﬂ = prox,, (c) is given by (5.8) and (5.9).
o
wih = Wl + kg (25 T2k, for all j € NP
w;“le = u?fz i n(iﬁj)(szl — zfj), for all j € NJ®

Broadcast of information:
Send 28wkt to j € N, and zk+1 krlto j e Nim

131 jll

and can be evaluated efficiently through solving the linear system defining its
KKT optimality conditions. We stress that the matrix of the linear system is
constant throughout iterations, and needs to be factored only once. Consequently,
the evaluation of the primal step at every iteration amounts to forward and
backward substitution steps [129, §III.C].

5.4 Deriving the algorithm and convergence results

In this section we detail the steps of applying Algorithms 4.1 and 4.2 to the
DMPC problem.

Let z = (za7,- -, 2n,) and define the linear operator
Nijy o2 = (Aiang, Ajizng)-

The edge constraints (5.5b) can be equivalently formulated in the cost as
Sy 8cq (Niij2), where Cijy = {(21,22) € R¥ | 2y + 25 = 0}. Conse-



110 PLUG AND PLAY DISTRIBUTED MODEL PREDICTIVE CONTROL

quently, (5.5) can be formulated in the form of unconstrained optimization:

minimize Z (gi(ZM-) + hi(Ez'ZM-)) +Z 50(@,1) (N(iyj)z)
i=1 (i,5)€E

In order to formulate the dual problem we introduce two sets of dual variables,
y; € IR™ and w5 € IR* @9, The former corresponds to node and the latter
to edge constraints. The edge variable w; ;) consists of two blocks, w(; ;) =
(Wi g),i Wei,g),5) i-€., we consider two dual variables for each constraint, where
Wiy, € IR/ is maintained by agent i and W), € IR'¢) by agent j.
Notice that the edge variable w, ;) ; itself consists of either one or two blocks:
w(; ) = (Wiji, wjii), where w;j; and wj;; are present when j € NP" and
j € N», respectively.

For clarity of exposition we rewrite the problem with compact notation. We use
N without any subscript to denote the stacked linear mapping N = (N¢; j)) i j)ee
and C = X(ij)g C;,j)- The transpose of N is given by

T . =~ T
N (waj)ajes = 2= Y N{jwag,
(i,5)€€

with z; = Zje/\fi A;'—jw(i}j)’i. Furthermore, set E = blkdiag(F4,..., E,,) and
define Lz = (Ez,Nz) =: (,w) € IR", where ng = Z(z‘,j)es 25y + > T

Set g(2) = XL, gi(ani), (5 @) = h(G) + dc (), where h(7) = i hi(5:)-
Then, problem (5.5) can be casted as

minimize g(z)+ h(Lz). (5.10)

Problem (5.10) may be solved by a range of primal-dual algorithms resulting
in the full splitting of the nonsmooth functions and the linear mapping, see
Chapter 3. Our goal is to derive algorithms in which: i) both the iterates and
the stepsizes are computed locally, ii) involve one round of communication
per iteration, iii) allow block coordinate updates. An ideal candidate for this
purpose is the primal-dual algorithm introduced in [95, Alg. 1], see Chapter
4. In particular, the sequence generated by the algorithm is S-Fejér monotone
where S is a block diagonal positive definite matrix.

Remark 5.1. In (5.4) the quadratic terms were captured by nonsmooth func-
tions g;. Our scheme requires calculating the proximal mapping of g; which
translates to solving the quadratic over affine minimization (5.9). Alternatively,
one can model the quadratic cost functions using a third smooth term in (5.10)
(see TriPD (Alg. 4.1)). This would result in a gradient step and a projection
onto the set D; in place of a quadratic over affine minimization. Hence, it is
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possible to use general convex Lipschitz differentiable functions as cost in the
DMPC problem. In that case the Lipschitz constant of the smooth term would
affect the stepsizes. O

In order to represent the algorithm compactly we define the following set of
diagonal matrices:

W = blkdlag ((’i(i,j)]él(i,j))(i,j)eS)a
s = blkdiag(o1 1y, . .., omly. ),
I' = blkdiag(m1 Ly, - -+, T, )-

Notice that k(; ;) is repeated twice, i.e., once for every node sharing the edge.

Let v = (y,w, z), and define the operator T

Tv=(y+ZE(Z—z),w+WN(z—z),2),

where
j = proxz. (y+XEz) (5.11a)
_ w1
W = ProX: (w+ WNz) (5.11b)
z=prox. (:-TE'j TN w). (5.11c)

Then TriPD (Alg. 4.1) can be represented as the fixed-point iteration v*+! = Tv*.
This iteration is amenable to block coordinate (BC) updates. A general BC
scheme was proposed in TriPD-BC (Alg. 4.2). Our focus here is on the case
where each coordinate has an independent probability to be active. Briefly put,
the BC scheme is represented as

m

=3 qU(T),
=1

where U; are diagonal matrices with zero and one diagonal elements, and are used
to select the coordinates, while €¥ € {0,1}™ encodes if a coordinate i is updated
at iteration k. The matrices U; are assumed to be disjoint and 2111 U, =1,
where I is the identity matrix of appropriate dimensions. The partitioning
described in this section satisfies these requirements, i.e., for ¢ = 1,...,m, the
matrix U; selects 2, y; and wy; jy,; for j € Nj.
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Since h in (5.11a) is separable, using (5.4) and the Moreau identity [13], we
have that for i =1,...,m

Ui = ¥i +0izii — Pz, (yi + 0i2ii),
and the projection onto C(; j is given by
PC(,L',]') (w17 U}Q) == %(wl — W2, —W1 + U)Q).

Therefore, (5.11b) yields the updates for the edge variables in Algorithm 5.1.
The z in (5.11c) can be evaluated as follows: For each i € V

— T, T —
Zn, = Prox, . (ZM -k yi— 7 Z Aijw(i,j)yi).
JEN;

Therefore, the primal update is carried out by solving (5.9) where ¢ is given by
(5.8). Finally, evaluation of the operator T requires matrix-vector products and
straightforward substitution of the involved matrices yields Algorithm 5.1.

The next theorem summarizes the convergence results for Algorithm 5.1. The
proof is omitted here and the interested reader is referred to Chapter 4.

Theorem 5.2. Let Assumptions 5.1 and 5.1 hold. Consider the stacked vectors
2= (N5 2N ) ¥ = (Y1, 5 Um), w = (W 5))a.g)ee- Then, in the case
of synchronous updates, (v¥), .y = (y¥, w*, 2%) oy generated by Algorithm 5.1
converges to some v*, and in the case of asynchronous updates it converges
almost surely to some v*-valued random wvariable, where v* is a primal-dual
solution to (5.5). In particular, (2%, ..., 25, ) .cn converge to a solution of the
DMPC problem (5.1). If in addition, X;, X' and U; are polyhedral sets then in
the synchronous case the distance from the primal-dual solution set converges
Q-linearly to zero.

5.5 Numerical simulations

In this section, as a benchmark example we consider the problem of frequency
control in power networks [141]. The network consists of power generation areas
with the goal of maintaining nominal frequency levels despite changes in load
and network configuration. The approach in [141] is based on modeling the
dynamic coupling as disturbance. Clearly, this could lead to conservative control
actions. In contrast our method solves the exact global optimization constrained
by the dynamics through distributed computation and communication with the
neighbors.
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Each system consists of four states x; = (Af;, Aw;, APy, AP,,) and one control
input u; = AP,e,. The continuous-time LTI model of each system is given by

JENIU{i}

Notice that the inputs are not coupled. The objective for each system is to
track «f = (0,0, APr,,APy,) and u] = APy, where APy, denotes the local
power load. In our simulations we used five systems as described in Figure
5.2. The local constraints for each system are as follows: Af; € [—0.1,0.1] for
all 4, and APLlaAPL5 S [—0.5,0.5], APLQ, APLS S [—0.6570.65], and APL4 S
[—0.55,0.55]. Furthermore, the quadratic costs Q; = 4I5, and R; = I, are used
for all systems along the horizon. We have omitted the details on the system
dynamics here. The reader is referred to [141] and the references therein for
details and parameter values. We used Euler’s method for discretization of the
dynamics with step length of 1 sec. This discretization has the advantage of
maintaining the sparsity patterns of the transition matrices. In all our simulation
we used horizon length N = 20.

In Algorithm 5.1 the stepsizes for each system must be selected in accordance to
the simple condition of Assumption 5.11(%i). Typically, in primal-dual proximal
algorithms larger stepsizes yield faster convergence. However, there is a trade-off
between edge parameters r(; ;) and node parameters, oy, ;. We selected these
values empirically as follows: i) k(; ;) = 10 for all (4, j) € &, i) o; = 1if df™ =1,

and 10[d?" — 1| otherwise, iii) 7, = m, where d"* denotes the

cardinality of N?"*. Notice that due to this simple local rule, removal or addition
of a node only affects the neighboring nodes through d?t.

Our simulations consist of two scenarios:

Scenario 1: In the first scenario we demonstrate the plug and play capability
of our algorithm, 7.e., removal and addition of a new system only affects the
network locally without the need for any global coordination. We consider
systems 1,...,4 with the dynamic coupling depicted in Figure 5.2. We assume
that at time ¢t = 20 system 5 is connected to systems 2 and 4. Furthermore,
system 4 is disconnected from the network at time ¢ = 50. Table 5.1 summarizes
the load of power and network modification at given time steps. Figure 5.3
highlights the frequency deviation (the second state variable) for systems one
and four. It is observed that the frequency control is achieved despite the load
and configuration changes.

Scenario 2: In the second scenario, we considered a static network structure
with 5 systems and load APr,, = 0.10 with the same neighborhood structure and
constraints as in the previous scenario. We compared our algorithm (referred
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L J
L 2
L 2

Z§“~.~ :
0 %5, t=50"
~~~ :
Z(§~~~|
1 0 (4

Figure 5.2: Network structure in the DMPC problem for scenario 1: system 5
is added at t = 20 and system 4 is disconnected at t = 50.

1073 1072
2 1.5
0 1
= =2 <t
3 3 5
< -4 < 05
-6 | 0
=8 -0.5
20 40 60 20 40
t[s] t[s]
Figure 5.3: Frequency deviation for systems one and four
Table 5.1: loads of power and network structure for Scenario 1
time ) ) 20 20 35 35 50
system 1 4 2 ) ) 3 4
APr, | 010 -0.12 | 0.08 added | 0.05 -0.10 | removed

here as PDDMPC) to [77, Alg. 3] (DGFG) that is based on applying the fast
gradient method to the dual problem. The aforementioned paper proposes
solving a series of convex semidefinite program (SDP) locally at the nodes in
order to select the parameters of the algorithm in a distributed fashion. In
order to have a fair comparison we solved the global optimization problem using
MOSEK [5]. Figure 5.4 demonstrates the superior performance of our scheme.
The y-axis is the error defined as the norm of the difference between current
primal variables and the solution in both algorithms. The z-axis denotes the
total number of local iterations. Notice that DGFG requires two rounds of
communication at every iteration. Furthermore, we used the randomized version
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Figure 5.4: Total number of local iterations: comparing synchronous PDDMPC,
randomized PDDMPC and DGFG.

of the algorithm where each system is activated independently with probability
p; = 0.5. It is observed that the random activation of nodes result in roughly
the same number of total local iterations as the synchronous case.

5.6 Conclusions

This chapter introduced a fully distributed primal-dual proximal algorithm for
the DMPC problem that includes both synchronous and randomized versions.
In addition to simple local iterations, the stepsizes of the new algorithm are
selected locally without any global coordination. Therefore, any changes to the
network structure only affects the neighboring nodes. In addition, our algorithm
enjoys a linear convergence rate under mild assumptions on the input and state
constraints. Future works include devising efficient strategies for selecting the
edge weights, and extending the algorithm for the case of lossy communications.



Chapter 6

A primal-dual proximal algorithm for
distributed optimization over graphs

This chapter is based on:

Latafat, P., Stella, L., and Patrinos, P. New primal-dual proxzimal algorithm
for distributed optimization. In 55th IEEE Conference on Decision and Control
(CDC) (Dec 2016), pp. 1959-1964.

6.1 Introduction

In this chapter we deal with the distributed solution of the following optimization
problem:

N
minimize i(x) + hy(Cix 6.1
niggize D (s) + hi(Ci) (6.1)
where for i = 1,..., N, C; is a linear operator, g; and h; are proper closed

convex and possibly nonsmooth functions. We further assume that the prozimal
mappings associated with g; and h; are efficiently computable [49]. In a more
general case we can include another continuously differentiable term with
Lipschitz continuous gradient in (6.1) as in Chapter 3 but we opted not for
clarity of exposition.

In machine learning and statistics the C; are feature matrices and functions
h; measures the fitting of a predicted model with the observed data, while the
g; are reqularization terms that enforce some prior knowledge in the solution
(such as sparsity, or belonging to a certain constraint set). For example if h;
is the so-called hinge loss and g; = 3| - |3, for some A > 0, then one recovers

116
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the standard SVM model. If instead g; = A|| - ||1 then one recovers the ¢;-norm
SVM problem [185].

Problem (6.1) may be solved in a centralized fashion, when all the data of the
problem (functions g;, h; and matrices C;, for all ¢ € {1,..., N}) are available
at one computing node. However, such a centralized approach is not realistic in
many scenarios. For example, suppose that h;(C;z) models least-squares terms
and C1,...,Cy are very large features matrices. Then, collecting C1,...,Cy
into a single computer may be infeasible due to communication costs, or even
worse they may not fit into the computer’s memory. Furthermore, the exchange
of such information may not be possible at all due to privacy issues.

Our goal is therefore to solve problem (6.1) in a distributed fashion. Specifically,
we consider a connected network of N computing agents, where the i-th agent
is able to compute the proximal mappings of g;, h;, and matrix-vector products
with C; (and its adjoint operator). We want all the agents to iteratively converge
to a consensus solution to (6.1), and to do so by only exchanging variables
among neighbouring nodes, i.e, no centralized computations (i.e., existence of a
fusion center) are needed during the iterations.

To do so, we will propose a solution based on Asymmetric Forward-Backward-
Adjoint (AFBA) splitting method, Algorithm 2.1. This splitting technique solves
monotone inclusion problems involving three operators, however, in this chapter
we will focus on a special case that involves two terms. Specifically, we develop
a distributed algorithm which is based on a special case of AFBA applied to the
monotone inclusion corresponding to the primal-dual optimality conditions of a
suitable graph splitting of (6.1). Our algorithm involves a nonnegative parameter
6 which serves as a tuning knob that allows to recover different algorithms. In
particular, the algorithm of [38] is recovered in the special case when 6 = 2. We
demonstrate how tuning this parameter affects the stepsizes and ultimately the
convergence rate of the algorithm.

Other algorithms have been proposed for solving problems similar to (6.1) in a
distributed way. As a reference framework, all algorithms aim at solving in a
distributed way the problem

N

minimize Fi(x).
zeR"™ Py

In [122] a distributed subgradient method is proposed, and in [64] this idea is
extended to the projected subgradient method. More recently, several works
focused on the use of ADMM for distributed optimization. In [29] the generic
ADMM for consensus-type problems is illustrated. A drawback of this approach
is that at every iteration the agents must solve a complicated subproblem that
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might require an inner iterative procedure. In [131] another formulation is given
for the case where F; = ¢g; + h;, and only proximal mappings with respect
to g; and h; are separately computed in each node. Still, when either g; or
h; is not separable (such as when they are composed with linear operators)
these are not trivial to compute and may require inner iterative procedures,
or factorization of the data matrices involved. Moreover, in both [29, 131] a
central node is required for accumulating each agents variables at every iteration,
therefore these formulations lead to parallel algorithms rather than distributed.
In [153] the optimal parameter selection for ADMM is discussed in the case of
distributed quadratic programming problems. In [174, 175, 115], fully distributed
algorithms based on ADMM proposed, assuming that the proximal mapping of
F; is computable, which is impractical in many cases. In [21] the authors propose
a variation of the Vi-Condat algorithm [53, 170], having ADMM as a special
case, and show its application to distributed optimization where F; = g; + h;,
but no composition with a linear operator is involved. Only proximal operations
with respect to g; and h; and local exchange of variables (i.e., among neighboring
nodes) is required, and the method is analyzed in an asynchronous setting.

In this chapter we deal with the more general problem as in (6.1). The main
features of our approach, that distinguish it from the related works mentioned
above, are:

1) We deal with F; that is the sum of two possibly nonsmooth functions one
of which is composed with a linear operator.

2) Our algorithm only require local exchange of information, i.e., only neigh-
boring nodes need to exchange local variables for the algorithms to proceed.

3) The iterations involve direct operations on the objective terms. Only
evaluations of prox  , prox,. and matrix-vector products with C; and

CI' are involved. In particular, no inner subproblem needs to be solved

iteratively by the computing agents, and no matrix inversions are required.

6.2 Problem formulation

Consider problem (6.1) under the following assumptions:

Assumption 6.I. Fori=1,... N:

(i) C; : IR™ — IR"" are linear operators.

(ii) gi : IR™ — R, h; : IR™ — R are proper closed convex functions.
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(7ii) The set of minimizers of (6.1), denoted by S*, is nonempty.

We are interested in solving problem (6.1) in a distributed fashion. Specifically,
let G = (V, E) be an undirected graph over the vertex set V' = {1,..., N} with
edge set E C V x V. It is assumed that each node ¢ € V is associated with a
separate agent, and each agent maintains its own cost components g;, h;, C;
which are assumed to be private, and its own opinion of the solution z; € IR".
The graph imposes communication constraints over agents. In particular, agent 4
can communicate directly only with its neighbors j € N; ={j € V | (¢,5) € E}.
We make the following assumption.

Assumption 6.I1. Graph G is connected.

With this assumption, we reformulate the problem as

N
minimize Z gi(x) + hi(Cizxy)

:BEIRN" P
subject to  x; =z, (i,j) € B

where @ = (21, ...,2x). Associate any orientation to the unordered edge set
E. Let M = |E| and B € RV be the oriented node-arc incidence matriz,
where each column is associated with an edge (i,7) € E and has +1 and —1 in
the i-th and j-th entry, respectively. Notice that the sum of each column of B
is equal to 0. Let d; denote the degree of a given vertex, that is, the number of
vertices that are adjacent to it. We have BBT = L € IRNXN, where L is the
graph Laplacian of G, i.e.,

d; ifi=j,
L;; = ¢ —1if i # j and node 7 is adjacent to node j,
0 otherwise.

Constraints z; = x;, (i,j) € E can be written in compact form as Az = 0,
where A = BT ® I,, € RM™*"™. Therefore, the problem is expressed as

N
mricréiIRn}vige ; gi(xi) + hi(Ciw;) + 610y (Az). (6.2)
The dual problem is:
N
mzné%llize ;g;‘(—A;l—w — Clyi) + 1 (yi), (6.3)

’LUG]R,JMTL
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where A; € IRM™*™ is the i-th (block) column of A. The primal-dual optimality
conditions are

0€ gi(x;) +Cf yi + Afwyi=1,...,N
Z?{:l Ajz; =0,

where w € IRMn, y; €IR™, fori =1,..., N. The following condition is assumed
to hold throughout this chapter.

Assumption 6.III. There exist x; € ridom g; such that C;z; € ridom h;,
1=1,...,N and Zf\LlAixi:O.

This assumption implies that the set of solutions to (6.4) is nonempty (see [50,
Prop. 4.3(iii)]). If (*, y*, w™*) is a solution to (6.4), then x* is a solution to the
primal problem (6.2) and (y*, w*) to its dual (6.3).

6.3 Distributed primal-dual algorithms

In this section we provide the main distributed algorithm that is based on Asym-
metric Forward-Backward-Adjoint (AFBA) [96] (see Chapter 2). The developed
algorithm belongs to the class of primal-dual algorithms. The convergence results
include both primal and dual variables. However, the convergence analysis here
focuses on the primal variables for clarity of exposition, with the understanding
that similar claims holds for the dual variables.

Our distributed algorithm consists of two phases, a local phase and the phase
in which each agent interacts with its neighbors according to the constraints
imposed by the communication graph. Each iteration has the advantage of only
requiring local matrix-vector products and proximal updates. Specifically, each
agent performs 2 matrix-vector products per iteration and transmits a vector of
dimension n to its neighbors.

Let u = (x,v) where v = (y,w) and y = (y1,...,yn). The optimality condi-
tions in (6.4), can be written in the form of the following monotone inclusion:

0€ Du+ Mu (6.5)
with
0 CcT AT
M={(-C 0 0 [, D(z,y,w)=(9g(x),oh"(y),0),
—-A 0 0
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where g(z) = 2N | gi(z:) , h*(y) = SN, hi(y;), C = blkdiag(Ch,...,Cy).
Notice that Az = Zil Ajzi, ATw = (A w, ..., ALw). The operator D + M
is maximally monotone [13, Prop. 20.23, Cor. 25.5].

Monotone inclusion (6.5) which is a restatement of the primal-dual optimality

conditions (6.4) is solved by applying [96, Alg. 6]. This results in the following
iteration:

bt = proxg_l(a:k —2CTy* — 2 ATwh) (6.6a)
g* = proxL. (y* + TC(Oz*! + (1 — 0)xF)) (6.6b)
w® = w" + MABx + (1 — 9)z") (6.6¢)
Yyt = gF + (2 - OrC (@ — 2h) (6.6d)
whtt = wh + (2 - OIA(zF ! — 2F) (6.6¢)

where matrices X, I', IT play the rule of stepsizes and are assumed to be positive
definite. The iteration (6.6) can not be implemented in a distributed fashion
because the dual vector w consists of M blocks corresponding to the edges. The
key idea that allows distributed computations is to introduce the sequence

(pf)kE]N = (A;rwk)kéﬂ\f7 for i= 17"'7N' (67)

This transformation replaces the stacked edge vector w* with corresponding

node vectors p;. More compactly, letting p* = (pf, ..., p%;), it follows from (6.6c)
and (6.6e) that

P = pF  ATIIA(22F ! — 2F), (6.8)

where ATIIA is the weighted graph Laplacian. Since w* in (6.6a) appear as
ATw" we can rewrite the iteration:

xhtl = p1ﬂ0}<§71(:1r:’€ —2CTyk —xp¥)
§" = proxk. (y* + TCOxF + (1 — 0)z*))
yk:+1 — gk: + (2 o g)rc(azk+l o mk})
P = pF - ATIIA(22H ! — 2%)
Set

S = blkdiag (011, . .., on 1),



122 __ A PRIMAL-DUAL PROXIMAL ALGORITHM FOR DISTRIBUTED OPTIMIZATION OVER GRAPHS

I'= blkdlag (7'1[“7. .. 7TNIT'N)a
IT = blkdiag (71 I, . . ., s 1),

where 0; > 0,7, >0fori=1,...,Nand m; >0 for [ =1,..., M. Consider a
bijective mapping between [ = 1, ..., M and unordered pairs (¢, j) € E such that
Ki; = Kj,; = m. Notice that m; for [ =1,..., M are stepsizes to be selected by
the algorithm and can be viewed as weights for the edges. Thus, iteration (6.6)
gives rise to our distributed algorithm:

Algorithm 6.1
Inputs: 0; >0, 7, >0, k;; >0for j e N;;i=1,....,N, 0 € [0,00), initial
values 29 € IR", y? e R™, pY € R".
for k=0,1,... do
for each agent i =1,..., N do

Local steps:
aft = prox, , (aF — oipf — 0:CTyF)

gk = prox, . (yf + 7,Ci(025 T + (1 — 0)ak))
yEH = g 4 (2 - 0)Ci(at ! — ah)

k+1 k
i T

uf = 2x
Exchange of information with neighbors:

k
pi+1 =pf + Zje/\/i “i,j(ui‘C - u?)

Notice that each agent ¢ only requires uf € IR" for j € N; during the com-
munication phase. Before proceeding with convergence results, we define the
following for simplicity of notation:

o =max{o1,...,0n},
7_':maX{Tl,...,TN,7T1,...,7TM},
L=L®I,+C"C, where L is the graph Laplacian.

It must be noted that the results in this section only provide choices of parameters
that are sufficient for convergence. They can be selected much less conservatively
by formulating and solving sufficient conditions that they must satisfy as linear
matriz inequalities (LMIs).

Theorem 6.1. Let Assumptions 6.11 and 6.111 hold true. Consider the sequence
(a:k)ke]N = (a:’f, . 7m’fv)k€]N generated by Algorithm 6.1. Assume the mazimum
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stepsizes, i.e., 0 and T defined above, are positive and satisfy
ot =767 -30+3)|L|| >0, (6.9)

for a fized value of 6 € [0,00). Then, the sequence (x¥)yen converges to
(z*,...,x*) for some x* € S*. Furthermore, if 6 = 2 the strict inequality (6.9)
is replaced with = — 7||L|| > 0.

Proof. Algorithm 6.1 is an implementation of [96, Alg. 6]. Thus convergence
of (z*),e to a solution of (6.2) is implied by [96, Prop. 5.4]. Combining this
with Assumption 6.1 yields the result. Notice that in that work the stepsizes
are assumed to be scalars for simplicity. It is straightforward to adapt the result
to the case of diagonal matrices. O

In Algorithm 6.1 when 8 = 2, we recover the algorithm of Chambolle and
Pock [38]. One important observation is that the term 6% — 30 + 3 in (6.9) is
always positive and achieves its minimum at § = 1.5. This is a choice of interest
for us since it results in larger stepsizes, 0,7, ki j, and consequently better
performance as we observe in numerical simulations.

Theorem 6.2 establishes linear convergence for the algorithm whenever g; and
h; are piecewise linear-quadratic (PLQ), see Definition 1.4. The class of PLQ
functions has been studied extensively and has many desirable properties (see
[144, §10 and §11]). Many practical applications involve PLQ functions such
as quadratic function, || - ||1, indicator of polyhedral sets, hinge loss, etc. Thus,
the R-linear convergence rate that we establish in Theorem 6.2 holds for a
wide range of problems encountered in control, machine learning and signal
processing.

Theorem 6.2. Consider Algorithm 6.1 under the assumptions of Theorem 6.1.
Assume g; and h; for i = 1,..., N, are piecewise linear-quadratic functions.
Then the set valued mapping T = D + M 1is metrically subregular at any z
for any 2’ provided that (z,2') € graT. Furthermore, the sequence (*),cN
converges R-linearly to (x*,...,x*) for some x* € S*.

Proof. The proof of the first claim is similar to Lemma 3.11 and is omitted.
The second part of the proof follows directly by noting that [96, Alg. 6] used to
derive Algorithm 6.1 is a special case of Algorithm 3.1 (with 4 =0 and A = 1).
Therefore, linear convergence follows from Corollary 3.12(7). The aforementioned
theorem guarantees linear convergence for the stacked vector u in (6.5), however,
here we consider the primal variables only. O
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6.3.1 Special case

Consider the following problem

N
minimize (), 6.10
nigpize 3 i) (6.10)
where ¢g; : IR" = R for i = 1,..., N are proper closed convex functions. This

is a special case of (6.1) when h; o C; = 0. Since functions h; are absent, the
dual variables y; in Algorithm 6.1 vanish and for any choice of § the algorithm
reduces to:

k+1 _ k k
xi T = ProxX, o (v — oip;)

k_ o k+1 k
u; =2z, —x;

P = ok 3 e — ).
JEN;

Thus setting § = 1.5 in (6.9) to maximize the stepsizes yields =1 — 22| L] > 0,
where L is the graph Laplacian.

6.4 Numerical simulations

We now illustrate experimental results obtained by applying the proposed
algorithm to the following problem:

N
minimize Allz||y + Y 3| Dsz — d;|3 (6.11)
i=1

for a positive parameter A. This is the ¢; regularized least-squares problem.
Problem (6.11) is of the form (6.1) if we set for i =1,..., N

gi(x) = xllzll, hi(2) = 32 = dill3,  Ci= Dy, (6.12)
where D; € IR™*", d; € IR™. For the experiments we used graphs of N = 50
computing agents, generated randomly according to the Erdés-Renyi model,
with parameter p = 0.05. In the experiments we used n = 500 and generated D,
randomly with normally distributed entries, with m; =50 for alli=1,... N.



NUMERICAL SIMULATIONS 125

100

107!

1072
1073

1074

llxk = xalleo/llx0 = X lloo

1073

107

| | | | |
0 500 1,000 1,500 2,000 2,500
no. of communication rounds

Figure 6.1: Convergence of the relative error for the algorithms, in one of the
considered instances.
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Figure 6.2: Distribution of the number of communication rounds required by the

algorithms to achieve a relative error of 107°, for fized data and 200 randomly
generated Erdds-Renyi graphs, with parameter p = 0.05.

Then we generated vector d; starting from a known solution for the problem
and ensuring A < 0.1]| Zf\’ D/ di||o-
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For the stepsize parameters we set 0, = o, 7;, = 7, forall i = 1,..., N, and
Kij = kj; = 7 for all edges (4,7) € E, such that (6.9) is satisfied. In order to
have a fair comparison we selected & = o/||L|| and 7 = 0.99/(a(6% — 360 + 3))
with « = 20 which was set empirically based on better performance of all the
algorithms.

The results are illustrated in Figure 6.2, for several values of 6, where the
distribution of the number of communication rounds required by the algorithms
to reach a relative error of 1079 is reported. In Figure 6.1 the convergence of
algorithms is illustrated in one of the instances. It should be noted that the
algorithm of Chambolle and Pock, that corresponds to 8 = 2, is generally slower
than the case § = 1.5. This is mainly due to the larger stepsize parameters
guaranteed by Theorem 6.1.



Chapter 7

Multi-agent structured optimization with
bounded communication delays

This chapter is based on:

P. Latafat and P. Patrinos. Primal-dual algorithms for multi-agent structured

optimization over message-passing architectures with bounded communication
delays (submitted 2019).

7.1 Introduction

In this chapter we consider a class of structured optimization problems that
can be represented as follows:

m

inimi i(x;) + hi(N;x)), 7.1
minimize f(z) + ; (9 (i) + hi(Niz)) (7.1)
where © = (21,...,2m,), N; is a linear mapping, h;, g; are proper closed convex

(possibly) nonsmooth functions, g; are in addition strongly convex, and f is
convex, continuously differentiable with Lipschitz continuous gradient. The goal
is to solve (7.1) over a network of agents through local communications. Each
agent is assumed to maintain its own private cost functions g; and h;, while
f and (possibly) the linear mappings N; represent the coupling between the
agents. In practice local communications between agents are subject to delays
and/or dropouts which constitutes an important challenge addressed here.
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Figure 7.1: The main two memory models; (left) agents cooperating to perform
a task, (right) processors updating a global memory

Most iterative algorithms for convex optimization can be written as
P = 2k TRk (7.2)

where the mapping id — 7' (id is the identity operator) has some contractive
property resulting in the convergence of the sequence to a zero of T'. In distributed
optimization the goal is to devise algorithms where a group of agents/processors
distributively update certain coordinates of z while guaranteeing convergence
to a zero of T.

There are two main computational models in distributed optimization (depicted
in Fig. 7.1) with a range of hybrid models in between [20, §1]. These models
are conceptually different and require different analysis. The model considered
here is the local/private-memory model. Let us first describe the two models.

Shared-memory model: This model is characterized by the access of all
agents/processors to a shared memory. A large body of literature exists for
parallel coordinate descent algorithms for this problem. Typically, coordinate
descent algorithms would require a memory lock to ensure consistent reading.
Interesting recent works allow inconsistent reads [109, 133]. In this model, for
the fixed point iteration (7.2), each processor reads the global memory and
proceeds to choose a random coordinate ¢ € {1,...,m} and to perform
zf“ = zf —T;2",

where 2* denotes the data loaded from the global memory to the local storage at
the clock tick k, and T; represents the operator that updates the i-th coordinate.
This form of updates are asynchronous in the sense that the processors update
the global memory simultaneously resulting in possibly inconsistent local copy
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2k due to other processors modifying the global memory during a read. The
analysis of such algorithms would in general rely on either using the properties
of the operator that updates the i-th coordinate when possible (coordinate-wise
Lipschitz continuity in the case of the gradient [109]), or the properties of the
global operator (see [133] for nonexpansive operators). A crucial point in the
convergence analysis of such methods is the fact that for a given processor, the
index of the coordinate to be updated is selected at random, but no matter
which coordinate is selected the same local data 2% is used for the update. Let

Tiz =(0,...,0,7;2,0...,0). Then, in a randomized scheme T; can be summed
over i:

m

Z [,2% = 12",

i=1

allowing one to use the properties known for the global operator (see the proof
of [133, Lem. 7]). This type of argument is also used in [176] in the context
of decentralized consensus optimization. See [34] for a detailed discussion on
the assumptions that are often imposed in this model. As we discuss below,
the difficulty in the local-memory model is precisely due to the fact that this
summation no longer holds.

Local/private-memory model: In this model each agent/processor has its
own private local memory. The agents can send and receive information to other
agents as needed, and agent i can only update z;. This model is also referred to
as message-passing model [20].

In the absence of delay between agents, randomized block-coordinate updates
may be used to develop distributed asynchronous algorithms. Such schemes
would typically involve random independent activation of agents to perform
their local updates, and are in this sense also referred to as asynchronous
[88, 22, 95, 134]. Note that in these schemes while the agents may wake up to
perform their updates at different times, the information used by each agent is
assumed to be up to date, i.e., synchronization is required.

In accordance with the notation of the seminal work [20, §7] we define the

following local (outdated) version of the generic vector 2¥ = (2F ... 2 ) used
by agent i: v _
K] = (Z;IW, o z,:;n(’“)), (7.3)

where 7¢(k) is the latest time at which the value of z; is transmitted to agent
by agent j. In our setting the delay is assumed to be bounded:

Assumption 7.1. There exists an integer B such that for all £ > 0 the following
holds 4 ,
(Vi,j) 0<k-r7j(k)<B, and 7/(k)=k.
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The fact that each agent knows its own local variable without delay is projected
in the assumption 7¢(k) = k. This is a natural assumption and is satisfied in
practice. Notice that for ease of notation we defined the complete outdated vector
while in practice each agent would only keep a local copy of the coordinates
that are required for its computation, see Fig. 7.1. The directions of the arrows
in Fig. 7.1 signify the nature of the coupling between two agents. For example,
the arrow from A4 to A3 indicates that agent A3 requires z4 for its computation.
Such a relation between agents is dependent on the formulation and the nature
of coupling between agents. For instance, in (7.1) the coupling is represented
through f and possibly N;. As we shall see in §7.2 the coupling through f may
be one sided since agent ¢ may require information from agent j for computing
V.f (the partial derivative of f with respect to i-th coordinate) without the
reverse relation being true.

In summary, each agent controls only one block of coordinates and updates
according to

zf“ = zzk — Tizk[i},

the result of which will be sent (possibly with different delay) to the agents that
require it in their computations. The difficulty in this model comes from the
impossibility of summing T;2*[i] over all i given that z*[i] is different for each 1.

In addition to the above described delay, the partially asynchronous (PA)
protocol considered in [20, §7] involves a second assumption: each agent must
perform an update at least once during any time interval of length B. In [20,
§7.5] a PA variant of the gradient method is studied. This analysis is further
extended to the projected-gradient method in the convex case. In [161] a periodic
linear convergence rate is established for the projected-gradient method. The
recent work [184] extends this analysis to the proximal-gradient method.

The aforementioned primal methods are not well equipped for problems with
more complex structures as in (7.1). An efficient way to tackle such problems is
to employ a class of first-order methods, referred to as primal-dual algorithms.
This approach leads to fully split algorithms eliminating the need for invert-
ing matrices or solving inner loops. Developing PA schemes for primal-dual
algorithms is not addressed here and remains a challenge. It it worth noting
that [80] considers a primal-dual framework under a different asynchronous pro-
tocol where the primal variables follow a totally asynchronous model [20, §6].
However, the dual variables are required to be synchronized across agents.

It is worth noting that finite sum minimization over graphs is another popular
problem that has been considered by many authors [122, 64, 150, 110, 90, 100].
Several asynchronous algorithms have been studied for this popular problem
over master-worker architectures [1, 12, 71, 41, 183]. Moreover, asynchronous
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subgradient type methods have been studied extensively for finite sum problems
[121, 168, 154, 172, 105]. In contrast, in this work general optimization prob-
lem (7.1) is considered. This framework can be used to develop asynchronous
distributed proximal algorithms for general finite sum minimization of the form

minimize ; T;(z) + O4(z) + &;(Cyz),

where @; is smooth, ©; and ®; are (possibly) nonsmooth extended-real-valued
and C; is a linear mapping. This problem can be reformulated as (7.1) using a
consensus reformulation according to the communication graph. However, this
is deferred to future work.

7.1.1 Motivating examples

Consider the regularized logistic regression problem

migie%gze Z Z log (14 exp (—yg) (z), w))) + Aw|?, (7.4)

i=1j€ET;

where w = (w1, ..., w,;,) € R™ is the regression vector, A is a positive constant,
and the data is distributed between m machines; the pair (z(;),y(;)) ez; rep-
resents the data stored at the i-th machine. The goal is to solve the global
minimization via local communications which may be subject to communication
delays. Clearly (7.4) fits into the form of (7.1): let g represent the separable
regularizer, h;(v) = > 7, 10g((1 + exp(—y;)v;)) the loss function, f =0 and
the rows of V; consisting of xz;.) for j € Z;. In this formulation the coupling
is through the linear terms (c¢f. §7.5). Distributed elastic net problem is an-
other such example with h; representing the squared loss, IN; the locally stored
data, g the elastic net regularizer and f = 0. Note that in both examples g; is
strongly convex and h; is continuously differentiable with Lipschitz continuous
gradient, satisfying the requirements of §7.5 for the cost functions.

Another notable example is the problem of formation control [136], where each
agent (vehicle) has its own private dynamics and cost function and the goal
is to achieve a specific formation while communicating only with a selected
number of agents. Let w; = (&,v;) where §; and v; denote the local state
and input sequences. The location of agent ¢ is given by y; = C¢; and the set
of its neighbors is denoted by A;. The linear dynamics of each agent over a
control horizon is represented by the constraints F;w; = b;. In order to enforce a
formation between agents i and j the quadratic cost function |C(& —&;) — dy;||?
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is used where d;; is the target relative distance between them (refer to [136] for
details). Hence, the formation control problem is formulated as the following
constrained minimization:

minimize » 3 Y |C& — &) = digl* + 3> w Qiw; (7.5a)
=1

i=1 JEA;
Subject to Bw; =b;, w; €W;, i= 1,....m (75b)

This problem can be easily cast in the form of (7.1) by setting f equal to
the first term, g; equal to the quadratic local cost, while h; o L; captures the
dynamics and input and state constraints (see Section 7.6 for more details).
Therefore, the objective is to enforce a formation between agents by solving
this optimization problem in presence of communication delays by allowing
the agents to use outdated information. Notice that in this case the coupling
between agents is enforced only through f. This special case of (7.1) is studied
in §7.4.

7.1.2 Main contributions

e To the best of our knowledge this is the first work that considers the delay
described in (7.3) in a message-passing model for primal-dual algorithms. Unlike
primal methods (gradient or proximal-gradient), the proposed algorithms are
applicable to problems with complex structures as in (7.1) without the need to
solve inner loops or to invert matrices.

e The analysis of [20, 161, 184] rely on the use of the cost as the Lyapunov
function. In contrast, we show that quasi-Fejér monotonicity is an effective tool
in the analysis of bounded delays in our setting. While this paper focuses on
two particular primal-dual algorithms, a similar analysis should be applicable
to others such as those proposed in [50, 31, 62, 96, 95, 98].

e Two primal-dual algorithms are presented: (i) when the coupling between
agents is enforced only through f, the algorithm of [53, 170] is considered (cf.
§7.4), (ii) when the coupling is through f and the linear term, a new modified
algorithm is developed (cf. §7.5). In addition, linear convergence rates are
established with explicit convergence factors.

e In §7.5.2 an asynchronous protocol is considered; at every iteration agents are
activated at random, and independently from one another, while performing
their updates using outdated information. In practice, random activation can
model the discrepancies in the speed of different agents.
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7.2 Problem setup

Throughout this chapter the primal and dual vectors, denoted = and u, are
assumed to be composed of m blocks as follows

x=(x1,...,Tm) ER", u=(ug,...,uy) €ER",

where z; € R™ and u; € R". Moreover, we denote the stacked primal and dual
variable as z = (z,u).

Consider a linear mapping L : R™ — R” that is partitioned as follows:

Ly -+ Lim
Lml e me

where L;; : R" — R". Furthermore, the i-th (block) row of L is denoted by
L;. : R" — R" and the i-th (block) column by L.; : R™ — R", i.e.,

L.
L=| | = - L)
L.
The following holds
(La,u) = > (Liw,ug) = (i, Lu). (7.7)
=1 1=1

Consider the structured optimization problem (7.1) where the linear mapping
N; has been replaced by L;. defined above in order to clarify the structure of
the mapping:

m

minimize f(z)+ Z (9i(@;) + hi(Li.)). (7.8)

zER™ ‘
=1

The cost functions g; and h; o L;. are private functions belonging to agent i.
The coupling between agents is through the smooth term f and the linear term
L;.xz. An agent 7 is assumed to have access to the information required for its
computation, be it outdated, c¢f. Algorithms 7.1 and 7.2.

Let the following assumptions hold

Assumption 7.I1.
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(i) For i = 1,...,m, h; : R — R is proper closed convex function, and
L;. : R® — R"™ is a linear mapping.

(ii) (strong convexity) For i = 1,...,m, g; : R" — R is proper closed
pg-strongly convex for some pg > 0.

(i) f:R™ — R is convex, continuously differentiable, and for some € [0, c0),
Vf is B-Lipschitz continuous:

IVf(x) = Vf@)| < Blle —a'|l, Vo2 €R™

(iv) For every i = 1,..., m there exists a nonnegative constant f; such that
for all x,2’ € R™ satisfying x; = z}:

IVif(z) = Vif ()| < Billw — 2’|l (7.9)

(v) The set of solutions to (7.8) is nonempty. Moreover, there exists x; €
ridom g;, for i = 1,...,m such that L;.x € ridomh;, for j =1,...,m.

Assumption 7.I1(iv) quantifies the strength of the coupling (through f) between
agents [20, §7.5]. In particular, if f is separable, i.e., f(z) = >.7" fi(2;), then
there is no coupling and §; = 0.

Problem (7.8) can be compactly represented as

mini%ize f(z)+ g(x) + h(Lz),

zeR™

where g(z) = Y10 gi(@:), h(uw) = Y7%, hi(u;), and L is as in (7.6). The dual
problem is given by

minigﬂ%ize (g + f)*(_LTu) + h*(u).

By Assumption 7.11(%i) the set of solutions to (7.8) is nonempty and unique.
Under the constraint qualification of Assumption 7.I1(v), the set of solutions to
the dual problem is nonempty (not necessarily a singleton) and the duality gap
is zero [143, Cor. 31.2.1]. Furthermore, z* is a primal solution and u* is a dual
solution if and only if the pair (z*,u*) satisfies

{o € 0g(x*) + Vf(2*) + LT u*, (7.10)

0 € Oh*(u*) — La*.

Such a point is called a primal-dual solution and the set of all primal-dual
solutions is denoted by S.
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For each agent i € {1,...,m} define positive stepsizes v;, o; associated with
the primal and the dual variables, respectively. Let us also define the following
parameters

B = (Blv te 7Bm)a
I' .= blkdiag (v11,,,- .., vmIn,,),
5 = blkdiag (o1, .., 0w, ),

D = blkdiag(l'~!, 27 1h). (7.11)

The algorithm of Vi and Condat [170, 53] for solving (7.8) is given by the
following updates for agent ¢ at iteration k:

mf“ = prox.,,. (ﬂci€ — 'yiL:';uk — 'yiVif(xk)) (7.12a)
uitt = prox, . (uf + oL (225 — 2F)). (7.12b)

In a synchronous implementation of the algorithm, each agent requires the latest
variables z*, 2*T1 and «* in the above updates, which may not be available
due to communication delays. In the case when L is block-diagonal the coupling
between agents is enforced only through the smooth function f (in (7.12) agent
i requires the primal variables that are required for computing V; f). We refer
to this type of coupling as partial coupling. In Section 7.4 the updates in (7.12)
are considered for the case of partial coupling (cf. Alg. 7.2).

More generally when L is not block-diagonal, the coupling between agents is
enacted through the linear mapping L (the linear operations L:; and L;. in
(7.12b) require additional communication between agents) and possibly the
smooth function f. We refer to this type of coupling as total coupling. This case
is considered in Section 7.5 where an Arrow-Hurwicz-Uzawa type [8] (referred
hereafter as AHU-type) primal-dual algorithm is proposed in place of (7.12).
The synchronous iterations of the AHU-type algorithm for agent 4 at iteration
k is given by:

ai = prox, , (zf — yiLu" — 7 Vif(2")) (7.13a)
uitt = prox, - (uf +o;Li.2"). (7.13b)
Differently from (7.12), in the dual update linear operator is applied to z* in

place of 2281 — zF. When operating under the bounded delay assumption, the
AHU-type primal-dual algorithm, (7.13), allows for larger stepsizes compared
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to (7.12).

It is worth noting that (7.13) can be seen as a forward-backward iteration:
2P = (D 4+ Ty) 1 (D - Ty)2F,

where Ty = (9g,0h*), Ty : (z,u) — (Vf(z) + LT u, —Lz), and D as defined in
(7.11). Even in the synchronous case this algorithm is not in general convergent.
The convergence may be established when g and h* are strongly convex [43,
Assumption A]. Moreover, when g is the indicator of a set and h is the support
of a set, the AHU-type algorithm resembles another primal-dual AHU-type
algorithm considered in [123, 80] for solving saddle-point problems.

7.3 Notation and preliminary results

This section is devoted to establishing some preliminary results and notation.

Lemma 7.1. Let ¢ : R® — R be a proper closed j-convex function for some
p=>0. Forallr € R", w € R and w, = prox,,,(w) the following holds

a(r) = a(wp) 2 {w — wp,r —wp) + FlIr — wpll*. (7.14)

Proof. The inequality follows immediately from the definition of strong convexity
and the characterization of proximal mapping [13, Prop. 16.44]. O

For all a,b,c € R™ and all positive definite matrices V' € R"*" the following
elementary equality holds.

2(a—b,c=byv = [la=bl[y + [l = bl — lla— |7 (7.15)
We also make use (1.8) with V' = el,,:
(z,y) < §ll2l® + 5:llyll®, Vo,y €R",e>0. (7.16)

Lemma 7.2 provides a basic inequality which is crucial in our analysis. Refer to
[20, §7.5] and [184, Lem. 4] for the proof.

Lemma 7.2. Let Assumption 7.1 hold. Consider a vector wk = (w¥, ..., wk)

and its outdated version w*[i], cf. (7.3). Then, the following inequality holds

k—1
lo* =@l < Y et —w. (7.17)
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Let [ and d be two nonnegative scalars. For a given sequence (w'),.y we define
the following for simplicity of notation:

k—d

Szd(wt)tgk = Z Jw™ — w2,

r=[k—B+1—1]4

Summing S¢(w'),., over k from 0 to p > 0 and noting that each term is
repeated at most B + [ — d times we obtain:

p
Zsld( Ji<k < (B+1—d ZHWHI w”|?
k=0

k=[1—-B—1]+
(B+1—d an’fﬂ wk|?. (7.18)

This inequality will be used in the convergence analysis.

Lemma 7.3. Suppose that uﬁl,ug >0,i=1,...,m, and in the case of Lem.
7.3(i) let Assumption 7.1I(iv) hold. Then, the following hold for any positive
constants €1, €2, €3, nonnegative integer q and generic vectors v = (v1,...,Um),
y= (Y1, Ym) with v; € R™ and y; € R":

(i) Sy (Vif @i = Vif (@*), 2} —vi) < Gllv—a* |3, + 2 181151 1 (@) <
(it) S (L (ab (] — uf ), 2f — o) < %o — 2|3, + SEHLS T (ul) oy
(ii6) Sy (Lie (@[] = 249), i — ) < Gy = w” Ry, + PGS @
where Rs, Cs are defined in (7.30), Mgy, My, in (7.20) and (7.31a).

Proof. We provide the proof for the first inequality and omit the rest noting
that they are derived following a similar argument. Using the Cauchy—Schwarz
inequality we have

m

D ot =i Vit @F i) - Vif (@) < Zm—m:nuvif(w’“)—vl-f@ck[z‘])n

i=1

(7.9) o= -

<Y Bills - llla* — o* Ll
i=1

(7.17) k=t

< S dde-ati(> e )

i=1 T=[k—B]y
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n ke
=Y > Bilwi—allaTt —a

((7.16) with e = “21)

IN

m k—1 ; Y
Hg€l B8; B
13 Y (Bt ZE o)

i=1 r=[k—B]4

IN

k—1
2 B (1312 2
Flv - m*HMg + %”'B”M;l Z =™t — 27|12,

T=[k—Bl+

proving the claim. U

7.4 The case of partial coupling

Throughout this section we consider the optimization problem (7.8) with partial
coupling (when L has a block-diagonal structure). In this case, the coupling
between agents is enacted only through the smooth function f (and not through
L). The example of formation control in Section 7.1.1 can be cast in this form.

Under this setting problem (7.8) becomes

m

mil;ie%ize flx)+ ; (gi () + hz(Luxz))v

where L;; is the i-th diagonal block of L, see (7.6). In order to solve this problem
with the iterates in (7.12), agent ¢ must receive those x;’s that are required for
the computation of V, f and all other operations are local. Let us define two
sets of indices: those that are required to send their variables to i:

N™ = {j | V;f depends on z;},

and those that i must send z; to as NP == {j | i € /\/'jm}

Algorithm 7.1 summarizes the proposed scheme. At every iteration each agent
i performs the updates described in (7.12) using the last information it has
received from agents j € NI, It then transmits the updated xf“ to the agents
that require it (possibly with different delay). Note that z*[i] was defined as the
outdated version of the full vector 2* for simplicity of notation, and in practical
implementation it would only involve the coordinates that are required for the

computation of V; f.
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Algorithm 7.1 Vi-Condat algorithm with bounded delays

Initialize: 20 € R™ u? € R" for i € {1,...,m}.
For £k=0,1,... do
For each agent : =1,...,m do

% Local updates
perform the local updates using the last received information, i.e., the locally
stored vector z"[i] as defined in (7.3):
o gt = prox. . (z§ —viLju; — v Vif(z*[i]))
2wttt = PIOX,, j» (uf + oy Ly; (225! — 2k))

% Broadcasting to neighbors

3: send xf“ toall j € '/\/’iout (possibly with different delays)

As shown in Theorem 7.4, for small enough stepsizes the generated sequence
converges to a primal-dual solution under the bounded delay assumption, and
provided that functions g; are strongly convex. Such needed requirements are
summarized below:

Assumption 7.II1. (stepsize condition) For i = 1,...,m, the stepsizes o;,~v; >
0 satisfy the following assumption:

1
Vi < T ; (7.19)
oil Liill* + B + %HBH?WHH
where
My, = blkdiag (pgln, ;- - 1) I, )- (7.20)

According to Assumption 7.IIT a one time global communication of ||3]|,,-1
g
and ( is required when initiating the algorithm.

According to (7.19) as the upper bound on delay, B, and coupling constants Bi
(as defined in (7.9)) increase, smaller stepsizes should be used. This is intuitive
given that in either case the agents have a lower confidence in the currently stored
vectors and thus should take smaller steps. Moreover, the higher the modulus
of strong convexity, the larger steps agents are allowed to take, countering the
effect of the delay.

In the case when the smooth term is separable, the problem is decoupled (ﬂ_l =0
for all i) and the stepsize condition for each agent does not depend on the
delay. The same stepsize condition would be required in the case of synchronous
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updates (B = 0). Note that, in this case (7.19) is still more conservative than
the classical results which would require v; < 1/(0||Lsi||? + 5/2) (the difference
being a 3 appearing in place of 5/2).

Before proceeding with the convergence results, let us define the following

P = (F__Ll ;j) (7.21)

Noting that X, I" are positive definite, and using Schur complement we have that
P is positive definite if and only if I'~* — LT XL is positive definite, a condition
that holds if (7.19) is satisfied (since L has a block-diagonal structure).

Our analysis in Theorem 7.4 relies on showing that the generated sequence is
quasi-Fejér monotone with respect to the set of primal-dual solutions in the space
equipped with the inner product (-,-)p. Notice that without communication
delays (B = 0), this analysis leads to the usual Fejér monotonicity of the
sequence. The use of outdated information introduces additional error terms
that are shown to be tolerated by the algorithm if the stepsizes are small enough
and the functions g; are strongly convex.

Theorem 7.4. Suppose that Assumptions 7.1-7.111 are satisfied. Then, the
sequence (2F), .y = (2%, u¥),cn generated by Algorithm 7.1 is P-quasi-Fejér
monotone with respect to S. Furthermore, (2¥),cy converges to some z* € S.

Proof. In order to establish convergence we first derive the following intermediate
result.

Lemma 7.5. Suppose that Assumption 7.1, 7.1 and 7.1I(ii) are satisfied.
Consider the sequence generated by Algorithm 7.1. Then, for any (z*,u*) € S
the following hold:

41 R

- 95*||§Mg+r71 - ||515]C - 95*”12“71 + ||515]f - BI

< 2§:<Vif(x’“[i]) — Vif(@¥), 2} — 2T + 2L 7 (uF — u¥), 2t — 2F T,
- (7.22)
and

i+ B b R 2L —a), uH ).
(7.23)
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Proof. To derive the first inequality use (7.14) with ¢ = g, r = af, w, = 27!

and w = xF — 4, LT uP[i] — vV, f(2*]i]) (using the update for the prlrnal variable

¥ in the algorithm):

gi(z}) = gi(ai ™) = (Vaf (@"[i]) + Liguf, 7™ — a7)

+ 2ok 2kt — o)+ B ot — R (7:24)
Let f* = f(z*), and f* := f(2%). By convexity of f:
= < (Vf(a*), 2" —a),
and by Lipschitz continuity of Vf we have
FEFL < fR (T (R, R — Ry o ngkH —aF|2
Summing the two yields

R = <(Vf(F), 2T — 2%y 4+ G2t — 2R, (7.25)

For notational convenience we use F := f + g and F* := F(z*), F* = F(2%).
Noting that g is separable, sum (7.24) over 4, add (7.25) and use (7.15) (with
V=071 a=2aF b=2"" c=2") to obtain

o Fk-i—l > %ka k—HHF - + 2||.’L‘k+1 _ ‘T*H%*l—&-Mg

m
—%Hwk—x*ll%—ﬁrz (~Lyuf,a; —ai™)

m

+ D (Vif (") = Vif (a*[i]), « — 2 ™).
i=1
On the other hand by convexity of f, strong convexity of g; and (7.10) we have
Fk+1 _ F* > <—LTU*,$k+1 _ {E*> 4 %ka-&-l _ ‘T*H?Wg

Summing the last two inequalities, multiplying by 2 and a simple rearrangement
yields (7.22).

For the second inequality, consider the update for uf“ and use (7.14):

hy(uf) = by (uf ™) > (Lg (2074 — 27), uf —ui™)

1) (3

3 K3 7
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Furthermore, by convexity of h; and using (7.10):

h*(uk+1) _ h*(u*) > (Lm*,uk'H _ ’U,*>.
Sum (7.26) over all i, add the last inequality, and use (7.15) to derive the
inequality. O
Adding (7.22) and (7.23) we obtain

k k k k
[ [ il = i

T =Rt -t R e -t

m

2 Z<(E: — mfﬂLl’ sz(xk[z]) _ sz(xk» + ﬁ||xk . xk+1H2

i=1

IN

+ 2(L (22 — 2% — %) WF T — ) 2 LT (WF = w), 2t — 2P (7.27)
The last two inner products can be rearranged as
2L(xh T — 2Py b — 0Py —2(L(a* —2*) 0¥ —u*) F 2(L (2T —2*) Wb — ).

Replacing this term and using Lemma 7.3(7) (with ¢; = 2 and v = zF*!) in
(7.27) yields (with P defined in (7.21)):

124 = 2B — |28 — 215 + (1257 = 2F)1%
< Blla® = 2P+ FBI 1 S s< (7.28)

Sum inequality (7.28) over k from 0 to p > 0 to obtain:

P
1224 = 2B = 120 = 2* )5 + )l = 2R)E

k=0

P p
<BY et = 2P BRI D St ()i (7.29)
k=0 k=0

Let us define

,
s (T - FIBI -8 —LT

= g .
—L »-1
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Since ¥ is positive definite (o; > 0), by Schur complement P is positive definite
provided that (7.19) holds (recall that L has a block-diagonal structure).

Use (7.18) (with Il =d = 1) in (7.29) to derive
P
e R Ean S el 73
k=0

Therefore, by letting p to infinity we obtain Y72 [|z¥"! — 2¥|[% < co. Hence,
using (7.18) for the right-hand side in (7.28) we have

oo

> (BB St ess + Blla* — 2 H12) < oo,
k=0

Therefore, in view of (7.28) we conclude that (2*), oy is P-quasi-Fejér monotone
with respect to S.

Consequently, the sequence (zk,uk)keN is bounded [46, Lem. 3.1]. Let (z¢, u®)
be a cluster point of (mk,uk)keN, i.e., (zF uFn) — (2¢,u°). Using Lemma 7.2
also z¥~[i] — z°. Noting that the proximal and linear maps as well as V[ are
continuous, for all ¢ = 1,...,m we have

af =prox,, . (zf — i Vif (x) = viLjus)

C C C
Uj = ProX,, . (u§ + o;Lixf),

which implies (z¢,u¢) € S. The convergence of the sequence follows [46, Thm.
3.8]. 0

In the case of total coupling (when L is not block-diagonal), it is no longer
possible to establish quasi-Fejér monotonicity of the Vi-Condat generated
sequence in the space equipped with (-, -) p. This is because the coupling linear
mapping L, is operating on outdated vectors. In the next section we propose an
AHU-type primal-dual algorithm that is better suited for problems with total
coupling.

7.5 The case of total coupling

In this section we consider problem (7.8) with total coupling. That is, we assume
that the coupling between agents is enforced through the linear maps (L is not
block-diagonal), and possibly through the smooth term f.
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7.5.1 An AHU-type primal-dual algorithm

We consider the primal-dual algorithm (7.13). Compared to (7.12), in the dual
update the linear map L;. operates on z*[i] in place of 22**1[i] — 2*[i]. This
modification results in the possibility of using larger stepsizes since the terms
2%+ 1[i] — 2*[i] would introduce additional sources of error.

Let us define the following two sets of indices:
MY = {5 | Ljs # 0}, M= {j | Ly # 0},

where 0 denotes a zero matrix of appropriate dimensions. In Algorithm 7.2,
due to the additional coupling through the linear maps, the primal vector of
agent i must be transmitted to all j € MY UN" while the dual vector is to be
transmitted to all j € ./\/l§1 Notice that the outdated primal and dual vectors
2*[i] and u*[i], need not have the same delay pattern and are arbitrary as long

as Assumption 7.1 is satisfied, i.e., agent ¢ may use the primal vector m?l and

the dual vector u§2 that were the variables of agent j at times k; and ko.

Algorithm 7.2 An AHU-type primal-dual algorithm with bounded delays

Initialize: 20 € R, u{ € R™ fori € {1,...,m}.
For £k=0,1,... do
For each agent ¢ =1,...,m do

% Local updates
perform the local updates using the last received information, i.e., the locally

stored vectors x*[i] and u"[i] as defined in (7.3):

L: xi‘H—l = Prox,,, (xf - ’YZLTZUkM - ’szzf(xk[l]))
2wt = prox, . (uf + o;Li.2*[i])

% Broadcasting to neighbors
3 send zF! to all j € N U MP and uftt to all j € M¢

i

(possibly with different delays)

In Theorem 7.6 convergence is established for Algorithm 7.2 when the stepsizes
are small enough, under the assumption that the functions g; are strongly convex
and h; are continuously differentiable with Lipschitz continuous gradient. Note
that under this extra assumption the set of primal-dual solutions is a singleton,
S = {z*}. We summarize these requirements below:

Assumption 7.IV. Foralli=1,...,m:
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(i) (Lipschitz continuity) h; is continuously differentiable, and Vh; is ;%'_

. , h
Lipschitz continuous for some pj > 0. Equivalently, h is p)-strongly
convex.

(i) (stepsize condition) The stepsizes o;,7; > 0 satisfy the following inequali-

ties
< 1 < L
(oF} o e Vi > )
Cs(B +1)? B+ 3R(B+1)2+ B2|B]2,
g
where - m
I AR O (7.30)

Throughout this section we make use of the following positive definite matrices.

My, = blkdiag(pp I, ..., w1, ), (7.31a)
M = blkdiag(M,, My,). (7.31Db)

Note that according to Assumption 7.IV (i) a one time global communication
of Ry, Cs, f and ||B|[,,-1 is required.
g

The stepsize condition in Assumption 7.IV (i) is more stringent than the condi-
tion derived in Section 7.4 for the case of partial coupling. This is due to the
fact that L;. and L.; are operating on delayed vectors. It is shown in Theorem
7.6 that for the case of total coupling with AHU-type algorithm quasi-Fejér
monotonicity holds in the space equipped with (-,-)p (with D defined as in
(7.11)).

We proceed with the convergence results for Algorithm 7.2.

Theorem 7.6. Suppose that Assumptions 7.1, 7.1I and 7.1V are satisfied. Then,
the sequence (zk)LceN = (glck,uk),ceN generated by Algorithm 7.2 is D-quasi-Fejér
monotone with respect to S = {2*}, and converges to z*.

Proof. The proof is similar to that of Theorem 7.4. In this case, the presence
of coupling through the linear maps results in additional error terms. First we
establish a key result for Algorithm 7.2.

Lemma 7.7. Suppose that Assumption 7.1, 7.11 and 7.IV(i) are satisfied.
Consider the sequence generated by Algorithm 7.2. Then, for any (z*,u*) € S
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the following hold:

12" = & [3ar, 4r—r = ll2* = 2B + l2* = 2" R g,
<2) (Vif (")) = Vif (@*) + LE@Mi] = u*), 2} — 2, (7.32)
i=1
e [ e e i
< 2Z<Li.xk[i],uf+1 —uf) + 2(La*,u* — utt). (7.33)
i=1

Proof. The proof of the lemma is similar to that of Lemma 7.5 and is therefore
omitted. O

Add (7.32) and (7.33), and rearrange the inner products using (7.7) to derive
(with D defined in (7.11))

e e e o o EL i

= Blla® — &P 4 (|2 — 2By, 4 [t — uBy,

< 23 (V@) - Vif (@F) + DLt -t - 2t
+2 i(Ll (zF[i] — a* L), bt — k) (7.34)

Using the inequalities in Lemma 7.3 with g =1, ¢; = €3 = 1, €3 = 2, v = aF+!

and y = w1 yields:
1255 =25 (1B = ll2% = 2*[1B + l128 = 21
< BIBIS@)ick + 5R(B+ 1S (@) <4

+ Cy(B +1)SY (ul), <), + B|z* — 2P 1% (7.35)
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Sum over k from 0 to p > 0, to derive

p
1Pt = 2515 = [12° = 21D + D l12* = 2+

p '4
< BlBIG,- Yo Stk + GRSV
=0 k=0

p p
+8Y k=2 TP+ B+ 1) D SY () e<k (7.36)
= k=0

By repeated use of (7.18) in (7.36) we obtain

p
122 =241 = 112 = 2B + Y =t =2
k=0

p
< (BB, + 3B+ 1)? + 8) Y [la — 2"+
k=0

p
Co(B+1)% |luf — a2,

If the stepsizes are small enough to satisfy Assumption 7.1V (i), letting p to
infinity yields Y"p2, [|2**1 — 2¥||2 < 0o. Therefore, it follows from (7.35) (using
(7.18)) that (%), oy is D-quasi-Fejér monotone with respect to S. Arguing as
in Theorem 7.4 completes the proof. O

The next theorem provides a sufficient condition for the stepsizes under which
linear convergence is attained.

Theorem 7.8 (linear convergence). Suppose that Assumption 7.1, 7.II and
7.1V (i) are satisfied. Consider the sequence (Zk)keN genemted by Algorithm
7.2. Let ¢ be a positive scalar and set v; = 5,0, = -5 fori=1,...,m. Let

Hg
min

pm = min{p), .o p ), it = min{yg, . ) Then the followmg linear
convergence rate holds

k
12 = 215 < (132) 112" = 2* 1D,
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1
provided that ¢ < (1 + ¢) B+1 — 1 where

min min

_ Hg Hh
2B|BI2,- + R(B+1)+ " 2C,(B +1)
g

co = min

Proof. In Theorem 7.6 the strong convexity assumption was leveraged to coun-
teract the error terms. In order to prove linear convergence we retain some of
the strong convexity terms. Using the inequalities of Lemma 7.3 with ¢ = 1,
€1 =€ =053 =1, v=2a"1 and y = u**! in (7.34) yields

125 = 211D — ll2* = 211D + 12 = 2"

llat =2t Ry, + =,
< (2BIBI2,  + Ru(B+1)) S (e )ec

+204(B + 1) S0 () ik + Bllat — P (7.37)

Note that one may set these constants differently and obtain a different valid
bound on the stepsizes.

Since we set 7; 0i = 5=, we have D = blkdiag(l'~!,x~1) =

<
T 9
Hg h

1 blkdiag(My, My,), which together with (7.37) yields
(L4 Q)54 = 2713 = 125 = 2*[} < (2BIBI%,+ + Ro(B + 1)+ 8) 50 (a") <

+2C4(B +1)89 (u') < — 1257 = 2F|[,
(7.38)

where we used the conservative bound 3||z*+1 — z%||2 < 8S{(a!),., in order to

avoid algebraic difficulties. The result follows by multiplying (7.38) by (1 + ¢)*
and summing over k from 0 to p, see [12, Lem. 1]. O

7.5.2 Randomized variant

In this subsection we propose a randomized variant of Algorithm 7.2 where
agents are activated randomly according to independent probabilities, i.e., at
every iteration several agents may be active. Unlike the partially asynchronous
protocol [20], in this scheme the agents are not required to perform at least
one update in any interval of length B. In the randomized setting of Algorithm
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Algorithm 7.3 A randomized variant of Algorithm 7.2

Initialize: 20 € R™ u? € R" for i € {1,...,m}.
For £k=0,1,... do
each agent ¢ = 1,...,m is activated independantly with probability p; > 0.
For active agents do
% Local updates
perform the local updates using the last received information, i.e., the locally

stored vectors x*[i] and u"[i] as defined in (7.3):

1: ahtt = prox., . (2% — v LIk [i] — %N, f (2R [3]))
2wt = prox, . (uf + o;Li.2*[i])

% Broadcasting to neighbors
3 send zFt! to all j € N U MP and uftt to all j € M¢

(possibly with different delays)

7.3, the stepsize condition in Assumption 7.IV (i) is replaced by the following
stepsize condition.

Assumption 7.V. (stepsize condition) For all i = 1,...,m, independent
probabilities p; > 0 and stepsizes o;,7; > 0 satisfy the following inequalities
1 < 1
y Vi > .
20,(B%pi +1)" " " B+ Ry(B%pi + 1) + 18], B*p:
g

o; <

Notice that compared to the non-randomized version, according to Assumption
7.V, an agent is allowed to take larger steps if its probability of activation is
smaller.

Theorem 7.9. Suppose that Assumption 7.1, 7.11, 7.1V (i) and 7.V are satisfied.
Then the sequence (2%), oy = (&%, uF), oy generated by Algorithm 7.3 converges
almost surely to z*.

Proof. Let ,Efﬂ = (:Ef“, uf“) denote the updated vector belonging to agent i
if that agent was to perform an update at iteration k. That is, in Algorithm 7.3,
2Bl — ZFHLif agent 4 is activated and zF T = 2F if it remains idle. Let us define
the global vector z¢+1 = (81 . zE+1) which corresponds to a deterministic

update of all agents at iteration k. Using Lemma 7.7 as in (7.34) we have

12540 = 2[5 = 1% = 211D + 12" = 2571
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= Blla® = P 4 (|25 — a3y, + @ - wt Ry,

m

< 2> (Vif(@F[i]) = Vif (=) + L] (WFli] — @), 2 — 28
=1
+2 i(Li. (2[i] — L), ab Tt — k) (7.39)

Using Lemma 7.3(ii) with ¢ = 0, v = Z**!, and (7.16) (with € = eap!, for each
term in the summation) we have

D ALLWM —ut o+ — @) e - )
i=1

IN

G llz* = jHl”%\/fg + B;f;“‘ St(u") i<k

m

M (M=

=1

wF = @ 4 e oy — 3

= eafla* — T3, + 52

e e (I (7.40)

Similarly, using Lemma 7.3(7ii) with ¢ = 0, y = @**1 and (7.16) (with € = ez},
for each term in the summation) we obtain:

m

D (Liu(@®li]) = 25, ub T — uf) < eslub Tt —ut|3y, + 2= |l — 2
=1
+ 5251 (2 (7.41)

Using (7.40), (7.41) with e = 0.5 and €3 = 1 together with Lemma 7.3 (i) with
€1 =1, v =7 in (7.39) yields

o Ea R B

< aSt(a');cp + b5 (W)cp + (B + Ry)||a* — 212 + 20, |a" T — |7,
(7.42)

where ¢ = (BRS + B||BH?W,1) and b == 2BC.
g

Let Eg[-] denote the expectation conditioned on the knowledge until time k.
Moreover, for notational convenience let us define the diagonal probability
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matrix

T =blkdiag(pi Ly, , - s pmln,, , 01l - Pl
D; =blkdiag(y; 1,0, '1,.),

2F = (zF,uF) and 2F = (27, u}). Consequently, using the fact that D is diagonal

we have

m
E{ 24 - 30 ) — B [zpfuzf“ e
=1

m

— ,k k}
> o Hpill 2 = 221D, + 1= pa)llF - 2013,
=1

(2

m
Pi

=k 1—p;
(I8 = 211, + 522028 - 2113,)

.
—

S 12 = R — 12 - 2l

(7.43)

=z

Therefore, using (7.42) we obtain
Ei{ll2"* = 2"l p} < 12" = 2" fap — 127 = 2 + 260 @M — b

+aSH(")y<p, + 051 (u')<p + (B + Ro) 2" — 2|2,
(7.44)

Let us define X* = Zf;waH (1—(k—=B)+ 1|27 — 27||? and U* =
Zf;[lka]Jr (1—(k—B)+ 1D)|lut! —u7||% Tt is easy to see that
k—1
XEH =Xk - N @™ — 27| + Blla® — 22

T=[k—B]+

Arguing as in (7.43) we have

m
Ex{llz"*t —2*|?} = pillatt - af|?.
=1
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Therefore
k—1 m
E{XFY <X~ N ™ —aT |2+ BY pillaftt - af|?,  (7.45)
r=[k—Bl+ i=1

Similarly for the dual variables we have

k—1 m
E{UM} <UM = Y W =T |P 4+ BY pillai Tt - uf|?. (7.46)
r=[k—B]y i=1

Consider the following Lyapunov function:
P = |28 = 2Bl + aX R U".
Then using (7.44), (7.45) and (7.46) we obtain

Ek{karl} < ’Uk _ ”Zlc _ 2k+1||2D

m m
+aBY pil| Tt —2f P+ 0B pillay Tt — uf|?
=1 1=1

+(B+ Ry)lla® — 2P + 20 |at — 2.
Therefore, if Assumption 7.V holds then there exists ¢ > 0 such that
]Ek{ka} < ’Uk o E”Zk: o 2k+1H2'

Since |zF — 2F*Y| < ||2F — ¥, we conclude by the Robbins-Siegmund
lemma [142] that almost surely ||z* — 2*+1|| converges to zero, and consequently
by Lemma 7.2 so does ||2¥ — z*[i]||. Moreover, as a second consequence of the
Robbins-Siegmund lemma we have that (v*), .y and in particular ||z —z*||g-1p
converges to some [0, 00)-valued variable. The convergence result follows by
standard arguments as in [22, Thm. 3] and [51, Prop. 2.3] and using continuity
of the proximal operator. O

In the next theorem we establish linear convergence for Algorithm 7.3 and
provide an explicit convergence rate.

Theorem 7.10. Suppose that Assumption 7.1, 7.1 and 7.1V (i) are satisfied.
1

Let ¢ < min{py,...,pm} be a positive scalar and set ~v; = (== and
N g
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o L___ fori=1,...,m. Moreover, let
)IJ‘ ) ) 7

v (pi/C71 h

! in{(p: — )i},

0 == m
2B|B|I3, -+ +2BR+ 2R, + 8

1 . ;
2 —m miln{(Pz‘ — )i }-

Suppose that ¢ is such that the following inequality is satisfied (such ¢ always
exist close enough to zero)

m + C Sl + min{(51762}.

Then, the following holds for the sequence (zk)keN generated by Algorithm 7.3:

* k *
E{]l2* = 2*[3} < (1= o)")12° = 2|3

Proof. As in the deterministic case in Theorem 7.8, in order to show linear
convergence we retain some of the strong convexity terms. Consider (7.39) and
use Lemma 7.3(7) with €; = 0.5, v = z¥*1 (7.40) and (7.41) with e; = 0.25,
€3 = 0.5 to derive:

1254 — 2By ar — N2 = 251D + 12571 = 28115

< 2B(|1BI2, s + Re) S} ey +4BCLSH () e

+ (2R, + )2 — aF|? + 407" — W, (7.47)

where M := blkdiag(M,, M}). Given the choice of stepsizes we have D =
blkdiag(I'~!,£71) = (1II — I)M. Using this and arguing as in (7.43) we have:

Ei{ll" — 213, }

= 1250 = 2 lfr + 1125 = 23 = 112 = 2" [lfu

= 2 + 12 = 2Ry elle® = 2D

=c|z
Combining this with (7.47) yields
En{l25! — 2|13}

< (1=ofe" =23 — ez =2
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+2¢B(I1BI3,+ + By) S} (a") < + 4eBC, S} (1) <

+ ¢(2R, + B)||ZF Tt — 2|2 + 4eCy|jat Tt — w2 (7.48)

Next, note that by definition of z¥ = (z*, u*) we have

k—1 k
Stahee < ) M@ —aT|P< Y @t e
T:[ka]+ T:[ka]+

and similarly for the dual vector. Using this in (7.48) yields:
En{ll257! = 213, }
< (L=o)ll2" = 2|13 — ell 2"t = 25|15

k
+c(2BIBIE,+ +2BR+ 2R, + 8) > a7 — a7
T:[k}*B]ﬂ,

k
+4eC,(1+B) S At -
T:[k—B]+

The result follows by taking total expectation from both sides, dividing by
(1 — ¢)**1 and summing over k from 0 to p, see [12, Lem. 1]. O

Note that owing to the diagonal metric used in the proofs of Theorems 7.9 and
7.10, the independent activation pattern in Algorithm 7.3 can be replaced with
the more general random sweeping strategy as in [22, 95].

7.6 Numerical simulations

In this section we revisit the formation control example defined in (7.5). For
the dynamics of each agent/robot we used the model of [148] with exact
discretization of steplength AT = 1. The state and input cost matrices and the
constraints sets W, are as in Section 4.6.

Let C' be a linear mapping such that C’wi = C¢ and L;. be such that
L;.w = (B;w;, w;). Minimization (7.5)Acan be formulated as an instance of (7.8)
by setting f(w) = Y70, 5 30 4, 1C(wi = wy) = dig1?, gi(wi) = Jw] Qiwi,
hi(yi,vi) = Ob; (yi) + 0w, (v;). Therefore, implementation of the algorithms pre-
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sented in this paper would only require simple operations such as matrix-vector
products, projections onto points and projections onto sets W; (which are simple
boxes).

In our simulations, horizon length 3 was used. The delays between agents are
randomly generated integers in the interval [0, B]. We consider two numerical
simulations. In the first one we set m = 5, B = 1 with initial polygon config-
uration and enforce an arrow formation by appropriate selection of d;;. The
interested reader may refer to Section 4.6 for additional details of the formation
setup. As discussed in the introduction, minimization (7.5) is an example of
partial coupling and Algorithm 7.1 is the suitable choice. In the first numerical
experiment, depicted in Figure 7.2 (left), we use the theoretical stepsize bound
in (7.19). For comparison, we also considered the dual decomposition approach
of [136] that is based on the subgradient method (although this algorithm is
not studied with communication delays). For comparison, Algorithms 7.2 and
7.3 are also plotted even though they are not designed for this type of problem.
Algorithm 7.3 is used with probabilities of activation p; set to 0.2 and 0.8. It is
observed that the convergence rate of the proposed algorithms are linear.

In the second numerical experiment, depicted in Figure 7.2 (right), we considered
a larger problem with m = 50 and the maximum delay B = 10. We simulated
the algorithms with nominal stepsizes. It is observed that Algorithm 7.2 and the
dual decomposition approach struggle to reach a high precision. Interestingly,
the randomized algorithm Algorithm 7.3 is able to overcome this. Moreover, even
with larger delays the algorithms are convergent with nominal stepsizes while
the theoretical stepsize may become too small resulting in slow convergence in
practice. Therefore, it would be interesting to study if the stepsize conditions
presented in this paper can be relaxed for the special case when h; are indicator
functions and g; are quadratic.

7.7 Conclusions

In this chapter we considered the application of primal-dual algorithms for
solving structured optimization problems over message-passing architectures.
The coupling between agents was classified as total and partial coupling. For each
case a separate algorithm was studied and it was shown that the communication
delay is tolerated provided that the stepsizes are small enough, and that some
strong convexity assumption holds. In addition, in the case of total coupling
a variant of the proposed algorithm was studied that allows random and
independent activation of the agents. Future work consists of extending the
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102 —o—  Algorithm 7.1
—e— Algorithm 7.2 B
—8— Algorithm 7.3 p; = 0.2 |4
—a— Algorithm 7.3 p; = 0.8 |1
—— Dual-Decom B

10!

10°

107!

llwk — ||
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#local computations/m  .10%
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Figure 7.2: Comparison for the convergence of the algorithms form =5, B =1
(left) and m =50, B =10 (right).

convergence analysis to the partially asynchronous framework and exploring
different Lyapunov functions that allow for nonconvex cost functions.



Chapter 8

Block-coordinate and incremental aggregated
proximal gradient methods

This chapter is based on:

P. Latafat, A. Themelis and P. Patrinos. Block-coordinate and incremen-

tal aggregated proximal gradient methods for nonsmooth nonconvex problems.
arXiv:1906.10053 (submitted 2019).

8.1 Introduction

This chapter addresses block-coordinate (BC) proximal gradient methods for
problems of the form

minimize_ ®(z) = F(z) + G(z), where F(z):= %N fi(z,),

@=(z1,...,xn)ER LM
(8.1)
in the following setting.

Assumption 8.I (problem setting). In problem (8.1) the following hold:

A1 function f; is Ly,-smooth (Lipschitz differentiable with modulus Ly,), i €
[V];

A2 function G is proper and lower semicontinuous (Isc);

A3 a solution exists: argmin ® # (.

Unlike typical cases analyzed in the literature where G is separable [163, 166,
125, 15, 25, 139, 106, 44, 85, 179], we here consider the complementary case

157
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where it is only the smooth term F' that is assumed to be separable. The
main challenge in analyzing convergence of BC schemes for (8.1) especially in
the nonconvex setting is the fact that even in expectation the cost does not
necessarily decrease along the trajectories. Instead, we demonstrate that the
forward-backward envelope (FBE) [132, 158] is a suitable Lyapunov function
for such problems.

Several BC-type algorithms that allow for a nonseparable nonsmooth term have
been considered in the literature, however, all in convex settings. In [165, 167] a
class of convex composite problems is studied that involves a linear constraint as
the nonsmooth nonseparable term. A BC algorithm with a Gauss-Southwell-type
rule is proposed and the convergence is established using the cost as Lyapunov
function by exploiting linearity of the constraint to ensure feasibility. A refined
analysis in [119, 120] extends this to a random coordinate selection strategy.
Another approach in the convex case is to consider randomized BC updates
applied to general averaged operators. Although this approach can allow for fully
nonseparable problems, usually separable nonsmooth functions are considered in
the literature. The convergence analysis of such methods relies on establishing
quasi-Fejér monotonicity [88, 51, 134, 22, 133, 95]. In a primal-dual setting in
[70] a combination of Bregman and Euclidean distance is employed as Lyapunov
function. In [82] a BC algorithm is proposed for strongly convex algorithms
that involves coordinate updates for the gradient followed by a full proximal
step, and the distance from the (unique) solution is used as Lyapunov function.
The analysis and the Lyapunov functions in all of the above mentioned works
rely heavily on convexity and are not suitable for nonconvex settings.

Thanks to the nonconvexity and nonseparability of G, many machine learning
problems can be formulated as in (8.1), a primary example being constrained
and/or regularized finite sum problems [17, 149, 60, 59, 114, 138, 137, 147]

minimize ,ern o(z) == & SN | fi(2) + g(z), (8.2)

where f; : R* — R are smooth functions and ¢ : R® — R is possibly nonsmooth,
and everything here can be nonconvex. In fact, one way to cast (8.2) into the
form of problem (8.1) is by setting

Gx) = £ SN gla) + dc(z), (8.3)

where C := {w e R"N |z =290="--= xN} is the consensus set, and d¢ is
the indicator function of set C'. Since the nonsmooth term g is allowed to be
nonconvex, formulation (8.2) can account for nonconvex constraints such as
rank constraints or zero norm balls, and nonconvex regularizers such as ¢ with
p €10,1), [87].
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Another prominent example in distributed applications is the “sharing” problem
[29]:

mineiﬂgnzivze (x) = =N filw) + g(Zf\il xz) (8.4)
2ER™
where f; : R® — R are smooth functions and ¢ : R® — R is nonsmooth, and
all are possibly nonconvex. The sharing problem is cast as in (8.1) by setting
G:=goA, where A:=[I, ... [,] e RV,

8.1.1 The main block-coordinate algorithm

While gradient evaluations are the building blocks of smooth minimization,

a fundamental tool to deal with a nonsmooth Isc term 3 : R™ — R is its
V -prozimal mapping

prox,, (z) = alzuge%in {Y(w) + 3w — =} }, (8.5)

where V' is a symmetric and positive definite matrix and ||- ||y indicates the norm
induced by the scalar product (z,y) — (z, Vy). It is common to take V = ¢~'1,.
as a multiple of the r x 7 identity matrix I,., in which case the notation Proxy,
is typically used and ¢ is referred to as a stepsize. While this operator enjoys
nice regularity properties when g is convex, such as (single valuedness and)
Lipschitz continuity, for nonconvex g it may fail to be a well-defined function
and rather has to be intended as a point-to-set mapping proxz :R™ = R".
Nevertheless, the value function associated to the minimization problem in the
definition (8.5), namely the Moreau envelope

¢V (@) = min {y(w) + 3llw — 2|} }, (8.6)
weR”
is a well-defined real-valued function, in fact locally Lipschitz continuous, that
lower bounds 1 and shares with v infima and minimizers. The proximal mapping
is available in closed form for many useful functions, many of which are widely
used regularizers in machine learning; for instance, the proximal mapping of
the ¢° and ¢! regularizers amount to hard and soft thresholding operators.

In many applications the cost to be minimized is structured as the sum of a
smooth term h and a proximable (i.e., with easily computable proximal mapping)
term . In these cases, the prozimal gradient method [75, 11] constitutes a
cornerstone iterative method that interleaves gradient descent steps on the
smooth function and proximal operations on the nonsmooth function, resulting
in iterations of the form z* € prox_, (z —vVh(x)) for some suitable stepsize

5.
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Our proposed scheme to address problem (8.1) is a BC variant of the proximal
gradient method, in the sense that only some coordinates are updated according
to the proximal gradient rule, while the others are left unchanged. This concept is
synopsized in Algorithm 8.1, which constitutes the general algorithm addressed
in this chapter.

Algorithm 8.1 General forward-backward block-coordinate scheme

REQUIRE z¥ € RXini, ~; € (0,N/Ly,), i € [N]
I = blkdiag(v11,,,..., vy ), £=0
REPEAT until convergence
1. zF € proxly ' (z¥ — DVF ("))
2: select a set of indices I*+1 C [N]
3: update ¥t =2F fori e I*! and 2T =ab fori ¢ I" ke k41

RETURN z*

Although seemingly wasteful, in many cases one can efficiently compute individ-
ual blocks without the need of full operations. In fact BC Algorithm 8.1 bridges
the gap between a BC framework and a class of incremental methods where a
global computation typically involving the full gradient is carried out incremen-
tally via performing computations only for a subset of coordinates. Two such
broad applications, problems (8.2) and (8.4), are discussed in the dedicated Sec-
tions 8.3 and 8.4, where among other things we will show that Algorithm 8.1
leads to the well known Finito/MISO algorithm [60, 114].

8.1.2 Contributions

1) To the best of our knowledge this is the first analysis of BC schemes with a
nonseparable nonsmooth term and in the fully nonconvex setting. While the
original cost ® cannot serve as a Lyapunov function, we show that the forward-
backward envelope (FBE) [132, 158] decreases surely, not only in expectation
(Lemma 8.5).

2) This allows for a quite general convergence analysis for different sampling
criteria. This chapter in particular covers randomized strategies (Section 8.2.3)
where at each iteration one or more coordinates are sampled with possibly
time-varying probabilities, as well as essentially cyclic (and in particular cyclic
and shuffled) strategies in case the nonsmooth term is convex (Section 8.2.4).

3) We exploit the Kurdyka-Lojasiewicz (KL) property to show global (as opposed
to subsequential) and linear convergence when the sampling is essentially cyclic
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and the nonsmooth function is convex, without imposing convexity requirements
on the smooth functions (Theorem 8.11).

4) As immediate byproducts of our analysis we obtain (a) an incremental
algorithm for the sharing problem [29] that to the best of our knowledge is
novel (Section 8.4), and (b) the Finito/MISO algorithm [60, 114] leading to a
much simpler and more general analysis than available in the literature with
new convergence results both for randomized sampling strategies in the fully
nonconvex setting and for essentially cyclic samplings when the nonsmooth
term is convex (Section 8.3).

8.1.3 Organization

This chapter is organized as follows. The core of the chapter lies in the conver-
gence analysis of Algorithm 8.1 detailed in Section 8.2: Section 8.2.1 introduces
the FBE, fundamental tool of our methodology and lists some of its properties
followed by other ancillary results documented in Section 8.7.1. The algorithmic
analysis begins in Section 8.2.2 with a collection of facts that hold indepen-
dently of the chosen sampling strategy, and later specializes to randomized
and essentially cyclic samplings in the dedicated Sections 8.2.3 and 8.2.4. Sec-
tions 8.3 and 8.4 discuss two particular instances of the investigated algorithmic
framework, namely (a generalization of) the Finito/MISO algorithm for finite
sum minimization and an incremental scheme for the sharing problem, both for
fully nonconvex and nonsmooth formulations. Convergence results are imme-
diately inferred from those of the more general BC Algorithm 8.1. Section 8.6
concludes this chapter.

8.2 Convergence analysis

We begin by observing that Assumption 8.1 is enough to guarantee the well
definedness of the forward-backward operator in Algorithm 8.1, which for
notational convenience will be henceforth denoted as T (). Namely, T[ :
RXini = RXim is the point-to-set mapping

T (z) == proxL  (z —T'VF(z))

argrgin {F(x) + (VF(z),w — x) + G(w) + i[|lw — |7, }.
weR i

(8.7)
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Lemma 8.1. Suppose that Assumption 8.1 holds, and for ~; € (0,N/L;,),
i € [N] let T == blkdiag(y11,,, ..., yn1ny). Then, proxg_1 and T are locally
bounded, outer semicontinuous (osc), nonempty- and compact-valued mappings.

Proof. For * € argmin ® it follows from (8.41) that
min® < F(z) + G(z) < G(z) + F(z*) + (VF(z*),z — x*) + 3|lz* — 2|3,

Therefore, G is lower bounded by a quadratic function with quadratic term
—3l - I3,., and thus is prox-bounded in the sense of [144, Def. 1.23]. The claim
then follows from [144, Thm. 1.25 and Ex. 5.23(b)] and the continuity of the
forward mapping id — I'VF. O

8.2.1 The forward-backward envelope

The fundamental challenge in the analysis of (8.1) is the fact that, without
separability of G, descent on the cost function cannot be established even
in expectation. Instead, we show that the forward-backward envelope (FBE)
[132, 158] can be used as Lyapunov function. This subsection formally introduces
the FBE, here generalized to account for a matrix-valued stepsize parameter I,
and lists some of its basic properties needed for the convergence analysis of Al-
gorithm 8.1. Although easy adaptations of the similar results in [132, 158, 156],
for the sake of self-inclusiveness the proofs are included here.

Definition 8.2 (forward-backward envelope). In problem (8.1), let f; be dif-
ferentiable functions, i € [N], and let I' = blkdiag(y1l,,,...,yn1lny) for
Y,---y YN > 0. The forward-backward envelope (FBE) associated to (8.1) with
stepsize ' is the function @ : RXim — [—00,00) defined as

o (x) = inf {F(a:) + (VF(z),w — z) + G(w) + %Hw - :1:||12~,1}

weR ZiMi
(8.8a)

Definition 8.2 highlights an important symmetry between the Moreau envelope
and the FBE: similarly to the relation between the Moreau envelope (8.6) and
the proximal mapping (8.5), the FBE (8.8a) is the value function associated with
the proximal gradient mapping (8.7). By replacing any minimizer z € T () in
the right-hand side of (8.8a) one obtains yet another interesting interpretation
of the FBE in terms of the I'"!-augmented Lagrangian associated to (8.1)

Lr-i(x,2,y) = F(z) + G(2) + (y, 2 — 2) + 5] — 27,
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namely,
[P (x) = F(x) + (VF(z), 2 — ) + G(2) + 3|z —z[|f-.  (8.8b)
= %11 (x, z,—VF(x)). (8.8¢)
Lastly, by rearranging the terms it can easily be seen that
O () = Fz) — §|VF(x)|} +GT (z — TVF(x)), (8.8d)

hence in particular that the FBE inherits regularity properties of GT " and VF,
some of which are summarized in the next result.

Lemma 8.3 (FBE: fundamental inequalities). Suppose that Assumption 8.1 is
satisfied and let v; € (0,N/Ly,), i € [N]. Then, the FBE ®[® is a (real-valued
and) locally Lipschitz continuous function. Moreover, the following hold for any
x e REimni:

(i) o' (x) < O(z).

(i) slz—=lp-i_y, < OP(2)—0(2) < 5llz—z[}.p,, for any z € TP (),
where Ap = % blkdiag (L, I,,,..., Ly, 1y ).

(tit) If in addition each f; is py,-strongly convex and G is convez, then for
every € REini

Lz~ a*|2, < B{P(z) — min®
where x* = argmin ®, pp = + blkdiag(ps,In,, ..., psyIny), and z =
Tr ().

Proof. Local Lipschitz continuity of the FBE follows from (8.8d) in light of
Lemma 8.1 and [144, Ex. 10.32].

& 8.3(i) Follows by replacing w = x in (8.8a).

& 8.3(ii) Directly follows from (8.42) and the identity ®1*(x) = Mp(z, ) for
z € T (x).

& 8.3(ii) By strong convexity, denoting @, := min ®, we have
O, < 8(2) — gllz —2*|f, < (@) - zllz — 2|},

where the second inequality follows from Lemma 8.3 (7). O

Another key property that the FBE shares with the Moreau envelope is that
minimizing the extended-real-valued function ® is equivalent to minimizing the
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continuous function ®f°. Moreover, the former is level bounded iff so is the
latter. This fact will be particularly useful for the analysis of Algorithm 8.1,
as it will be shown in Lemma 8.5 that the FBE (surely) decreases along its
iterates. As a consequence, despite the fact that the same does not hold for ®
(in fact, iterates may even be infeasible), coercivity of ® is enough to guarantee
boundedness of (z*), ¢y and (2¥), o

Lemma 8.4 (FBE: minimization equivalence). Suppose that Assumption 8.1 is
satisfied and that v; € (0,N/L;), i € [N]. Then, the following hold:

(i) min ®* = min &;
(#) argmin ®7° = argmin &;

(1ii) ®F° is level bounded iff so is ®.
Proof.

& 8.4(i) and 8.4(ii) It follows from Lemma 8.3(i) that inf ®[® < min ®.
Conversely, let ("), .y be such that ®*(z*) — inf ®f* as k — oo, and for
each k let 2F € T (x¥). It then follows from Lemmas 8.3 (i) and 8.3 (%) that

inf @ < min® < liminf ®(z*) < liminf ®*(z*) = inf &7,
k— o0 k— o0

hence min ® = inf ®{®. Suppose now that @ € argmin® (which exists by
Assumption 8.1); then it follows from Lemma 8.3(7i) that T (z) = {z} (for
otherwise another element would belong to a lower level set of ®). Combining
with Lemma 8.3(7) with z = & we then have

min® = ¢(z) < ¢’ (x) < (x) = min .

Since min ® = inf @1, we conclude that € argmin ®}°, and that in particular
inf ®* = min ®}*. Conversely, suppose & € argmin ®* and let z € T (z).
By combining Lemmas 8.3(7) and 8.3 () we have that z = @, that is, that
T () = {z}. It then follows from Lemma 8.3 (%) and assertion 8.4(i) that

O(z) = ?(z) < P’(z) = min ¢ = min P,

hence € argmin ®.

& 8.4(ii) Due to Lemma 8.3(7), if ®f° is level bounded clearly so is
®. Conversely, suppose that ®7® is not level bounded. Then, there exist
@ € R and (z¥),oy C leve, ®f* such that ||z*|| — oo as k — oo. Let
A =min; {7;' =Ly N~} > 0, and for each k € N let z* € T’ (zF). It
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then follows from Lemma 8.3 (%) that
min® < B(x") < B (a¥) - 3a* — |2 < a - Hat — 2|2

hence (2%), .y C lev<, ® and ||z — 2¥||> < 2(a — min ®). Consequently, also
the sequence (z"),oy C lev<, ® is unbounded, proving that @ is not level
bounded. O

We remark that the kinship of ®J® and ¢ extends also to local minimality; the
interested reader is referred to [155, Thm. 3.6] for details.

8.2.2 A sure descent lemma

We now proceed to the theoretical analysis of Algorithm 8.1. Clearly, some
assumptions on the index selection criterion are needed in order to establish
reasonable convergence results, for little can be guaranteed if, for instance, one
of the indices is never selected. Nevertheless, for the sake of a general analysis
it is instrumental to first investigate which properties hold independently of
such criteria. After listing some of these facts in Lemma 8.5, in Sections 8.2.3
and 8.2.4 we will specialize the results to randomized and (essentially) cyclic
sampling strategies.

Lemma 8.5 (sure descent). Suppose that Assumption 8.1 is satisfied. Then,
the following hold for the iterates generated by Algorithm 8.1:

. ; N—; Ly,

(i) PP (") < P (@¥) — Yicpon ol — afI, where & = ===,
i € [N], are strictly positive;

(i) (% (x*)),en monotonically decreases to a finite value ®, > min ®;

(1ii) @ is constant (and equals @, as above) on the set of accumulation points
of (&) en;

(v) the sequence (||@*+1 — x¥||?), oy has finite sum (and in particular van-
ishes);

(v) if ® is coercive, then (), and (2%),cy are bounded.
Proof.

& 385(i) To ease notation, let Ap = 3 blkdiag(Ly,L,,,..., Ly 1,,) and
for w € RXini let wy € R¥imi denote the slice (w;)ier, and let Ap,,T'; €
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R EiernixYierni be defined accordingly. Start by observing that, since z¥*! €
plroxg1 (xb+1 —TVF(xF*1)), from the proximal inequality on G it follows that

G = G(=Y) < §l2F ="+ TVF@E |2, - FlI2M - 2H T F TVREMTE

e R A R/ T R
(8:9)

k
= 112" -

We have

P (@) - B (ak) = P(H) 4+ (VF(@H1), 2441 - ah ) + G(ahH)

BH1 _ k12
+ gl 2R,

— (F(@*) + (VF(z"), 2% — 2F) + G(2F) + §[12F — 2 |22))
apply the upper bound in (8.41) with w = £*+! and the proximal inequality (8.9)

SAVP (), @ = 28) + Jllatt —2F|] | + (V@) 28 — 2t

1 LA NP EARE L[S
To conclude, notice that the ¢-th block of VF(z*) — VF(z**1) is zero for
¢ ¢ I, and that the ¢-th block of "+ — 2% is zero if £ € I. Hence, the scalar
product vanishes. For similar reasons, one has || 2% — "1 ||2_, — ||2F —2¥||2_, =
ko ok|2 k+1 k2 — Ik _ k2 ol -
— |lzf — 3v1||rl_1 and [l" Tt — 2" |3 = [l2f — leAFI, yielding the claimed
expression.

& 3.5(ii) Monotonic decrease of (P} (x")), oy is a direct consequence of asser-
tion 8.5(7). This ensures that the sequence converges to some value ®,, bounded
below by min ® in light of Lemma 8.4 (7).

& 8.5(iii) Directly follows from assertion 8.5(7i) together with the continuity
of ®[”, see Lemma 8.3.

#® 8.5(iv) Denoting {min = mingepny {&} which is a strictly positive constant,
it follows from assertion 8.5(7) that for each k € N it holds that

k k ; k k
O (@) — o (at) < — Y gl — ot
ierktt
< - S Y gt et
S L
= — §r'%HackJrl —xF|%,. (8.10)

By summing for £ € N and using the positive definiteness of I'~! together with
the fact that min ®[® = min ® > co as ensured by Lemma 8.4(7) and 8.Ia3, we
obtain that >, . [+ — 2F||? < oc.
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& 35(v) It follows from assertion 8.5(ii) that the entire sequence (x*), oy
is contained in the sublevel set {w | ®[*(w) < ®[¥(x°)}, which is bounded
provided that ® is coercive as shown in Lemma 8.4 (7). In turn, boundedness
of (2%),.cy then follows from local boundedness of T}, ¢f. Lemma 8.1. O

8.2.3 Randomized sampling

In this section we provide convergence results for Algorithm 8.1 where the index
selection criterion complies with the following requirement.

Assumption 8.IT (randomized sampling requirements). There exist constants
P1,--.,pN > 0 such that, at any iteration and independently of the past, each
i € [N] is sampled with probability at least p;.

Our notion of randomization is general enough to allow for time-varying prob-
abilities and mini-batch selections. The role of parameters p; in Assumption
8.II is to prevent that an index is sampled with arbitrarily small probability.
In more rigorous terms, Px[i € I**1] > p; shall hold for all i € [N], where Py
represents the probability conditional to the knowledge at iteration k. Notice
that we do not require the p;’s to sum up to one, as multiple index selections
are allowed, similar to the setting of [22, 95] in the convex case.

Due to the possible nonconvexity of problem (8.1), unless additional assumptions
are made not much can be said about convergence of the iterates to a unique
point. Nevertheless, the following result shows that any accumulation point * of
sequences (z"), c and (2"), oy generated by Algorithm 8.1 is a stationary point,
in the sense that it satisfies the necessary condition for minimality 0 € d®(x*),
where & denotes the (regular) nonconvex subdifferential, see [144, Thm. 10.1].

Theorem 8.6 (randomized sampling: subsequential convergence). Suppose that
Assumptions 8.1 and 8.1 are satisfied. Then, the following hold almost surely
for the iterates generated by Algorithm 8.1:

“11%)

(i) the sequence (||@* — 2*||?), oy has finite sum (and in particular vanishes);

(ii) the sequence (®(2"%)), oy converges to @, as in Lemma 8.5(ii);
(iii) ("), and (27),cn have same cluster points, all stationary and on

which ® and ®7° equal O, .

Proof. In what follows, E; denotes the expectation conditional to the knowledge
at iteration k.
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u

M 8.6(i) Let & = L s 0, i € [N], be as in Lemma 8.5(7). We have

8.5(%) _
Ex [BP (@ )] < By | 9P (%) — > goflzf —af”
i€Ik+1
I D NC ) T W
IeQ el
_@IB Z Z IP) Ik-‘rl ] HZ —.’Ek||2
i=11€eQ,I>i
N
< o (eh) - Do IEE - (.11)

where Q C 2V is the sample space (Q[N I denotes the power set of [N]). Therefore,

Ei[@[F (x"T)] < ®f%(z*) — g|j=* — 2"||3-.  where 0 = Elllianifi > 0.
(8.12)

The claim follows from the Robbins-Siegmund supermartingale theorem, see
e.g., [142] or [17, Prop. 2].

# 8.6(ii) Observe that ®f*(xF) — |28 — 2|7, , < ®(2F) < of°(2) -
2k — gk 2 . . holds (surely) for k € N in light of Lemma 8.3(7i). The claim

| I~1-Ap Y g

then follows by invoking Lemma 8.5 (7i) and assertion 8.6(7).

& 8.6(7ii) In the rest of the proof, for conciseness the “almost sure” nature of
the results will be implied without mention. It follows from assertion 8.6(7) that
a subsequence (x¥) rex converges to some point z* iff so does the subsequence
(2%) e k- Since T (z¥) 5 2* and both z* and 2* converge to * as K 3 k — o0,
the inclusion 0 € 9®(x*) follows from Lemma 8.21. Since the full sequences
(PP (x)) ey and (®(2%)), oy converge to the same value @, (cf. Lem. 8.5(ii)
and assertion 8.6(7)), due to continuity of ®* (Lemma 8.3) it holds that
O (x*) = @, and in turn the bounds in Lemma 8.3 (i) together with assertion
8.6(i) ensure that ®(x*) = ®, too. O

When G is convex and F is strongly convex (that is, each of the functions f; is
strongly convex), the FBE decreases Q-linearly in expectation along the iterates
generated by the randomized BC-Algorithm 8.1.

Theorem 8.7 (randomized sampling: linear convergence under strong convex-
ity). Additionally to Assumptions 8.1 and 8.11, suppose that G is convex and
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that each f; is py, -strongly convex. Then, for all k the following hold for the
iterates generated by Algorithm 8.1:

Ex [@1° (") — min @] < (1 — ¢) (@[ (x") — min @) (8.13a)
E[®(z") — min ®] < (®(z°) — min ®)(1 — ¢)* (8.13b)
SE[|2" — 2*]|% ] < (®(=°) — min®)(1 — ¢)* (8.13c)

where x* = argmin®, pp = % blkdiag(us,1Ln,,...pus1ny), and denoting

N—~;L¢, .
fi:#,le[]\[],

Moreover, by setting the stepsizes v; and minimum sampling probabilities p; as

Rit+ VA1)
= N (1 TR and = MENERE)
! “fi( ) g Yl (VARG + /1)

with K; == i; , i € [N], then the constant c in (8.13) can be tightened to

c= (8.16)

1
Yo (VEHEST)

Proof. Since z* is a minimizer in (8.8a), the necessary stationarity condition

reads I 7! (z* — 2F) — VF(x¥) € G (2*). Convexity of G then implies
G(x*) > G(2") + (07 (aF — 2%) — VF(2F), z* — 2%),
whereas from strong convexity of F' we have
F(z*) > F(z") + (VF(a"), 2" — o*) + §||=* —2*| .

By combining these inequalities into (8.8b), and denoting ®, = min® =
min ®1* (c¢f. Lem. 8.4(7)), we have

BE(wh)— B, <2~ a2~ dlar a2, + (07 (2 —ab) 2t - 2)

=gll2" =2t (B, (O = pp) (28 —a®) 2" =2 = G|t =27
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llal|? . + L||b]|?>_, to cancel out the last
21011,

Next, by using the inequality (a,b) < 3 e

term, we obtain
O (k) - @, < = — M2

e + 3T = )@t = 22

k 2
=1izF - = ||§,2“;1(I_F“F), (8.17)
where the last identity uses the fact that the matrices are diagonal. Combined
with (8.11) the claimed Q-linear convergence (8.13a) with factor ¢ as in (8.14)
is obtained. The R-linear rates in terms of the cost function and distance
from the solution are obtained by repeated application of (8.13a) after taking

(unconditional) expectation from both sides and using Lemma 8.3.

To obtain the tighter estimate (8.16), observe that (8.11) with the choice

-1
e 1 N—vipy, > 1 N—ovikg
pi- Yirg; N—=viLyg, J Yimg; N=v;Lyg, ’

which equals the one in (8.15) with 7; as prescribed, yields

N
Ex [@?B(wkﬂ)—@*] <<I>f~‘3(:ck)—q>*— (2N§ L Nﬁﬂ”“j) E N jingy ||zf—acf\|2

Jvjkg N—=v;L; Ving,
i=

-1
k 1 N—viu; k k|2
=o' (@ )_Q*_<2N2j ¥j b N—’Y;L;) 2"~ ||F‘1u;1(F—1—uF)'

The result now follows by combining this with (8.17) and replacing the values
of ; as proposed in (8.15). O

Notice that as k;’s approach 1 the linear rate tends to 1 — 1/n.

8.2.4 Cyclic, shuffled and essentially cyclic samplings

In this section we analyze the convergence of the BC-Algorithm 8.1 when a
cyclic, shuffled cyclic or (more generally) an essentially cyclic sampling [164,
163, 85, 45, 179] is used. As formalized in the following standing assumption,
an additional convexity requirement for the nonsmooth term G is needed.

Assumption 8.ITT (essentially cyclic sampling requirements). In problem (8.1),
function G is convex. Moreover, there exists 7' > 1 such that in Algorithm 8.1
each index is selected at least once within any interval of T iterations.
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Note that having 7' < N is possible because of our general sampling strategy
where sets of indices can be sampled within the same iteration. For instance,
T =1 corresponds to I**! = [N] for all k, in which case Algorithm 8.1 would
reduce to a (full) proximal gradient scheme.

Two notable special cases of single index selection rules are the cyclic and
shuffled cyclic sampling strategies.

SHUFFLED CYCLIC SAMPLING: corresponds to setting

I = {7y (mod(k,N) +1)} forall k€N, (8.18)
where 7y, 71, ... are permutations of the set of indices [IN] (chosen randomly or
deterministically).

CYCLIC SAMPLING: corresponds to the case (8.18) with v/ =1id, i.e.,
"' = {mod(k,N) +1} forall ke&N. (8.19)

Consistently with the deterministic nature of the essentially cyclic sampling, all
results of the previous section hold surely, as opposed to almost surely.

Theorem 8.8 (essentially cyclic sampling: subsequential convergence). Suppose
that Assumptions 8.1 and 8.1 are satisfied. Then, all the assertions of Theorem
8.6 hold surely.

Proof. We first establish an important descent inequality for ®7° after every
T iterations, cf. (8.26). Convexity of G, entailing proxg1 being Lipschitz
continuous (cf. Lem. 8.22(%)), allows the employment of techniques similar to
those in [15, Lem. 3.3]. Since all indices are updated at least once every T
iterations, one has that

t,(i) == min {¢t € [T] | ¢ is sampled at iteration Tv + ¢ — 1} (8.20)
is well defined for each index ¢ € [N] and v € N. Since 4 is sampled at iteration
Tv+t,(i) — 1 and 27% = 277+ = ... = g7/ O~1 by Gefinition of ¢, (i), it
holds that

xZ“Vth,,(i) _ xiTqutu(i)q U7 (TlliB(mTy-}-tu(i)—l) B wTu+ty(¢)—1)

_ T T (TII:R(wTu-&-tV(i)—l) _ wTV-i-tu(i)_l)’ (8.21)
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where U; € R%i"*™ denotes the i-th block column of the identity matrix so
that for a vector v € R™

U = (0,...,05%'0,...,0)". (8.22)

For all ¢t € [T] the following holds

M*ﬂ

q)lEB(wT(y+1)) _ @?B(mT ) ((I)FB( TV+T) _ @?B(lel*FTfl))

Il
—

T

< (I)?B(mTthf) _ (I)?B (xTu+t71)
S R RPN CES)
where & = % as in Lemma 8.5(7), &min = mingeny {&}, and the two

inequalities follow from Lemma 8.5 (7). Moreover, using triangular inequality for
€ [N] yields

ty,(i)—1
” Tv+t, (i)— TVHF < Z pTv+T 7.,BTV+7'71||F71

<

1/2
I (9 @™) - e @ ) L (s.24)

where the second inequality follows from (8.23) together with the fact that
t, (i) < T. For all ¢ € [N], from the triangular inequality and the L-Lipschitz
continuity of TR (Lemma 8.22(v)) we have

v PO @™ = TR T <y U7 (2T - TR @ 07|
+; BT (TR (@701 — TR ™)) |
< %—1/2Hm?"+t”(i)_l _ xz?“wty(i)”
+ || TR (2T O=1) — T (@7) | p-s
< ||mTu+t,,(i)—1 _ 3BTu+ty(i)||1L1

+ LT||wTu+tu(i)—1 _ wTVHF*l

(8.23), (8.24)

Y/
< %(@Fﬂ(wﬂ’) _(I)i;s(wT(V-i-l))) 2. (8.25)
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By squaring and summing over ¢ € [N], we obtain

O (@7 H) — B (@) < - gyl - (820)
By telescoping the inequality and using the fact that min ®® = min ¢ shown
in Lemma 8.4 (i), we obtain that (|[z7" — @””[|}_,),cy has finite sum, and in
particular vanishes. Clearly, by suitably shifting, for every ¢ € [T] the same
can be said for the sequence (||z7** — x®**||2_,) _. The whole sequence
(|[2% — @¥||*) yen is thus summable, and we may now infer the claim as done in
the proof of Theorem 8.6. O

In the next theorem explicit linear convergence rates are derived under the
additional strong convexity assumption for the smooth functions. The cyclic and
shuffled cyclic cases are treated separately, as tighter bounds can be obtained
by leveraging the fact that within cycles of IV iterations every index is updated
exactly once.

Theorem 8.9 (essentially cyclic sampling: linear convergence under strong
convexity). Additionally to Assumptions 8.1 and 8.111, suppose that each function
fi s py,-strongly convez. Then, denoting § = minen {T52} and A =

max;c(nj {%ﬁ“ }, for all v € N the following hold for the iterates generated

by Algorithm 8.1:

(") —min @ < (1 - ¢) (@ (™) — min @) (8.27a)
(") —min® < (®(x°) — min @) (1 — ¢)” (8.27b)
12" — w*||iF < (®(z°) — min ®)(1 —¢)” (8.27¢)

where ©* = argmin ®, pp = 3 blkdiag(us, In,, ... ps,Iny ), and

c= o1 -4) . (8.28)
N(1+T(1—26)*(1-95)

In the case of shuffled cyclic (8.18) or cyclic (8.19) sampling, the inequalities
can be tightened by replacing T with N and with
0(1—A)

c= . . (8.29)
N2 —5)%(1—0)

Proof.
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& The general essentially cyclic case. Since T} is Ly-Lipschitz continuous
with Lt = 1 — ¢ as shown in Lemma 8.22(iv), inequality (8.26) becomes

‘I’?B(Q’JT(VH)) - ‘P?B(CCTV) < - 2N(14i;(A1—6))2 HzTV - mTVH%fl-

Moreover, it follows from (8.17) that
PP (z™) — @, < L6 - 1)|I2T — 2TV E. (8.30)

By combining the two inequalities the claimed @Q-linear convergence (8.27a)
with factor ¢ as in (8.28) is obtained. In turn, the R-linear rates (8.27b) and
(8.27¢) follow from Lemma 8.3.

& The shuffled cyclic case. Let us now suppose that the sampling strategy
follows a shuffled rule as in (8.18) with permutations g, 71, ... (hence in the
cyclic case m, = id for all v € N). Let U; be as in (8.22) and &nin as in the
proof of Theorem 8.8. Observe that ¢, (i) = 7, 1(i) < N for t,(i) as defined in
(8.20). For all ¢ € [N]

(I)?B(mN(u+1)) _ @?B(xNU) < (I)ll«:B(mNqutfl) _ @?B(xNU)
t—1
< =8l -
T=1

= = St 2R, (8:31)

where the equality follows from the fact that at every iteration a different
coordinate is updated (and that T' is diagonal), and the inequalities from
Lemma 8.5(%). Similarly, (8.23) holds with T replaced by N (despite the fact
that T is not necessarily N, but is rather bounded as T' < 2N — 1). By using
(8.31) in place of (8.24), inequality (8.25) is tightened as follows

1/2
7 PN = TR @) | < L (o @) — o @V ))

V gmin/2

By squaring and summing for ¢ € [N] we obtain

q)Fl;B(mN(lPFl))i@?B(mNV) < 721v(§r_n~_7i2T)2||zNV7mNV”12"*l — ﬁHZNuimNV‘@?17
(8.32)

where Lt = 1 — ¢ as discussed above. By combining this and (8.30) (with T

replaced by N) the improved coefficient (8.29) is obtained. O

Note that if one sets v, = «aN/L;, for some a € (0,1), then § =
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amin;eyy {#s/L;, } and A = . With this selection, as the condition num-
ber approaches 1 the rate in (8.29) tends to 1 — &

(20:01)2'

8.2.5 Global and linear convergence with KL inequality

The convergence analyses of the randomized and essentially cyclic cases both rely
on a descent property on the FBE that quantifies the progress in the minization
of ®F in terms of the squared forward-backward residual ||z — z||?>. A subtle
but important difference, however, is that the inequality (8.12) in the former
case involves a conditional expectation, whereas (8.26) in the latter does not.
The sure descent property occurring for essentially cyclic sampling strategies is
the key for establishing global (as opposed to subsequential) convergence based
on the Kurdyka-Lojasiewicz (KL) property [111, 112, 93]. A similar result is
achieved in [179], which however considers the complementary case to problem
(8.1) where the nonsmooth function G is assumed to be separable, and thus the
cost function itself can serve as Lyapunov function.

Definition 8.10 (KL property with exponent ). A proper Isc function h :
R™ — R is said to have the Kurdyka-Lojasiewicz (KL) property with exponent
6 € (0,1) at w € dom h if there exist e,m, 0 > 0 such that

W (h(w) — h(w)) dist(0, dh(w)) > 1

holds for all w such that ||w — w|| < & and h(w) < h(w) < h(w) + 1, where
Y(s) == 0s'=%. We say that h satisfies the KL property with exponent 6 (without
mention of w) if it satisfies the KL property with exponent 6 at any w € dom Oh.

Semialgebraic functions comprise a wide class of functions that enjoy this
property [24, 23], which has been extensively exploited to provide convergence
rates of optimization algorithms [9, 10, 11, 25, 72, 128, 102, 178]. Based on this,
in the next result we provide sufficient conditions ensuring global and R-linear
convergence of Algorithm 8.1 with essentially cyclic sampling.

Theorem 8.11 (essentially cyclic sampling: global and linear convergence).
Additionally to Assumptions 8.1 and 8.111, suppose that ® has the KL property
with exponent 0 € (0,1) (as is the case when f; and G are semialgebraic),
and is coercive. Then, any sequences (mk)keN and (zk)keN generated by Algo-
rithm 8.1 converge to (the same) stationary point x*. Moreover, if < 1/2 then
(2% = ¥ () pens (®%)pen and (27),en converge at R-linear rate.

Proof. Let (z"),cy and (2%), oy be sequences generated by Algorithm 8.1 with
essentially cyclic sampling, and let @, be the limit of the sequence (®*(x*)), oy
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as in Lemma 8.5(7i). To avoid trivialities, we may assume that ®I?(z*) = @,
for all k, for otherwise the sequence (z*) wen is asymptotically constant, and
thus so is (2¥),cy. Let € be the set of accumulation points of (z*), o, which
is compact and such that ®7* = &, on (Q, as ensured by Theorem 8.8. It follows
from Lemma 8.23 and [9, Lem. 1(ii)] that ®[° enjoys a uniform KL property on
Q; in particular, /(% (x*) — @,) dist(0, 9P (x*)) > 1 holds for all k large
enough such that z* is sufficiently close to  and ®®(x*) is sufficiently close
to ®,, where ¢(s) = ps'~% for some ¢ > 0 and # = max {6, /2}. Combined
with Lemma 8.22 (7i), for all k large enough we thus have

c

P (@ (aF) — @) > (8.33)

[J% — 2F][p-”

N min; y/7i . ..
where ¢ = W% > 0. Let Ay = (@ (x*) — ®,). By combining

(8.33) and (8.26) we have that there exists a constant ¢’ > 0 such that

Apsnr—Bur <9 (@F (@ 7)-0,) (2 (T - o (@) < —c/[l&"" =27 ||p-a

(8.34)
holds for all ¥ € N large enough (the first inequality uses concavity of ).
By summing over v (sure) summability of the sequence (||z*” — 27|), oy is
obtained. By suitably shifting, for every ¢ € [T] the same can be said for the
sequence (|27t — T |) g, and since T is finite we conclude that the
whole sequence (||z* — *||), oy is summable. Since [[zFT! — z*|| < || 2% — ||
we conclude that (z*), .y has finite length and is thus convergent (to a single
point), and consequently so is (2¥),cy.

Suppose now that 8 < 1/2; so that 1(s) = oy/s. Then,

(8.33)
2™ = 2T pa > 2 B (@) — @, = 205 (27) — @) = %A1

Combined with (8.34) it follows that (A,r),cy conveges Q-linearly. By rear-
ranging (8.34) as

™ — 2T |p-1 < Avr — Ay < Aur,

R-linear convergence of (||&"? — 2¥T||),cy follows. By suitably shifting, for
every ¢t € [T] the same can be said for the sequence (||z7"** — &™),
and since 7T is finite we conclude that the whole sequence ([|zF — *|), oy
converges R-linearly. On the other hand, since |z*+! — x¥|| < |2 — z*||, also
(Jl*+t — &¥||), e converges R-linearly, hence so does (), .. By combining
the two, we conclude that also (z*) wen converges R-linearly. O
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8.3 Nonconvex finite sum problems: the Finito/MISO
algorithm

As mentioned in Section 8.1, if G is of the form (8.3) then problem (8.1) reduces
to the finite sum minimization presented in (8.2). Most importantly, the proximal
mapping of the original nonsmooth function G can be easily expressed in terms
of that of the small function g in the reduced finite sum reformulation, as shown
in the next lemma.

Lemma 8.12. Given 7v; > 0, i € [N], let T := blkdiag(y11,,...,vvIn) and
A= (Zivzl 7;1)71, Then, for G as in (8.3) and any u € RN"

proxt (u)={(d,...,0) |0 € prox., ()} where @=4Y1" 7 ;.

Proof. Observe first that for every w € R™ one has o
2w —wal® =30 =l 4+ 307 o=l +232, 7 (@ —wiw—1)

=2 la—wil*+47 fw—af*. (8.35)

Next, observe that since dom G C C' (the consensus set),

—1

proxt; (u) = argmin { G(w) + LI, 5 flwi — w2

wERN ™

= argmin < G(w

wERNn Z 1 27 le 7'[,&1”2 | w1 = .= wN}

(8.35)

= argmin
(w,...yw)

= argmln {g Yo 1 27 lw — w;]|? }
{g(w) + Elw=al*} = {(@,....9) | § € prox, (@)}
as claimed. 0

If all stepsizes are set to a same value v, so that I' = vI,, then the forward-
backward step reduces to

ze proxt (z —TVF(z)) < z=(3...,%),
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The argument of prox.,,, is the (unweighted) average of the forward operator.
By applying Algorithm 8.1 with (8.36), Finito/MISO [60, 114] is recovered.
Differently from the existing convergence analyses, ours covers fully nonconvex
and nonsmooth problems, more general sampling strategies and the possibility
to select different stepsizes -y; for each block, which can have a significant impact
on the performance compared to the case where all stepsizes are equal. Moreover,
to the best of our knowledge this is the first work that shows global convergence
and linear rates even when the smooth functions are nonconvex. The resulting
scheme is presented in Algorithm 8.2. We remark that the consensus formulation
to recover Finito/MISO (although from a different umbrella algorithm) was also
observed in [56] in the convex case. Moreover, the Finito/MISO algorithm with
cyclic sampling is also studied in [117] when g = 0 and f; are strongly convex
functions; consistently with Assumption 8.III, our analysis covers the more
general essentially cyclic sampling even in the presence of a nonsmooth convex
term g and allowing the smooth functions f; to be nonconvex. Randomized
Finito/MISO with g = 0 is also studied in the recent work [135]; although their
analysis is limited to a single stepsize, in the convex case it is allowed to be
larger than our worst-case stepsize min; ;.

Algorithm 8.2 Nonconvex proximal Finito/MISO for problem (8.2)

REQUIRE xM' € R™; ~; € (0,N/Ly,), i € [N]

A _1\—1 ini ; ini ) N
INITIALIZE 4 = (DN, 771 5 80 = 2t — BYf @Y i e [N); 30 =
N 5.0
2i1 5 Si
REPEAT FOR k =0,1,... UNTIL CONVERGENCE

1. 28 € prox, (8%
. select a set of indices I* C [N], set §°t1 = &% and sF™' = sF i ¢ I*

2
3: for i€ I* do
4
5

sPTL ok LVf(2%) > buffer update
ghH1 gkt %(5§+1 — %) > average update
RETURN z*

The convergence results from Section 8.2 are immediately translated to this
setting by noting that the bold variable z* corresponds to (z*, ..., z¥). Therefore,
®(2%) = p(z*) where ¢ is the cost function for the finite sum problem.

Corollary 8.13 (subsequential convergence of Algorithm 8.2). In the finite
sum problem (8.2) suppose that argmin ¢ is nonempty, g is proper and lsc, and
each f; is Ly, -Lipschitz differentiable, i € [N]. Then, the following hold almost
surely (resp. surely) for the sequence (,z’“)k,EN generated by Algorithm 8.2 with
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randomized sampling strategy as in Assumption 8.1 (resp. with any essentially
cyclic sampling strategy and g convez as required in Assumption 8.111):
(i) the sequence (p(2%)) ey converges to a finite value p, < p(zM);

(ii) all cluster points of the sequence (2*),cy are stationary and on which ¢
equals @y .

If, additionally, ¢ is coercive, then the following also hold:

(iii) (zk)keN is bounded (in fact, this holds surely for arbitrary sampling crite-
ria).

Corollary 8.14 (linear convergence of Algorithm 8.2 under strong convexity).
Additionally to the assumptions of Corollary 8.13, suppose that g is convex and
that each f; is py,-strongly convex. The following hold for the iterates generated
by Algorithm 8.2:

RANDOMIZED SAMPLING: under Assumption 8.11,

E[p(") — ming] < (p(z™") — min p)(1 - c)*
N(p(z™") — min ¢)

Zi Hf;
holds for all k € N, where ¢ is as in (8.14) and z* = argmin . If the

stepsizes vy; and the sampling probabilities p; are set as in Theorem 8.7, then
the tighter constant ¢ as in (8.16) is obtained.

SE[Il* —2*|P] < (1-of

SHUFFLED CYCLIC OR CYCLIC SAMPLING: under either sampling strategy (8.18)
or (8.19),
ZVN

o(z"N) — min ¢ < (p(@™*) — min ) (1 — )

N inity _ 3
%E[HZVN _ .’E*||2] < ((p(.%‘ ) m1n<p)

N Zi Ky

holds surely for all v € N, where ¢ is as in (8.29).

(1—-¢)”

The next result follows from Theorem 8.11 once the needed properties of ® as
in the umbrella formulation (8.1) are shown to hold.

Corollary 8.15 (global convergence of Algorithm 8.2). In the finite sum
problem (8.2), suppose that ¢ has the KL property with exponent 8 € (0,1) (as
is the case when f; and g are semialgebraic) and coercive, g is proper conver
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and Isc, and each f; is Ly, -Lipschitz differentiable, i € [N]. Then, the sequence
(zk)keN generated by Algorithm 8.2 with any essentially cyclic sampling strategy
as in Assumption 8.11I converges surely to a stationary point for ¢. Moreover,
if 0 < 1/2 then it converges at R-linear rate.

Proof. Function ® = F 4+ G be as in (8.3) clearly is coercive and satisfies
Assumption 8.I. In order to invoke Theorem 8.11 is suffices to show that there
exists a constant ¢ > 0 such that

dist(0,0®(x)) > cdist(0,0¢(z)) for all z € R" and « = (x,...,x), (8.37)

as this will ensure that ® enjoys the KL property at «* = (z*,...,2*) with
same desingularizing function (up to a positive scaling). Notice that for z € R"
and x = (z,...,z), one has v € 0G(x) iff Zfil v; € Og(z). Since 0®(x) =
LN Vfi(z:) + 0G(x) and dp(z) = L SN Vfi(x) + dg(x), see [144, Ex.
8. 8( ) and Prop. 10.5], for € R™ and denoting = (z,...,z) we have

dist (0,0 < inf
5 ( ’ (,0(513)) - veg%(m)

‘% sz\il Vfi(x) + % Zi\; Ui

< inf U IVAie) +uill =4 inf [l

vEIG(x) u€dd(x)
where ||| - ||| is the norm in RN™ given by |||w]|| = EZV 1 [Jwi||. Inequality (8.37)
then follows by observing that inf,csae(a) [||u/| is the distance of 0 from 0®(x)
in the norm ||| - |||, hence that ||| - ||| < c’H || for some ¢’ > 0. O

8.3.1 A low memory variant

The main drawback of the Finito/MISO algorithm is the high memory require-
ment. Implementing Algorithm 8.2 requires keeping a table of s;’s in the memory,
which can be prohibitively large in some applications. In this section we present
Algorithm 8.3 (L-Finito), a low memory variant of Algorithm 8.2, that is in-
spired by stochastic variance reduced gradient method (SVRG) [91, 177]. SVRG
is designed for strongly convex problems. In [3] a variant of SVRG is studied
that allows f; to be nonconvex while requiring their sum as well as g to be con-
vex. In [137] SVRG is studied under a different stepsize condition for nonconvex
fi, and with g = 0. This analysis is extended for proxSVRG in [138] with convex
g. In contrast, while Algorithm 8.3 (L-Finito) enjoys the low memory require-
ments of SVRG, it covers fully nonconvex regularized finite sum problems with
simple-to-choose constant stepsizes.
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The proposed algorithm involves a full proximal gradient update followed by a
(shuffled) cyclic sweeping of indices. Note that in the inner loop any sweeping
strategy may be used as long as no index is selected twice. This is unlike SVRG
which allows for an index to be selected (at random) more than once in the
inner loop. The idea here is that after the full update step, the common point z*
is used for the update of the average §, thus eliminating the need for storing s;’s.
The reduction in memory requirements comes at the cost of repeated gradient
evaluations Vf;(2*) within the inner loop. Just as is the case for SVRG [91]
this can be avoided by storing a table of gradients which can be maintained
cheaply in applications such as logistic regression and least squares.

Algorithm 8.3 Nonconvex low-memory Finito/MISO (L-Finito) for problem
(8.2)

REQUIRE ™' € R"; ;€ (0,N/L,,), i € [N]

INITIALIZE 4 = (2N 7_1)_1; average 30 = it — 1 SV g, (pinity

=1 Ii

REPEAT FOR k£ =0,1,... UNTIL CONVERGENCE

—_

2% € prox,,(8")

ghtl = 2k S Vf(2Y) > full update
- Select £* sets of disjoint indices I}, ..., I}, C [N]

cfor j=1,....,0% do > inner loop
ZPMP € prox, (81)

for i€ I]’-€ do

Gl o it 4 %(Ztemp —zF) — %(Vfi(ztemp) — Vfi(2%)

N e s N

RETURN z*

The convergence of Alg. 8.3 is a consequence of the sure descent property and
is summarized below. We omit convergence rate results for the strongly convex
case.

Corollary 8.16 (convergence of Algorithm 8.3). In the finite sum problem
(8.2) suppose that argmin ¢ is nonempty, g is proper and lsc, and each f; is
Ly, -Lipschitz differentiable, i € [N]. Then, the assertions in Cor.s 8.13(i) and
8.13(ii) hold surely for the sequence (zk)keN generated by Algorithm 8.3. If in
addition ¢ has the KL property with exponent 8 € (0,1) (as is the case when
fi and g are semialgebraic) and is coercive, then (zk)keN converges surely to a
stationary point for ¢. Moreover, if 6 < 1/2 then it converges at R-linear rate.



182 __ BLOCK-COORDINATE AND INCREMENTAL AGGREGATED PROXIMAL GRADIENT METHODS

8.4 Nonconvex sharing problem

In this section we consider the sharing problem (8.4). As discussed in Section
8.1, (8.4) fits into the problem framework (8.1) by simply letting G := g o A,
where A = [I,, ... I,,] € R"*"". By arguing as in [14, Thm. 6.15] it can be
shown that, when A has full row rank, the proximal mapping of G = go A is
given by

prox5 (u) =u+TA(ATAT)! (proxéAFATr1 (Au) — Au). (8.38)
Since AT AT = vazl ~; for the sharing problem (8.4),

vE proxgl(u) & v=(u +nw,...,uy +YNW)

. oy - N _ N
wE 1(prOX;/g(u) =), F= i Ve U= Yo Ui

Consequently, the general BC Algorithm 8.1 when applied to the sharing problem
(8.4) reduces to Algorithm 8.4.

Algorithm 8.4 Block-coordinate method for nonconvex sharing problem
REQUIRE #iMt € R™ ~; € (0,N/Ly,), i € [N]
INITIALIZE 7 := SN 5, 80 = 2t — Bvf i) e [N], 0= 3N s

i =174

REPEAT FOR k =0,1,... UNTIL CONVERGENCE
1wk 57 (prox,, (5%) — 5%)
2: select a set of indices I* C [N], set §°t1 = &% and s#' = sF i ¢ I*

3: for ieI* do

4: sPTL sk yuwk — LVSi(s + yiwh) > update buffer
5 L GRHL g (sRT k) > update sum
RETURN zF = (s§ + ywk, ..., sk +yvwh)

Remark 8.17 (generalized sharing constraint). Another notable instance of
G = g o A well suited for the BC framework of Algorithm 8.1 is when g = 00y
and A =[A; ... Ayx], A; € R"*"™ such that A is full row rank. This models
the generalized sharing problem

.. N . N
minimize + ;0 fi(z;) subject to Y, Az, =0.
zER i
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In this case (8.38) simplifies to

N
(proxg_l (u)) = ATATY A,

i=1

where A := AT AT can be factored offline and Zil A;x; can be updated in an
incremental fashion in the same spirit of Algorithm 8.4. O

The convergence results for Algorithm 8.4 summarized below fall as special
cases of those in Section 8.2.

Corollary 8.18 (convergence of Algorithm 8.4). In the sharing problem (8.4),
suppose that argmin ® is nonempty, g is proper and lsc, and each f; is Ly, -
Lipschitz differentiable, i € [N]. Consider the sequences (w*),cy and (8%), oy
generated by Algorithm 8./ and let (2),cy = (st + mw”, ..., sk + yvwF), oy
Then, the following hold almost surely (resp. surely) with randomized sampling
strategy as in Assumption 8.11 (resp. with any essentially cyclic sampling strategy
and g convez as required in Assumption 8.111):

(i) the sequence (®(2*)) mit)

wen converges to a finite value ®, < ®(x ;
(i) all cluster points of the sequence (2¥), oy are stationary and on which ®

equals P,.
If, additionally, ® is coercive, then the following also hold:
(iii) (2%),cn is bounded (in fact, this holds surely for arbitrary sampling
criteria).

Corollary 8.19 (linear convergence of Algorithm 8.4 under strong convexity).
Additionally to the assumptions of Corollary 8.18, suppose that g is convex and
that each f; is pg,-strongly convex. The following hold:

RANDOMIZED SAMPLING: under Assumption 8.11,
E[®(z") — min @] < (®(z™*) — min ®)(1 — ¢)*
%E[sz — ac*HiF] < (@(mmit) — min <I>)(1 —o)F

holds for all k € N, where * = argmin®, ¢ is as in (8.14) and
= % blkdiag(,ufllnl, e untnN). If the stepsizes 7; and the sampling
probabilities p; are set as in Theorem 8.7, then the tighter constant ¢ as in
(8.16) is obtained.
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SHUFFLED CYCLIC OR CYCLIC SAMPLING: under either (8.18) or (8.19),
®(zN) —min® < (¢(z™*) — min ®)(1 — ¢)”
2N — 2|2, < (®(x™") —min®)(1 - c)”

holds surely for all v € N, where ¢ is as in (8.29).

We conclude with an immediate consequence of Theorem 8.11 that shows that
(strong) convexity is in fact not necessary for global or linear convergence to
hold.

Corollary 8.20 (global and linear convergence of Algorithm 8.4). In problem
(8.4), suppose that ® has the KL property with exponent 6 € (0,1) (as is the
case when g and f; are semialgebraic) and is coercive, g is proper convez lsc,
and each f; is Ly,-Lipschitz differentiable, i € [N]. Then, the sequence (zk)keN
as defined in Corollary 8.18 with any essentially cyclic sampling strategy as
in Assumption 8.1 converges surely to a stationary point for ®. Moreover, if
0 < 1/2 it converges with R-linear rate.

8.5 Numerical simulations for the regularized finite
sum problem

In this section we evaluate the performance of Algorithms 8.2 and 8.3 with
two sets of experiments on /;-regularized and £y-norm ball constrained least
squares problems. The simulations are performed using the open-source julia
package CIAOAlgorithms'. In all of our simulations, stepsizes ; = 0-99N/r .
are used (independent of minibatch size). Whenever a single stepsize is used,
i.e., v = min; ~;, this is indicated in the legend by adding - to the algorithm’s
name. For Algorithm 8.3 (L-Finito), we used IF = {i} and /¥ = N, i.e, a
cyclical inner loop. In the figures, each iteration of Algorithm 8.3 is counted as
3 passes through the data due to the repeated Vf;(z*) update in the inner loop.

Lasso: Consider the regularized least squares problem

o e . 1 1 2
minimize NZ§(<ai,x>—bi) +z||1, (8.39)
fi(x)

Thttps://github.com/kul-forbes/ CIAOAlgorithms

=1
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where the pair (a;,b;) represents the ith data. In our simulations we used
N = 1000, n = 5000 and the sparsity parameter for the solution was set to
p = 0.01. The data for our simulations were randomly generated according to
the procedure described in [126, §6]. In order to evaluate the performance of the
algorithms we generated the matrix B in [126, §6] with two different condition
numbers cond(B) = 20 and cond(B) = 2.5 and normalized its columns. This
leads to max; L,/ min, Ly, equal to 144 and 3.3. The simulations are provided
in Figure 8.1 with two different initializations. See our discussion at the end of
the section.

Figure 8.2 depicts the behavior of the algorithms for different batch sizes. We
only plot the result for cyclical sampling with different batch sizes b, since it
outperformed randomized and shuffled variants. It is observed that lower batch
sizes result in faster convergence. This effect was less pronounced in the low
memory variant which is due to the presence of a full proximal gradient update
within each iteration.

Sparsity constrained least squares: Consider the /p-norm ball constrained
least squares problem

minimize LN L({ai, ) — b;)?,  subject to [|z[|o <. (8.40)
z€R"

For this example we used the same data as described in the previous section. In
the simulation I = 50 was used. The results are depicted in Figure 8.3. Note
that all algorithms converged to the same cost ¢*. Hence, the distance of the
cost from ¢* is used to measure their performance.

We make the following observations:
e The cyclical variant consistently outperforms the shuffled and randomized
variants.

e The low memory variant, Algorithm 8.3 (L-Finito), has comparable per-
formance to randomized variant of Algorithm 8.2.

e When using a single stepsize the speed of the algorithms is dictated by
the largest Ly,, and as expected, it can be much slower when the data is
not uniform in the sense that max; Ly, / min; Ly, is large.

e The choice of initial point affects the convergence rate on nonstrongly
convex problems.
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Figure 8.1: Performance comparisons for Algorithms 8.2 and 8.3 for problem
(8.39) with different initial points: (left) x™ = 0,,, (right) ™ = 1,,. Algorithm
names ending with -y indicate the use of a single stepsize v = min; ;.

8.6 Conclusions

We presented a general block-coordinate forward-backward algorithm for mini-
mizing the sum of a separable smooth and a nonseparable nonsmooth function,
both allowed to be nonconvex. The framework is general enough to encom-
pass regularized finite sum minimization and sharing problems, and leads to (a
generalization of) the Finito/MISO algorithm [60, 114] with new convergence
results, and to another novel incremental algorithm (for the sharing problem).
The forward-backward envelope is shown to be a particularly suitable Lyapunov
function for establishing convergence: additionally to enjoying favorable conti-
nuity properties, sure descent (as opposed to in expectation) occurs along the
iterates. Possible future developments include extending the framework to ac-
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Figure 8.2: (left) Algorithm 8.2 and (right) Algorithm 8.3 (L-Finito) with
cyclical sampling and different batch sizes for solving problem (8.39).

count for a nonseparable smooth term, for instance by “quantifying the strength
of coupling” between blocks of variables as in [20, §7.5].

8.7 The key tool: the forward-backward envelope

This appendix contains some proofs and auxiliary results omitted in the main
body. We begin by observing that, since F' and —F' are 1-smooth in the metric
induced by A := & blkdiag(Ly,1,,,...,LsyI,,), one has

F(x)+(VF(z), w—z) - j|w—=|}, < F(w) < F(z)+(VF(z), w—z)+ §lw—z|3,
(8.41)
for all ©,w € RE:ni see [19, Prop. A.24]. Let us denote

Mr(w,z) = F(x)+ (VF(z),w — ) + G(w) + %Hw —z|?,

the quantity being minimized (with respect to w) in the definition (8.8a) of the
FBE. It follows from (8.41) that

(w) + Hw - @iy, < Mr(w,z) < D(w) + Sw - @iy, (8.42)

holds for all &, w € RZ:ni, In particular, Mr is a majorizing model for ®, in the
sense that Mr(z,xz) = ®(x) and Mr(w,z) > ¢(w) for all z,w € REini. In
fact, as explained in Section 8.2.1, while a T-forward-backward step z € T (x)
amounts to evaluating a minimizer of Mrp( -, ), the FBE is defined instead as
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Figure 8.3: Performance comparisons for Algorithms 8.2 and 8.3 for problem
(8.40) with different initial points: (left) ™ = 0, (right) £™* = 1,,. Algorithm
names ending with -y indicate the use of a single stepsize v = min; ~y;

the minimization value, namely ®1*(x) = Mr(z,x) where z is any element of

Tr (z).

8.7.1 Further results

This section contains a list of auxiliary results invoked in the main proofs of
Section 8.2.

Lemma 8.21. Suppose that Assumption 8.1 holds, and let two sequences
(u¥)pen and (vF), oy satisfy v* € T (u¥) for all k and be such that both
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converge to a point w* as k — oco. Then, u* € T (u*), and in particular

0 € P (u*).

Proof. Since VF is continuous, it holds that u* — I'VF(u*) — u* — T'VF(u*)

as k — oco. From outer semicontinuity of prox%, = [144, Ex. 5.23(b)] it then
follows that

w* = lim v* € limsup proxy, (u* — TVF(u*))
k—o0 k—o0

C proxhy (w* — TVF(u*)) = T8 (u),

where the limit superior is meant in the Painlevé-Kuratowski sense, cf. [144,

Def. 4.1]. The optimality conditions defining proxg_1 [144, Thm. 10.1] then
read

o
m
>

(G+ 35l = (w* =TVF(u"))|p-) (u”)

I
>

Gu*) + T (u* — (u* — TVE(u*)))

IG(u*) + VF(u*) = 0®(u*),
where the first and last equalities follow from [144, Ex. 8.8(c)]. O

Lemma 8.22. Suppose that Assumption 8.1 holds and that function G is convez.
Then, the following hold:

(i) proxg1 is (single-valued and) firmly nonexpansive (FNE) in the metric
Il - [lp=1; namely, for all u, v

Iproxt  (u) — proxt  (v)|[2-1 < (proxh  (u) — proxf  (v),I'" (u - v))
< lu—v|f-1; (8.43)

1) the Moreau envelope G' s differentiable: VGT T =T-1(id - pl“oxr1 ;
G
(7ii) for every © € RXini it holds that

. . N+max; {v;L¢, F
dist(0, 00 (@) < “EE L g - T @)

(iv) Ty is Lp-Lipschitz continuous in the metric || - ||p-1 for some Ly > 0;
if in addition f; is pg,-strongly convex, i € [N], then Ly < 1—4 for
§ = 5 minseqn {vins, }-
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Proof.

& 8.22(i) and 8.22(ii) See [13, Prop.s 12.28 and 12.30].

& 8.22(7ii) Let D C RXimi be the set of points at which VF is differentiable.
From the chain rule of differentiation applied to the expression (8.8d) and using
assertion 8.22(7i), we have that ®]” is differentiable on D with gradient

Ve (z) = [[-TV?*F(z)]I ! [z — T (x)] Vo e D.

Since D is dense in R owing to Lipschitz continuity of VF', we may invoke
[144, Thm. 9.61] to infer that OP{"(x) is nonempty for every & € Rxim and

001" (x) 2 9P’ (x) = [I — F@BVF(:(:)]F*I [a: — TlFaB(a:)]
= [I7!' — 9pVF(x)] [z — T ()],

where dp denotes the (set-valued) Bouligand differential [68, §7.1]. The claim
now follows by observing that each element of 95V f;(x;) has norm bounded by
Lfi and aBVF(CC) = % blkdlag(aBVfl (Il), . ,aBVfN(l‘N)).

& 8.22(iv) Lipschitz continuity follows from assertion 8.22 (i) together with the
fact that Lipschitz continuity is preserved by composition. Suppose now that f;
is f1f,-strongly convex, i € [N]. By [127, Thm 2.1.12] for all z;,y;, € R™

(Vilw) = Vilys)swi —ys) 2 2t o — gl + = IV i) — Vi) 1>

(8.44)
For the forward operator we have

I(id— %Vfi)(xi) — (=% Vi) (i) |

=|lz;—yi|*+ ¥ () = Vi (i) |P = 28w —yi, V(i) = Vi(ys))

(8.44

4

§(1 M)H% yill*— 7<2_*(Nf +Lf))<Vfi($i)—vfi(yi),$i—yi>
2us Ly PLLfs .

§(1*%”&7’2“)Hxi*yi”Q*%(2*%(/1;*#%))IIxifyz-H?

= (1= 2%) "l =i,

where strong convexity and the fact that v; < N/r;, < 2N/(u;,+L;,) was used in
the second inequality. Multiplying by -, ! and summing over i shows that id —
I'VF is (1 — d)-contractive in the metric || -||p-1, and so is T = proxg_1 o(id —
I'VF) as it follows from assertion 8.22 (7). O



THE KEY TOOL: THE FORWARD-BACKWARD ENVELOPE 191

The next result recaps an important property that the FBE inherits from the
cost function ® that is instrumental for establishing global convergence and
asymptotic linear rates for the BC-Algorithm 8.1. The result falls as special
case of [181, Thm. 5.2] after observing that

o’ (z) = inf {&(w) + D (w, @)},

where Dy (w,z) = H(w) — H(z) — (VH(xz), w — x) is the Bregman distance
with kernel H = %H . H%,l —F.

Lemma 8.23 ([181, Thm. 5.2]). Suppose that Assumption 8.1 holds and for
vi € (0,N/Ly,), i € [N], let T' = blkdiag(y1L,,,...,y~1ny). If ® has the KL
property with exponent 6 € (0,1) (as is the case when f; and G are semialgebraic),
then so does ®° with exponent max {1/2,6}.



Conclusions

In this thesis a new three term splitting was proposed that solves monotone
inclusions involving the sum of maximally monotone, cocoercive and monotone
linear operators. Classical methods such as forward-backward and Douglas-
Rachford splittings are special cases of the new splitting. This new splitting is
leveraged for developing a unifying framework for primal-dual algorithms. It is
shown that, by selecting different parameters, (extensions to) known algorithms
as well as novel primal-dual methods are obtained. Moreover, owing to this
unified analysis linear convergence is deduced for many primal-dual algorithms
based on mild regularity conditions for the cost functions. Most notably, said
algorithms achieve linear convergence when the cost functions are piecewise
linear-quadratic.

A randomized block-coordinate primal-dual algorithm was developed that is
particularly suitable for distributed applications. It is shown that it leads to
asynchronous (randomized) distributed algorithms where both the updates and
stepsizes only depend on local information. This is of great practical importance,
not only because it allows plug-and-play implementations but also because it
leads to larger stepsizes that depend on local Lipschitz constants rather than on
the global one. Our computational tests have shown its superior performance in
distributed model predictive control with dynamic coupling.

In the context of structured finite sum minimization over graphs, we have seen
that solving the corresponding monotone inclusion with AFBA leads to novel
distributed algorithms. In the context of general structured optimization over
message-passing architectures, we have seen that bounded communication delays
are tolerated provided that some strong convexity assumptions hold.

This thesis has also studied a block-coordinate (BC) variant of proximal gradient
method for nonconvex problems. In the nonconvex setting neither the distance
from the solution nor the cost function are viable Lyapunov function candi-
dates. We have shown that forward-backward envelope is a particularly suitable
candidate in this setting. A sure descent is established for the block-coordinate

192
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scheme and convergence is analyzed under very general sampling strategies.
When applied to regularized finite sum minimization, the proposed BC scheme
leads to a generalization of the Finitio/MISO algorithm. As another prominent
example, when applied to the regularized sharing problem it results in a novel
incremental aggregated method.

Future directions

Several future research directions were discussed in each of the individual
chapters. Here, we outline some other general ideas for future research.

The algorithms considered in this thesis comprise of simple fixed point iterations,
employ constant stepsizes, scale well, and are suitable for distributed and
parallel computations. However, like other first-order methods they struggle
in reaching high precision, and are sensitive to ill conditioning, which can
result in deterioration of performance. Therefore, an important future research
direction is to develop synchronous and asynchronous distributed Newton-type
algorithms.

Another important future research direction relates to incremental aggregated
algorithms. While several such algorithms have been proposed over the years,
their convergence analyses are typically rather complicated and/or are limited to
the strongly convex case. In Chapter 8 a connection was established between (a
class of) such algorithms and a block-coordinate proximal gradient method in the
fully nonconvex case. However, there are several other incremental algorithms
that are not covered by this analysis. In addition to this, in Chapter 8 it was
shown that the forward-backward envelope is a particularly suitable Lyapunov
function for the nonconvex BC proximal gradient algorithm. Based on this,
ongoing research is investigating a linesearch strategy that extends that of [158]
to the block-coordinate case. This in turn opens up the possibility of developing
Newton-type incremental aggregated algorithms. Another important extension
is to study the Bregman variants by exploiting Bregman forward-backward
envelope [2] which would greatly expand the scope of the algorithms.
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