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ABSTRACT OF THE DISSERTATION

On the Performance and Linear Convergence of Decentralized Primal-Dual Methods

by

Sulaiman A. Alghunaim
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Los Angeles, 2020
Professor Ali H. Sayed, Chair

This dissertation studies the performance and linear convergence properties of primal-dual
methods for the solution of decentralized multi-agent optimization problems. Decentralized
multi-agent optimization is a powerful paradigm that finds applications in diverse fields in
learning and engineering design. In these setups, a network of agents is connected through
some topology and agents are allowed to share information only locally. Their overall goal
is to seek the minimizer of a global optimization problem through localized interactions.
In decentralized consensus problems, the agents are coupled through a common consensus
variable that they need to agree upon. While in decentralized resource allocation problems,

the agents are coupled through global affine constraints.

Various decentralized consensus optimization algorithms already exist in the literature.
Some methods are derived from a primal-dual perspective, while other methods are derived
as gradient tracking mechanisms meant to track the average of local gradients. Among
the gradient tracking methods are the adapt-then-combine implementations motivated by
diffusion strategies, which have been observed to perform better than other implementations.
In this dissertation, we develop a novel adapt-then-combine primal-dual algorithmic framework
that captures most state-of-the-art gradient based methods as special cases including all the
variations of the gradient-tracking methods. We also develop a concise and novel analysis

technique that establishes the linear convergence of this general framework under strongly-
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convex objectives. Due to our unified framework, the analysis reveals important characteristics
for these methods such as their convergence rates and step-size stability ranges. Moreover,
the analysis reveals how the augmented Lagrangian penalty term, which is utilized in most

of these methods, affects the performance of decentralized algorithms.

Another important question that we answer is whether decentralized proximal gradient
methods can achieve global linear convergence for non-smooth composite optimization. For
centralized algorithms, linear convergence has been established in the presence of a non-
smooth composite term. In this dissertation, we close the gap between centralized and
decentralized proximal gradient algorithms and show that decentralized proximal algorithms
can also achieve linear convergence in the presence of a non-smooth term. Furthermore, we
show that when each agent possesses a different local non-smooth term then global linear

convergence cannot be established in the worst case.

Most works that study decentralized optimization problems assume that all agents are
involved in computing all variables. However, in many applications the coupling across agents
is sparse in the sense that only a few agents are involved in computing certain variables.
We show how to design decentralized algorithms in sparsely coupled consensus and resource
allocation problems. More importantly, we establish analytically the importance of exploiting

the sparsity structure in coupled large-scale networks.
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CHAPTER 1

Introduction

In this chapter, we motivate decentralized multi-agent optimization problems and outline the
main contributions of the dissertation. We also introduce our notation and review some key

concepts.

1.1 Multi-Agent Optimization

Multi-agent optimization refers to optimization problems where more than one agent (e.g.,
entity, processor, robot, machine) are interested in solving a common optimization problem
in a collaborative manner. For example, it is usually intractable or inefficient to solve large
scale data problems by processing all the data in one single machine. To relieve the difficulty,
one solution is to divide the data across multiple machines and solve the problem in a
collaborative manner where each machine is connected to a central coordinator [1-4]. This
distributed solution method is useful since it allows parallel processing and distributing of the
computational load over different machines. However, this approach still requires a centralized
network topology with a central node connected to all computing agents |5] — see Figure m
The potential bottleneck of the centralized network is the communication traffic jam on the
central coordinator [6-8|. The performance of these methods can be significantly degraded
when the bandwidth around the central node is low. Therefore, for this case it is critical to
pursue solutions where there is no central coordinator and each machine only communicates
locally with its immediate neighbors. These types of fully distributed solutions are often

called decentralized methods and are the focus of this dissertation.

Decentralized optimization methods can be designed for any connected network topology



Central Coordinator

(a) Centralized (b) Decentralized

Figure 1.1: Centralized vs decentralized networks.

such as line, ring, grid, random geometric graph, or others — see Figure[I.1b] In these structures,
there is no central node and each computing agent exchanges information with its immediate
neighbors rather than with a remote central server. Decentralized methods have several
advantages over non-fully distributed methods with a central coordinator [6}7]. For example,
when there is no central coordinator, the communication can be evenly distributed across the
nodes so that decentralized algorithms converge faster than centralized solutions when the
network has limited bandwidth or high latency [6,/7]. Apart from relieving communication
bottlenecks, decentralized optimization problems naturally occur due to some physical settings
such as in coordination and control of robotics systems [9,/10], estimation in wireless sensor
networks [11-14], and smart-grids [15]. They are also more robust to failures since a failure
of any node in the network is not detrimental compared to the failure of the central node in

a centralized network.

1.2 Decentralized Consensus Optimization

In most multi-agent formulations of decentralized optimization problems, each agent generally

has an individual cost function, Ji(w) : RM — R, and the goal is to minimize an aggregate



sum of the costs, namely,

weRM

min %ij(w) (1.1)

where K is the number of agents. The aggregate cost in has one independent variable,
w € RM which all agents need to agree upon. Each agent k wants to find the minimizer
of through local interactions with its direct neighbors. We provide here an overview
of the solution methods that are available for solving such problems leading to primal-dual

solutions, which are the focus of this work.

Early works on distributed computation and processing include [16-19]. In these early
formulations, the agents share a common cost function Ji(w) = J(w), and each agent computes
a different block of the variable w to share the computational load among different processors.
The consensus formulation where different agents may share and compute common
blocks of the optimization variable w was studied in the works [20,21]. In these formulations,
the agents also share the same cost function Jy(w) = J(w), but different from [16-19], the
formulation in [20}21] allows the agents to compute common blocks of w, which require a
consensus (agreement) step on the shared blocks. While these early contributions are useful
for distributing the computations across different processors, the setups require the local
cost to be identical. In general, the agents may have private local functions that they do not
want to share. In this case, incremental gradient methods [22-25] have been used in [26-28].
However, these methods are not fully distributed (i.e., decentralized), since they either require
a central coordinator [26] or require determining a cyclic trajectory that covers all agents in

the network in succession, one after the other [27,28].

Early notable works studying decentralized optimization methods include [29-37|. The
works [33],34,37] focused on deterministic optimization problems where each agent knows
exactly its local cost. In comparison, the works [29-32,35,|36] proposed decentralized
algorithms for adaptive learning over networks showing for the first time how adaptation

in a stochastic setting can be performed over graphs; thus allowing agents to continually



learn and track drifts in the data in the absence of information about the local costs (e.g.,
statistical distribution of the data) — see [38]. While these early works studied problem
under different settings, the algorithms studied there belong to the class of primal
methods. In particular, these early algorithms can be derived from the primal domain
by solving a penalized approximate problem and not the original problem — see, e.g., [39].
Among these algorithms are consensus (decentralized gradient descent) method and diffusion
methods — see [8,40]. Since these methods solve an approximate problem and not the original
problem, they converge to a biased solution for constant step-sizes even under deterministic
settings — see [41,/42]. For exact convergence, these early primal based methods require
using decaying step-sizes to converge to the optimal solution. For highly accurate solutions,

decaying step-sizes are undesirable since they slow down the convergence rate significantly.

To overcome the bias caused by these early methods, algorithms with multiple inner
consensus steps per iteration were proposed in [43,44], which require an increasing number
of inner consensus steps as the iteration number grows, leading to an expensive solution.
Another line of work recognizes that the consensus formulation (|1.1)) can be rewritten as
an equality constrained problem by utilizing the properties of the network [45-49]. Here,
unbiased methods are developed by utilizing primal-dual methods to solve the constrained
problems [45-49|. Unlike primal methods, primal-dual methods have no bias and can converge
to the exact minimizer of without extra communication steps per iteration. Due to
this attractive feature, many primal-dual algorithms have been proposed [39,/50-56| each
with its own advantages. There also exist unbiased gradient-tracking methods [57-65]. These
methods correct the bias of the primal methods [37,/66] directly by utilizing gradient tracking
mechanisms [67,/68] to track the average of local gradients. Among the gradient tracking
methods are the adapt-then-combine (ATC) implementations [57H60,65], which are motivated
on the structure first introduced by diffusion strategies |69] — see also |8, Ch. 7]. For primal
methods, the ATC implementations have been shown to have better step-size stability range
and performance than the other methods [70]. For the gradient-tracking methods, the ATC

variants have only been observed to have better performance than non-ATC variants through



numerical simulations [60].

Given the above brief history on decentralized consensus algorithms, it is unclear how
all of these methods are related to each others. Moreover, we see that the gradient-tracking
methods are not normally classified as primal-dual methods due to their non primal-dual
derivations. In the first parts of this dissertation, we focus on the design and analysis of
decentralized primal-dual methods. We will design a novel adapt-then-combine primal-dual
algorithmic framework that captures most state-of-the-art decentralized methods as special
cases when the objective is smooth including all the variations of the gradient-tracking
methods. We also develop a concise and novel analysis technique that establishes the linear
convergence of this general framework under smooth and strongly-convex objectives. Due
to our unified framework, the analysis reveals important characteristics of these methods
such as their step-size stability range and the influence of the augmented Lagrangian penalty
term on the convergence rates of decentralized algorithms. For example, we analytically
confirm the observation from [60] that the ATC gradient tracking implementations have

better performance than non-ATC implementations.

A long standing open question regarding decentralized optimization problems is whether
linear convergence can be established in the presence of non-smooth components. In this
dissertation, we answer this question. Specifically, we show that global linear convergence
cannot be achieved if each agent owns a different local non-smooth term in the worst case. We
then show that global linear convergence is possible for a class of novel proximal decentralized
algorithms designed for the case where all agents share a common non-smooth term. The

reader may refer to Section ((1.4]) for an overview of this dissertation and its main contribution.

1.3 Decentralized Resource Sharing Optimization

While a large portion of this dissertation is focused on the consensus formulation (|1.1]), we

will also study decentralized resource sharing problems. In these formulations, a collection of



K interconnected agents are coupled through an optimization problem of the following form:

K K
rﬁlg;mlii Z Jp(wy), subject to Z Biwy, — b, = 0, (1.2)
k=1 k=1
where Ji(wy): R% — R is a cost function associated with agent k and w; € R% is the
variable for the same agent. The matrix B), € R¥*@* and the vector b, € R® are known locally
by agent k only. In this formulation, each agent wants to find its own minimizer, denoted
by wj, while satisfying the global coupling constraint. Note that {w}} are not necessarily
consensual and are often different from each other. The resource sharing problem has been
studied by different fields and dates back to studies in economics [71}77]. These early works
require a central coordinator to solve such problems. The first center-free (i.e., decentralized)
algorithm to solve these problems dates back to |78|. Problems of the type appear in
many other applications such as network utility maximization [79|, smart grids [80], basis

pursuit [81], and resource allocation in wireless networks [82].

This dissertation considers the case where the formulation involves multiple coupled
affine constraints, and where each constraint may involve only a subset of the agents. The
constraints are generally sparse, meaning that only a small subset of the agents are involved in
them. This scenario arises in many applications including decentralized control formulations,
resource allocation problems, and smart grids. Traditional decentralized solutions tend to
ignore the structure of the constraints and lead to degraded performance. We instead develop
a decentralized solution that exploits the sparsity structure. We examine how the performance
of the algorithm is influenced by the sparsity of the constraints. We show analytically, and
by means of simulations, the superior convergence properties of an algorithm that considers

the sparsity structure in the constraints compared to others that ignore this structure.

1.4 Outline and Contributions

The outline and main contributions of this dissertation are summarized below:



e In the appendix of this chapter, we introduce our notation and review some key concepts

that are useful throughout this work.

e In Chapter [2, we study a classical incremental primal-dual gradient algorithm for the
solution of constrained optimization problems. Through an original proof we establish
its linear convergence and give useful step-size and convergence rate upper bounds.
We then relate the incremental implementation to the non-incremental Arrow-Hurwicz
implementation. The analysis in this chapter will allow us to reveal (in Chapter [3)) the
influence of the augmented Lagrangian penalty term on the performance of decentralized

algorithms. Part of these results are based on the work [83)].

e In Chapter , we study problem for smooth and strongly-convex aggregate
costs. We propose a general adapt-then-combine (ATC) algorithmic framework that
captures various state-of-the-art decentralized gradient based algorithms including all
the variations of the gradient tracking methods. This result shows that ATC gradient
tracking methods admit primal-dual interpretations. We also establish the linear
convergence of the proposed framework, thus unifying the analysis of many existing
algorithms. This result is important since it reveals the performance and behavior
of these various algorithms. For example, we show that the ATC implementations
have better performance than non-ATC implementations. Using the analysis from
Chapter 2] we will reveal the benefits of the augmented Lagrangian penalty term on
the convergence rate of decentralized algorithms. Part of these results are based on the

works [83/85].

e In Chapter , we study problem in the presence of a common general non-smooth
term. For the first time, we establish the linear convergence of a proximal decentralized
gradient based algorithm with a non-smooth term. This result closes the gap between
centralized and decentralized proximal gradient algorithms. We then tailor an exiting
result to the decentralized set-up where each agent owns a local non-smooth term,

and show that global linear convergence cannot be established (in the worst case) for



decentralized proximal gradient algorithms for that case. Part of these results are based

on the works [84},85].

e [n Chapters|pand |§|, we study problems and under general multiple coupling
across the agents. Specifically, we consider scenarios where there can exist multiple
consensus variables or multiple coupling constraints with only a subset of agents involved
in them. We then show how to design algorithms to exploit these structures. More
importantly, we show theoretically that algorithms exploiting the structure can greatly
improve the convergence rate compared to algorithms that do not exploit such structure.

Part of these results are based on the works [86-90)].

e In Chapter [7] we state some future directions that can build upon this dissertation.



Appendices

In this dissertation, we shall study several decentralized algorithms for the solution of
optimization problems of the form or by networked agents. For these discussions,
we introduce in this section the main notation, the network weights used to implement these
algorithms, and review some important concepts, which are useful for our derivations and

analysis.

1.A Notation

All vectors are column vectors unless otherwise stated. All norms are 2-norms unless otherwise
stated. We use Col{xj}ﬁ-v:l to denote a column vector formed by stacking 1, ...,y on top of
each other, diag{:pj}év:l to denote a diagonal matrix consisting of diagonal entries x4, ..., xy,
and blkdiag{ X }é\;l to denote a block diagonal matrix consisting of diagonal blocks X7, ..., Xy.
We let blkrow{X;}}, = [X; --- Xy]. For any integer set M = {my,my,--- ,my}, we let
U = [gmn]mnerm denote the N x N matrix with (i, j)—th entry equal to g, m,. For a vector
r € RM | the notation ||z||3, denotes 2" Dx for a positive semi-definite matrix D. Similarly,

for a positive constant ¢ > 0, we let ||z||> denote the scaled norm c||z||?.

For a matrix A € RM*N g . (A) denotes the maximum singular value of A, and o(A)
denotes the minimum non-zero singular value. The range space and null space of the matrix
A are denoted by Range(A) and Null(A), respectively. For two symmetric matrices of similar
dimensions, A > B means that A — B is positive semi-definite. Likewise, A > B means that
A — B is positive definite. The N x N identity matrix is denoted by Iy. We let 1y be a
vector of size N with all entries equal to one. The Kronecker product is denoted by ®. R
and R denote the set of real valued numbers and vectors, respectively. The gradient of
a differentiable function f(.) : RM — Ris Vf(.) = col{ag—{l), e ,%} where z(m) is the

of

m-th entry in z and 577 is the derivative of f with respect to the entry z(m). We use

O(«) to indicate values on the order of the scalar « (e.g., O(a) = ca for some constant ¢

independent of «).



1.B  Network Combination Weights

For any network topology (see, e.g., Fig. we let ag denote a scalar weight used by
agent k to scale information arriving from agent s. We let ag = 0 if s is not a direct neighbor
of agent k, i.e., there is no edge connecting them. We let A, denote the set of agents the
are directly connected to agent k, including agent k itself. We let A denote the combination

matrix constructed from these weights:

[ask] (1.3)

The matrix A is assumed to be symmetric and doubly stochastic. We also assume A is
primitive, i.e., there exists an integer j > 0 such that all entries of A7 are positive. As
long as the network is connectedE], there exist many rules to choose the weights {as} in a
decentralized fashion — [8,91]. For example, we can use the Metropolis rule to construct the
combinations weights {as; s € N} as follows [8]92]:

( 1
max{ng, ns}’

Qg = 1- Z Qek s = ka (14)

e€NE\{k}

ifSGNk, S;ﬁk‘

\ 0, otherwise.

where nj, = |N}| denote the number of agents directly connected to agent k. We will utilize

the following well established result to derive many decentralized strategies [5593].

Lemma 1.1. (Consensus Matrix) Let A = [ag] € R**X be a symmetric doubly stochastic
matriz constructed from the network combination weights {as}. Then, it holds that I — A is

symmetric and positive semi-definite. Moreover, if we introduce the eigen-decomposition

V2 (I-A=UsU", v: 2y’

LA network is connected if there exists a path with positive weights {as;} connecting any two agents.
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for any ¢ > 0 and let:
A=Ay, V=V®Ily, Vi=Vigly.

Then, for primitive A and any block vector x = col{x!,...,x%} in the nullspace of I — A

with entries % € RM 4t holds that:

V=0 < Vir=0 < (Iyx—Axr=0 < z' =2>= .. =2 (1.5)

1.C Optimization Background

In this section, we briefly review some basic optimization concepts. A set C is convex if for

any two points x1, s € C it holds that
Ory + (1 —0zy) e Cfor 0 <0 < 1.
A function f(.) : RM — R is convex if its domain domf is convex and [94]
fOx+(1—=0)y) <Of(x)+(1—-0)f(y), forall z,y€ domf

with 0 < 6 < 1. The function f(.) is strongly-convex with parameter v; > 0 if domf is

convex and [94]

fO + (1= 0)y) < 0f(x) + (1= 0)f(y) — 201 = O)]|= —y]*
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If f(.) is differentiable then strong-convexity is equivalent to the gradient being strongly-

monotone:
(VF@) = Vi) (@ —y) = vl — | (1.6)
for all z,y € domf. Equivalently, strong-convexity gives
F) 2 J(@) + V(@) =) + Ly -«

The cost f is ds-smooth or equivalently the gradient of f is Lipschitz continuous with

parameter o5 > 0 if

IVf(z) = VW)l < ¢l =yl (1.7)

If f is convex with domf = RM and Vf is §;-Lipschitz, then it holds that [95, Theorem
2.1.5]

(Vi) - V) (@ —y) > 5—1fuw<x> V) (1.8)

The subdifferential Of(z) of a function f(.) : RMY — R at some x € RM is the set of all

subgradients:

Of(x) = {g. | g2 (y — x) < f(y) — f(x),¥Vy € RM}. (1.9)

The proximal operator relative to a function f(z) with step-size u is defined by [96]:

prox,,(z) £ arg;nin <f(u) + %Hx — u||2) . (1.10)

The proximal mapping is firmly nonexpansive [96]:

Iprox, (x) — prox,,;(y)|* < (prox,;(x) — prox,(y)) " (z — y).

12



Using Cauchy-Schwarz in the previous inequality, it holds that:

[prox,, () — prox,;(y)|| < [z —yl| (1.11)
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CHAPTER 2

Primal-Dual Gradient Methods

In this chapter, we revisit a discrete incremental implementation of the primal-descent dual-
ascent gradient method applied to optimization problems with affine constraints. Through an
original short proof, we establish linear convergence of the algorithm for strongly-convex cost
functions with Lipschitz continuous gradients. We then relate the classical non-incremental
implementation (Arrow-Hurwicz) to the incremental primal-dual implementation and establish
its linear convergence as well. The proof technique in this chapter is important to the following

chapters where we study primal-dual decentralized algorithms.

2.1 Problem Set-up

We consider the constrained problem:

minimize J(w), subject to Bw =10 (2.1)

weRM

where w € RM, B € REXM "and b € R”. The cost J(w) : R® — R is assumed to be §-smooth
and v-strongly convex — see ([1.6)—(1.7). Problem ({2.1)) can be reformulated into an equivalent

saddle-point problem. Indeed, consider the following saddle-point formulation:

min max L(w, \) = J(w) + AT (Bw — b) (2.2)

w

where A\ € R is the dual variable. Since J(w) is convex and differentiable, then an optimal
point (w*, \*) exists that solves (2.2); moreover, w* is an optimal solution to the constrained

problem ([2.1]) — see Section In this chapter, we study the following classical algorithm.
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Choose positive step-sizes p,, and uy and let w_; and A_; be arbitrary initial conditions.

Repeat for i > 0:

{ Wi = Wi—1 — fu (VJ(wi—l) + BT)‘i—l) (2.3a)

Note that the update (2.3 is incremental since the dual update (2.3b]) uses the most recent
primal variable w; and not w;_;. This chapter focuses on the primal-dual (PD) algorithm
(2.3]), which is aimed at solving ([2.2)), establishes its linear convergence properties and studies

its relation to the non-incremental implementation:

{ Wi = Wi—1 — M (Vj(wifl) + BT}‘Q—l) (2.4a)

)\; = )\;71 + ,u)\(Bwi_l — b) (24}3)

Note that algorithms (2.3) and (2.4) are applied to the Lagrangian, and not the augmented
Lagrangian (AL) (which would an extra quadratic penalty term p||Bw — b||? added to the
Lagrangian (2.2) where p > 0). Since we can absorb the quadratic term into a new cost

J,(w) 2 (w) + p||Bw — b]|?, our convergence analysis is still applicable for that case.

Algorithms of the form (2.3]) and (2.4]) have been applied in various scenarios including but
not limited to wireless systems [97,98|, power systems [99], reinforcement learning [100,/101],

and network utility maximization [48,102].

2.1.1 Related Works

There exists a large body of literature on primal-dual saddle-point algorithms — see [48}/102-109]
and the references therein, including the seminal work [104], which proposed the classical
recursion ([2.4]) and established its convergence. These works focus on proving convergence
to an optimal solution without providing convergence rates, provide sub-linear convergence
rates (e.g., % where 7 is the iteration index), or show linear convergence from a starting point
that is sufficiently close to a solution (local convergence). Some other works examined linear

convergence under different settings.

15



The work [110] focuses on the continuous version of the primal-dual gradient dynamics
and establishes linear convergence but using the augmented Lagrangian (AL). The work [111]
proves linear convergence for a continuous primal-dual gradient dynamics on a smoothed
AL called “proximal augmented Lagrangian”, which can handle a non-smooth term. The
work [112] focuses on the continuous version of the primal-dual dynamics for problem ({2.1))
with additional affine inequality constraints and establishes exponential convergence under
the assumption that J(w) is twice-differentiable with upper and lower bounded Hessian (i.e.,
strongly convex and smooth in addition to twice differentiability). It was shown in [112]
that if the continuous dynamics is discretized using Euler discretization, then the discrete
version converges linearly under small enough step sizes. However, no upper bound is given
on the step-size. Moreover, the derived linear convergence bound depends on the continuous
dynamics bounds. Note that Euler discretization uses identical step-sizes for the primal and
dual updates (i.e., j,, = ) and results in a non-incremental primal-dual dynamics, i.e., the
dual update does not use the most recent primal update. Thus, the results in [110H112] are
not directly applicable to incremental discrete implementation and/or do not provide useful

bounds on the step-size and convergence rates.

The work |113] establishes the linear convergence of a primal-dual gradient algorithm for

saddle-point problems with

L(w, \) = J(w) + AT Bw — g(\) (2.5)

where J(w) is convex and smooth, and g(\) is strongly-convex and smooth. Unlike the
current chapter, the algorithm used in [113| is non-incremental; moreover, a particular fixed

step-sizes are needed to establish linear convergence — [113, Theorem 3.1].

We remark that the works [114-117] established the linear convergence of operator-splitting

based algorithms, which solve a general saddle point problem with

L(w, \) = J(w) + ATBw — g(\) (2.6)
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where ¢(.) is not necessarily differentiable. However, they require both the primal and dual
functions, J(.) and g(.), to be strongly-convex functions. When either is missing, the matrix
B plays a critical role for linear convergence, which was not the focus of these works. Note
that in this chapter we focus on the linear convergence of the classical methods and
that are different from the operator splitting methods [114-119].

2.1.2 Contribution

Given the above, our contribution in this chapter is twofold: 1) Through an original self-
contained short proof, we establish the linear convergence of the incremental implementation
. Our analysis holds with or without the augmented Lagrangian penalty term; 2) We
relate the non-incremental implementation to the incremental one and show that
its linear convergence follows from the analysis of the incremental one. We provide explicit
upper bounds on the step-size parameters for stable behavior and on the resulting convergence

rate

2.2 Convergence Results

This section gives the auxiliary results leading to the main convergence result. It is known

that a pair (w*, \*) is an optimal solution to ([2.2)) if, and only if, it satisfies the optimality
conditions [94]:

{ 0= VJ(w*)+ BT)\* (2.7a)

0=Bw*—b (2.7b)

Note that w* coincides with the minimizer of (2.1). To see that w* must be an optimal

solution to (2.1)), we follow arguments similar to the ones in [94, Section 4.2.3]. Thus, consider

the optimality criterion of (2.1)) for differentiable J(w) [94:

VJ(w*)(z —w*) >0 for all z such that Bz = b (2.8)
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Since B(w* — z) = b — b = 0, the above condition implies that:
VJ(w) Tz >0 (2.9)

for all « belonging to the null space of B (i.e., Bz = 0). If a linear function is nonnegative on a
subspace, then it must be zero on the subspace [94]. Thus, the gradient V.J(w*) is orthogonal
to the null space of B, i.e., VJ(w*)Tz = 0 for all  belonging to the null space of B. Since the
range of BT is orthogonal to the null space of B, it follows that V.J(w*) belongs to the range
of BT [120]. This implies that condition holds for some A\*. Hence w* solves if,
and only if, the optimality conditions holds. This means that problems and

are equivalent. Note that since J(w) is strongly convex, w* is unique —see |94, Example 5.4].

From ([2.7al) and uniqueness of w*, A* will be unique if B has full row rank. In general \*
is not necessarily unique. We will now characterize a particular dual solution that we later

show convergence to. For that result and later analysis, we need the following result.

Lemma 2.1. If \, is in the range space of B € RE*M | then it holds that:
IB™AN* > o*(B)[A1? (2.10)

where o(B) denotes the minimum non-zero singular value of B.

Proof. Introduce the truncated singular value decomposition [120] of the positive semi-definite
matrix BTB = U, %, U, where U, € R™*" (r denotes the rank of BT B) with UTU, = I, and
¥, > 0 is a diagonal matrix with entries equal to the non-zero eigenvalues of B'B ( i.e., the
squared non-zero singular values of B). Since )\, is in the range space of B, it holds that

As = Bx for some x. Then,

IB™ .|| = |B"Bz|]* = 2"U.X2U 2 > 0*(B)2"U, %, Uz

= *(B)| A\ (2.11)
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Lemma 2.2. (Particular dual \}) There exists a unique optimal dual variable, denoted by

Ay, lying in the range space of B.

Proof. Any solution A\* of the linear system of equations given in can be decomposed
into two parts \* = A\¥ + \*, where A} € Range(B) and \* € Null(BT) - see [120]. Therefore,
if (w*, \*) satisfies , then (w*, \}) also satisfies . We now show A} is unique by
contradiction. Assume we have two distinct dual solutions \; = Br; and A}, = B, lying in
the range space of B. Then, substituting into and subtracting, we get BT B(z;—1x5) = 0.
It follows that ||B(z; — 23)||*> = 0 and, consequently, B(z; — x3) = 0. This means that

5, = Br1 = Bxy = Aj, which is a contradiction.

From ([2.3b]) we know that
)\i = )\1;1 + ,U)\(BU)Z — b)

Therefore, from the fact that b = Bw*, \; will be in the range space of B if A\;_; belongs to
the range space of B or A\;_; = 0. Thus, {\;};>¢ will always remain in the range space of B if
A_1 =0 or A_; belongs to the range space of B. This observation will allow us to utilize the
bound to establish linear convergence to the particular saddle-point (w*, A\}) without

requiring a rank condition on the matrix B. For analysis, we let

A T A
w; = wi—w* and )\z = )\2_)\2

denote the primal and dual errors, respectively. We are now ready to establish our main

result whose proof is given in Appendix

Theorem 2.1. (Linear convergence): Assume that the cost J(w) is d-smooth and v-

strongly-convexr and the step-sizes are positive and satisfy:

(2.12)
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If \-y = Bw_y (or A\_.y = 0), then algorithm (2.3 converges linearly to the particular
saddle-point (w*, \}), namely, it holds that

lwillz, + INE, < v (l@iallz, + 1-llc,) (2.13)

where ¢y > 0, ¢y = 1 — pppro>,.(B) >0, and

max

A

v = max {1 — puv(1 = p,6), 1 — pupra®(B) } < 1

U

Theorem guarantees linear convergence for any step-sizes satisfying (2.12)). Moreover,
the convergence rate is upper bounded by v, which clearly shows the effect of B on the
convergence rate. We remark that in the analysis of Theorem , we did not utilize any
augmented penalty term p||Bw — b||?, which is used in augmented Lagrangian formulations.

The presence of such term can allow us to remove the bound on py given in (2.12)) and only

2

max

require pypy < 1/05.. (B). We will use this result in the following chapter to see the how

the absence of such penalty term affects the performance of decentralized algorithms.

2.3 Non-Incremental Implementation

In algorithm ({2.3)), the dual update uses the most recent primal estimate w; and not w;_;. A
more classical implementation updates both primal and dual variables based on the previous
iterates as listed in (2.4]). The following results relates the non-incremental implementation

to the incremental implementation.

Lemma 2.3. Consider the following cost:

A

J(w) & J(w) - %HBw — (2.14)
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Then, the primal iterates of the non-incremental implementation (2.4)) are equivalent to primal

iterates of incremental recursion (2.3)) with cost J'(w) instead of J(w).

Proof. Applying the incremental implementation (2.3 using cost J'(w), we get:

{ W; = Wi—1 — My (VJ(’Uh,l) + BT[)\ifl - /L)\(Bwi,I — b)]) (215&)
By introducing the change of variable \; = \; — u\(Bw; — b), we can rewrite the previous

recursion as in (2.4)). Thus, the primal iterates of recursion (2.4)) are equivalent to the primal
iterates of recursion (2.15)) if N ; = A1 — ux(Bw_1 — b). O

A direct consequence of the previous lemma and Theorem [2.1]is the following corollary.

Corollary 2.1. Assume that the cost J(w) is §-smooth and v-strongly-convex and the step-

sizes satisfy:

1 v
w < ; < o5
5+ oz (B) =202 (B)

max max

(2.16)

I

Then, recursion (2.4) converges linearly to the particular saddle-point (w*, \y) if Ny = 0. O

The proof of the previous result is given in Appendix 2.B]

Appendices

2.A  Proof of Theorem [2.1]

Proof of Theorem[2.1] Subtracting w* and A} from both sides of (2.3) and using the opti-
mality conditions (2.7)) we get the coupled error recursion:

Wi = Wi — (VJ(wi—l) - VJ(w") + BTXi—l) (2.17a)
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Squaring both sides of (2.17a]) and (2.17b|) we get

@ || = |Wi—1 — poo (VI (wim1) = VI (W) > + g || BT X1 ||

— 20, M B (W1 — py (VI (wi_1) — VI (w))) (2.18)
and

Nl = [Nt l® + 3l B@il|* + 2\, By
1= |\~ ~ ~
= [Nt 1? + 131 B |* = 2| B™ i |12

2N B (W51 — 1 (VI (wiy) — VI (w*))) (2.19)

Using the bound || Bw;||* < 02, (B)|w;||?, multiplying equation (2.19) by c\ 2 fhw /1 and

adding to (2.18]) gives:
@i, + IXll2, < ll@icy = o (VI (wiza) = VI (@) P+ [Nz ll2, — w2l BT Aol (2.20)

[

where ¢, 29 twpino2, (B). Note that from Lemma Ay lies in the range space of B.

max

Moreover, since A\_; = 0, then we know that XZ will always lie in the range space of B. Thus,

from (2.10) it holds that |[BTA,_||> > 02(B)|A_1]|?>. Using this bound in (2.20)), we get:
1@ 12, + N2, < @1 = o (VI (wio1) = VI @) >+ (1= pupine(B)) N2, (2:21)
Since J(w) is é-smooth, we know from ({1.8):

IV I (wiz1) = VJ(wh)|]? < 0w, (VI (wi—1) — VJ(w*)) (2.22)
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Using this bound, it holds that
@it = (VI (wi1) = VI (w?)) |12
= i1 ]* = 2@ (VI (wi1) = VI (W) + i | (VI (wir) = VI (w")) |12

. . )
< @i |1 = (2 = ) (VI (wim1) = VI (w?))

IN

(1 = por(2 = p0)) @i ||

where we used the strong-convexity bound (|1.6) in the last step. Let v3 = 1 — (1 — p14,6)

1 — ppprc?,. (B), it holds that:

Since ¢, =

(1 = (2 = ) |05 || = @i |* = proov||@ia |2
= nll@iallZ, =t (V = a0 (B)m) [ @ia ||
(2.23)

< (1 — ppr (1 — Mw5)) II@HHQ

where the last step we used the fact that the last term is non-positive under the conditions

(B). Using the previous two equations in (2.21)), we get:

M < % and M < I//O?nax
(2.24)

[@i12, + INl1Z, < (1 = por (1 = pod)) @i |12, + (1 = popnc®(B)) | Xiz1 2,
v > Q.
HX

Equation ([2.24)) is exactly (2.13). Note that for positive step-sizes it holds that ¢, =
Moreover, ¢, = 1 — ppur02,.(B) > 0 and 0 < 75 = 1 — ppurc?(B) < 1if p,puy < 02;@.

This condition is satisfied under condition ([2.12)) because under these conditions we have

v 1
w < <
Holih =552 (B) = o2.(B)

where the last inequality hold because v < 4.
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2.B  Proof of Corollary

Proof of Corollary[2.1. We know from Lemma that the analysis of (2.3]) follows directly
from Theorem [2.1| with cost J'(w) = J(w) — || Bw — b||* instead of J(w). Hence, we only
need to verify that J'(w) is smooth and strongly-convex for small enough p,. Using the

triangle inequality and Lipschitz property of the gradient ([1.7)) it can be easily verified that:

IV T (wy) = VT (wa)|| = [V (w1) = VI (ws) — piaB" Bws — ws)]

< (0 + mr0ax(B)) lwr — ws (2.25)
Moreover, from the strong-convexity property (1.6 it also holds that

(VI (wn) = VI (w3)) " (wy —ws) = (VI (wr) — VI (ws)) " (wy — ws) — x| B(wr — ws)]?
> vllwy — ws|* — pa]| B(wi — wa) |

> (V= 1a0ax(B)) [lwr — wolf? (2.26)

Therefore, the cost J'(w) is § + o2, (B) smooth and v — pyo?, (B) > 0 strongly-convex

if py < v/o?,.(B). Using these Lipschitz and strong-convexity constants in (2.12) we get
conditions ([2.16)). O
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CHAPTER 3
Decentralized Primal-Dual Algorithms

In this chapter, we study the decentralized optimization problem (1.1) where a network of
agents are interested in minimizing a sum of local cost functions. We propose a general
algorithmic framework for the solution of such problems that captures various existing state-
of-the-art algorithms. We then establish the linear convergence of this general algorithm
when the aggregate cost function is strongly-convex. Our unified analysis reveals interesting
facts about the performance of these various algorithms such as the advantages of the adapt-
then-combine variants over the other variants. Finally, we study the effect of the augmented

Lagrangian penalty term on the stability and performance of decentralized algorithms.

3.1 Decentralized Optimization Set-up

Consider a network of K agents that are connected through a static and undirected network.
Through only local interactions (i.e., with agents only communicating with their immediate

neighbors), each node is interested in finding a solution to the following problem:

K

- 1
w* =argmin  J(w) 2 = Z Ji(w) (3.1)
weRM K 1

where Ji(w) : RM — R is a local cost function associated with agent k. We adopt the

following assumption throughout this chapter.
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Assumption 3.1. (Cost function): Fach cost function Ji(w) is convexr with §-Lipschitz

continuous gradients:
IVJe(w?) = VI (w®)]| < 0fw” — w?|] (3.2)
for any w® and w* and some & > 0. Moreover, the aggregate cost J(w) is -strongly-convex:
(w’ — w*) " (VJ(w) = VJI(w*)) > 7||w’ — w*|]? (3.3)

for any w® and w® and constant 0 < v <. U

Note that from the strong-convexity condition ([3.3)), it holds that the global solution w* is

unique.

3.1.1 Related Works

Various gradient based algorithms have been proposed to solve decentralized optimization
problems of the form — see [39,[53H65]. Only few works have attempted to unify some
of these algorithms [121H123|. For example, the work [122]| proposed a general method that
includes EXTRA [55] and DIGing [61,/62] (for static and undirected network) as special
cases. However, the method in [122] does not include the adapt-then-combindl| (ATC)
gradient-tracking algorithms [57,59,/60]. The work [121] proposed a canonical form that
captures decentralized algorithms that require a single round of communication and gradient
computation per iteration, which does not include the Aug-DGM (ATC-DIGing) [59,(60].
Reference [121] only focused on the canonical form without providing any analysis for this
form. The work [123] studied a special class of the algorithms in [121] and provided worst
case linear convergence rates through numerical solution of semidefinite programs. This
special class does not include algorithms that require communicating two different vectors

per iteration such as gradient tracking methods [57-62].

!The Adapt-then-Combine (ATC) structure was first proposed in [69] to distinguish between different
implementations of diffusion learning strategies — see also |8, Ch. 7].

26



Different from existing works we propose an adapt-then-combine (ATC) primal-dual
framework that captures more algorithms including EXTRA [55], Exact diffusion [39],
NIDS [56], and different variation of the gradient tracking methods [57-61] including Aug-
DGM [59]. Our framework is the first to show that the ATC gradient-tracking methods can
be represented as primal-dual recursions. We then establish the linear convergence of this
framework under Assumption [3.1] The linear convergence result clarifies the performance of
these various algorithms with respect to each other. In particular, we show that the ATC

implementations have larger step-size stability range than non-ATC implementations.

We will see that most state-of-the-art methods are based on augmented Lagrangian (AL)
derivations. It was found in [124] that unlike AL methods, Lagrangian based methods
(without AL penalty term) suffer from stability issues when the individual costs are not
strongly-convex. However, it is unclear what the benefit of the AL penalty term is if the
individual costs are strongly-convex. Due to our unified Lagrangian and AL proof technique
from the previous chapter, we clarify the effect of the AL penalty term on the convergence

rates of decentralized algorithms.

3.1.2 Contribution

Given the above, this chapter has three contributions: I) we propose an adapt-then-combine
(ATC) unifying primal-dual framework that covers many existing state-of-the-art algorithms
[39,55-62]. To our knowledge, this is the first primal-dual interpretation of the ATC gradient
tracking methods [57-60]. IT) we provide a unifying linear convergence analysis for strongly-
convex aggregate cost functions. Our step-size and convergence rate upper bounds shed light
on the stability and performance of these various methods. Most notably, we show that the
ATC implementations are more stable than non-ATC implementations. IIT) we show the
effect of the augmented penalty term on the convergence rate of decentralized algorithms. It
is found that the penalty term can greatly improve the convergence rate when the individual

costs are ill-conditioned but the aggregate cost is well conditioned.
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3.2 Adapt-then-Combine Framework

In this section, we present an adapt-then-combine (ATC) algorithmic framework that covers

various state-of-the-art algorithms as special cases.

3.2.1 General Primal-Dual Algorithm

For algorithm derivation and motivation purposes, we will rewrite problem (3.1)) in an
equivalent manner. To do that, we let w;, € RM denote a local copy of w available at agent k

and introduce the network quantities:

w 2 col{wy,--- ,wg} € RME (3.4)
Tw) =3 Ji(wy) (3.5)

Further, we introduce two general symmetric matrices B € RMEXME and ¢ ¢ RMEXME hat

satisfy the following conditions:

{BW:0<:>w1:---:wK (3.6a)

Cw=0 <<= Bw=0 or C=0 (3.6b)

For algorithm derivation, the matrices {B,C} can be any general symmetric consensus matrices.
Later, we will see how to specifically choose these matrices to get different decentralized
implementations — see Section [3.2.3. With these quantities, it is easy to see that problem

(3.1) is equivalent to the following problem:

minimize J(w) + £||w||§, st. Bw=0 (3.7)

WeRMK 2
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where p > 0, and the matrix C € RMEXMK g 5 positive semi-definite consensus penalty

matrix. To solve problem (3.7]), we consider the saddle-point formulation:

(12

min max L(w,y)

L 1 P 2
i J(w) + uy Bw + 2HWHC (3.8)

where p > 0 and y € RMX is the dual variable. To solve (3.8)), we propose the following
algorithm: let w_; take any arbitrary value and y_; = 0 or y_; € Range(B). Repeat for
1=0,1,--

Zi=U—-Cwi—y —uVI(Wi—1) — By;—1  (primal-descent) (3.9a)
Vi =Yi—1+BZ; (dual-ascent) (3.9b)
w; = AZ; (Combine) (3.9¢)

In the above algorithm, A = A®1,; where A is a symmetric and doubly-stochastic combination
matrix. Step is a gradient descent followed by a gradient ascent step in , both
applied to the saddle-point problem (3.8|) with step-size p and p = }% The last step is
a combination step that enforces further agreement. Next we show that by proper choices
of A, B, and C we can recover many state of the art algorithms. To do that, we need to

introduce the combination matrix associated with the network.

3.2.2 Network Combination Matrix

Recall from Section , that the network is associated with the matrix A = [ag] € REXK
where the weight ag, = 0 if there is no edge connecting agents k£ and s. Using this matrix, we

introduce the augmented network combination matrix
A=A® Iy (3.10)

Recall from Section that the matrix A (different from A) is assumed to be symmetric,

doubly stochastic matrix , and primitive. Under these conditions it holds that (I x—A)w =0
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if, and only, if wy, = w; for all k, s — see Lemma [I.1] Note that

Z A1 W

seEN

Z AsgWg

_SGNK

Hence, the k-th block > agw,s can be computed by agent k through communicating with
SENk

its neighbors N, only. Therefore, by choosing the matrices {A4, B,C} from A we can recover

different decentralized algorithms as we show next.

3.2.3 Specific Decentralized Algorithms

We start by rewriting recursion ((3.9)) in an equivalent manner by eliminating the dual variable

Yi. Thus, from (3.9a)) it holds that

Zi—Zi1 =1 —=C)(Wi—1 —Wi—2) — B(¥ic1 — Yi—2) — M(Vj(Wz'—l) — Vj(Wi—2)>
(I = C)(Wi—1 — wi—a) = B2y — (VT (wim1) = VI (Wi2))

for i > 1 and initialization can be set to Zo = (I —C)w_; — uVJ (W_1) and wy = AZ, with

arbitrary w_;. Rearranging the previous equation we can rewrite (3.9)) equivalently as:

Zi=I—-B*)2Zi1+ (I - C)(Wim1 —wia) — u(VI (Wi1) — VI (Wis)) (3.11a)
v — Az, (3.11)

for i > 1. Utilizing the above recursion, we will now choose specific matrices {A, B,C} and

show that we can recover many state of the art algorithms:

e (DIGing [61,/62]): If B> = (I — A)>,C=1— A% and A= in (3.11a)), we get:

W; = .A<2Wi_1 — AWZ‘_Q) —M(VJ(Wz‘_1> —VJO/VZ‘_Q)) (312)
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where we used the fact w; = AZ; = 2; from (3.11b]). Consider the DIGing algorithm
from [61,62]:

{ W; = AWi,1 — UX;_q (3133)

X; = AXZ'_l + VJ(Wl) — Vj(Wz_l) (313}3)

for i > 0 with x_; = V.J(w_;) and arbitrary w_;. By eliminating the gradient tracking
variable x;, it can be shown that recursion (3.12)) is equivalent to the DIGing algorithm
(3.13]) — see [62, Section 2.2.1]. Since agent k is responsible for one block of w; in (3.13)),

each agent k can update its block vector wy; as follows:

Wi = Z AskWs,i—1 — PThk,i—1 (3.14a)
SENk

Tk = Z AskTsi—1 + VJk(wkﬂ) — VJk(wk7i_1) (314b)
SGNk

for i > 0 with zy,_; = VJi(wi,—1) and arbitrary wy, ;.

e (EXTRA [55]): If B2 =0.5(1 — A), C =0.5(I — A), and A = [ in (3.11a)), we get:

where we used the fact w; = A2; = 2; from (3.110)). Recursion (3.15)) is the EXTRA
algorithmﬂ from [55]. A per agent implementation of (3.15)) can be obtained as follows.
Let A = [ag,] = (I + A)/2. Initialize wy o = ZseNk AspWs,—1 — iV Ji(wy,—1) with wg 1

set to any arbitrary value . For every agent k, repeat for i =0,1,2, ...

Wy = Z ask(2Ws ;-1 — Wgi—2) _M(vjk(wk,i—l) — VJk(wk,i—Q)) (3.16)
SGNk

2Recursion ([3.15) is the recommended version of EXTRA with W = 0.5(1 + W) — see [55]
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e (Exact diffusion [39)]): If we choose A= 0.5( + .A),C =0 and B> = 0.5( — A) in
(3.11a)), we get:

2 =AzZi 1+ wisg —wisa — (VI (Wis1) — VI (Wi—2))

Multiplying the previous equation by A and noting from (3.11b)) that w; = AZ;, we

get:
w; = 05(] + A) (QWi_l — W9 — M(Vj(wl_l) — VJ(WZ_Q))) (317)

The above recursion is the exact diffusion recursion first proposed in [39]. We also note
that if we choose C =0, B2 = ¢(I — A) (c € R), and A = I — B? then we recover the
smooth case of the NIDS algorithm from [56]. As highlighted in [56], NIDS is identical
to exact diffusion for the smooth case when ¢ = 0.5. At the agent level, recursion
can be represented as follows [39]. Let A = [aq] = (Ix + A)/2. Initialize zp_1 = V1

and wy, _; arbitrary. For every agent k, repeat for i =0,1,2, ...

Vi = Whyim1 — pV J(Wi—1) (3.18a)

ki = Wit + Vi — Vrio1 (3.18Db)

W = Z QskZs,i (3.18¢)
SENk

e (Aug-DGM [59]): Let C =0, A= A2 and B = I — A. Substituting into (3.11al):
Zi=(2A-AZi 1 +wisg —wiss — (VI (Wis1) = VT (Wisa))

By multiplying the previous equation by A = A? and noting from (3.11b)) that w; =

A?z;, we get the recursion:

W; = A<2W11 - .AWl;Q - M.A(VJ(szl) - VJ(V\QQ))> (319)
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The above recursion is equivalent to the Aug-DGM [59] (also known as ATC-DIGing [60])

algorithm:
{ W; = A(Wi_l — /JJXZ'_l) (320&)
X; = .A(Xi_1 + VJ(WZ) — VJ(WZ_l)) (320b)

By eliminating the gradient tracking variable x;, we can rewrite the previous recursion

as (3.19)) — see Appendix . Since agent k is responsible for one block of w; in (3.20)),

each agent k can update its block vector wy; as follows:

Whi = Y G (Weim1 — i) (3.21a)
seNk

T = Z gl (.1'571;1 + VJS(’UJS’Z') — VJs(wSJ,l)) (321b)
SGNk

for i > 0 with x),_; = VJi(wy,—1) and arbitrary wy ;.

(ATC tracking method [57,58]): Let C = — A and B = I — A. Substituting into
EI)

Zi=2A- Az + Awiy — Ao — p(VT (wis1) — VT (Wi2))

By multiplying the previous equation by A = A and noting from (3.11b)) that w; = AZ;,

we get the recursion:
W; = A<2Wi_1 — AWZ‘_Q — M(Vj(wl_l) — VJ(WZ_Q))> (322)

The above recursion is equivalent to the following variant of the ATC tracking method

[57,/58]:

{ W; = .A(Wi_l — ,uXi_l) (323&)
X; = .AXZ‘_l + VJ(WZ) — VJ(WZ_l) (323b)
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By eliminating the gradient tracking variable x;, we can show that the previous recursion
is exactly (3.22)) — see Appendix . Since agent k is responsible for one block of w; in
(3.23), each agent k can update its block vector wy; as follows:

Wy, = Z ok (W i1 — Pi1) (3.24a)
SENk

Ti = Z AskTsi—1 + VJk(w]m) — VJk(wk7i_1) (324b)
SGNk

for ¢ > 0 with x, 1 = VJi(wg,—1) and arbitrary wy, ;. It can also be shown that (3.23))
is equivalent to the following recursion as well (see Appendix [3.A]):

W; = AWi_l — uX;q (325&)
{ X; = .A(Xi_1 + VJ(WZ) — VJ(WZ_1)) (325b)

Remark 3.1 (COMMUNICATION COST). Notice that EXTRA and exact diffusion
(3.17) communicate one vector per iteration. On the other hand, the gradient tracking method
(3.23) and DIGing requires communicating two vectors at each iteration . Similarly,
the Aug-DGM (ATC-DIGing) method also requires sharing two variables; moreover, it
requires communicating the two variables , w;_1 — px; 1 and x;_1 + VI (W) — VI (Wi_1),

sequentially (at different communication rounds). O

3.3 Convergence Results

In this section, we will give the auxiliary results leading to the main convergence result. To

this end, we will first derive the error recursion.

It can be easily verified that the optimality conditions of problem (3.7 (see e.g. (2.7))

must satisfy the following conditions:

{ 0=uVI W)+ By (3.26a)
0= Bw* (3.26b)
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Since problems and are equivalent, it holds that w* = 1 ® w* where w* is the
unique solution for problem . Recall from Lemma in Chapter [2| that there exists a
particular saddle-point (W*,y}) where ¥} is a unique vector that belongs to the range space
of B. In the following we will show that the iterates (w;,¥;) in converge linearly to the

point (W*, ). To this end, we introduce the error quantities:

~ A N
W; = W; — W
~ A
Vi = yi_yz
~ A
ZZ‘:ZZ'—W*

Note that from condition (3.6 it holds that Cw* = 0 since w* = 1x ® w*. Thus, using

(3.26a)—(3.26b)) in (3.9a))-(3.9¢) we can reach the following error recursions:

Yi = Vi1 + Bz (3.27Db)

where equation (3.27d) holds since Aw* = w*. This follows from the fact that w* = 1 ®@ w*
and A = A ® I,; with A being doubly-stochastic. To analyze (3.27)), we need the following

technical conditions.

Assumption 3.2. (Combination matrices) [t is assumed that either one of the following

conditions hold:

{0<A§I—B2 (3.28a)
0<C<2I (3.28b)

or

{A =1 (3.29a)
0<B*<C<I (3.29b)

O
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Conditions ((3.28a])—(3.28b|) will be utilized for the analysis of the ATC algorithms and
conditions ([3.29a)—(3.29h)) will be used for the analysis of NON-ATC algorithms (A = I).

Remark 3.2 (CONVERGENCE CONDITIONS). Recall that for exact diffusion [93] (see equation
(3.17)) we have A = 0.5(I +.A) = I — B? and C = 0. Note that any primitive symmetric
and doubly stochastic matrix A satisfies —1 < A <1 — see Section [8, Lemma F.4|. Thus,
exact diffusion satisfies conditions f for any primitive symmetric and doubly
stochastic matrix A. Similar to exact diffusion, NIDS [56] also satisfies similar conditions.
Recall also for EXTRA [55] (see equation (3.15)) we have A = A and B? =C = 0.5(] — A),
which satisfy conditions f for any primitive symmetric and doubly stochastic
matrix A. For the ATC tracking methods [57-60], the conditions translate to the requirement
that the eigenvalues of A must be in (0, 1], rather than the typical (—1,1] — see e.g. [60].
Although this condition is not necessary, it can be easily satisfied by redefining A <— 0.5(1+A).
Note that most works that analyze decentralized methods under more relaxed conditions
on the network topology impose restrictive step-size conditions that depend on the network
and on the order of O(v% /§%) where 0 < 6; < 1 and 6, > 1 — see 60,61,/63,[122]. On the
other hand, we require step sizes on the order of O(1/§). Moreover, we will show that any
algorithm that fits into our setup with C = 0 can use a step-size as large as the centralized

gradient descent — see discussion after Theorem [3.1]

O

For the statement of our next results, we let o(B%) = 0%(B) denote the minimum non-zero

singular value of the matrix B%. Since B? is symmetric, its singular values are equal to its

eigenvalues and condition (3.28a) or ([3.29b)) implies 0 < g?(B) < 1. We also let 0,.,(C)

denote the maximum singular value of C.

In our analysis, we will utilize the following useful result from [55, Proposition 3.6].

Lemma 3.1. (Augmented Cost) Under Assumptz’on the penalized augmented cost
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T (W) + E|wlge with any p > 0 is restricted strongly-convex with respect to w*:
(W =w) (VI (W) = VI W) + pllw = w5 > Byllw — | (3.30)

where

pa’(B)c?

ﬂp = min {I/ - 2(56, m

} >0, foranyce (O, 2—2) (3.31)

for any w with w* = 1 ® w* and where w* denotes the minimizer of (3.1)). Moreover, v, — v

as p — 00. U

The following lemma gives a useful inequality that will be used in our next results. The proof

is provided in Appendix [3.B]

Lemma 3.2. (Useful inequality) If Assumption and step-size condition p < Q_UmT*""(C)

hold, then the following inequality holds for any p > 0 and for all © > 0:

IZ01% + 1507 < (1= 17,2~ (€)= ) [Fica | + (1 = 2(B)) [

+pp(2 = p6) Wil — (2 = pd) [IWiallc (3.32)

where Q = I — B% and v, denote the strongly-convex parameter gwen in (3.31).

U

The previous lemma applies for the ATC primal-dual case (ATC-PD) where A is a primitive
combination matrix, which covers exact-diffusion and ATC-gradient-tracking methods; and
the NON-ATC primal-dual case (NON-ATC-PD) where A = I, which covers EXTRA and
DIGing. For the convergence result we will distinguish between these two cases. We start by

stating the result for the ATC-PD case.

Theorem 3.1. (ATC-PD) Let Assumption and condition (3.28|) given in Assumption
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hold. If the step-size satisfies

o< Q_UTHL“(C) (3.33)

then it holds that Wi |7, g2 + 191> < v*C, where Co > 0 and
v =max {1—ui,(2 — 01nax(C) — pd), 1 — *(B), 1p(2 — Omax(C) — pd) } < 1 (3.34)

for any 0 < p < 1/11(2 — 01max(C) — pd) with v, denoting the strongly-convex parameter given
in (3.31).

O

The proof of Theorem [3.1] is given in Appendix [3.C] We see that the convergence rate v
given in clearly shows how the matrices B and C affect the convergence rate. For
example, recall that for exact diffusion, ¢(B) denote the smallest non-zero singular value (or
eigenvalue) of the matrix 0.5(1 — A). Thus, the effect of the network on the convergence rate
is evident through the term 1 — g?(B), which becomes close to one as the network becomes
sparser. Another useful conclusion is for the case when C = 0, the step-size bound becomes
becomes p < %, which is as large as the centralized gradient descent. This means
that exact diffusion and Aug-DGM (ATC-DIGing) have wider stability range than the other
variation discussed in Section [3.2] with C # 0. Moreover, for C = 0 the convergence rate
becomes v = max{1—puv(2 — ud), 1 — oc*(B)} < 1, which separates the network effect from
the cost function. We now give the result for the NON-ATC case, which covers EXTRA as

special case.

Theorem 3.2. (NON-ATC-PD) Let Assumptz'on and condition (3.29) given in As-
sumption hold. If the step-size satisfies

1 —
0< %X(C) (3.35)
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then it holds that [|[w;||g + ||[%:||* < +'C,, where @ >0, C, > 0, and
v 2 max {1 — (2 = omax(C) — ), 1 — a(B?)} < 1 (3.36)

with v, denoting the strongly-convex parameter given in (3.31)) for any p satisfying (3.55).

O

The proof of Theorem is given in Appendix Note that for the EXTRA case (C = B?)
our step-size condition (3.35)) does not depend on the strongly-convex parameter. On the

20, (1—omax(B2))

other hand, the bound given in the original work |55, Theorem 3.7| is u < = ,

which scales badly for ill-conditioned problems. We see that the step-size condition
range is smaller than the NON-ATC case. This means that the ATC case has larger stability
range than the NON-ATC case. We can see from this that exact-diffusion has larger
stability range than EXTRA (3.15)), which is inline with the results from [93]. Similarly,
ATC-DIGing has larger stability range than DIGing, which has not been shown prior to this

work.

3.4 Influence of Augmented Lagrangian Term

So far we have utilized the existence of the matrices C or A in to establish our result
under strongly-convex aggregate costs. In this section, we ask our self what is the affect of
these terms on the performance of decentralized algorithms. To answer this question it is
sufficient to study the primal-dual gradient algorithms applied on any specific instance
of problem . Thus, a direct application of to the Lagrangian of problem ({3.7]) with
C = B? gives:

Wi = Wi—1 — VI, (Wis1) — pwBAi—1 (3.37a)
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where J,(w) = J(w) + §|wl|3. and we are allowing p = 0. We will next show how the

presence of the term Z|wl|%, affects the performance of recursion (3.37).

As before, one can choose different choices for B and recover different algorithms. However,
for illustration and later simulation, we will choose B = (I — A)z. Recursion (3.37) is not
decentralized yet because B = (I — A)% need not have the network structure. However, this

can be easily handled by removing the dual variable or by a change of variable. We choose

the later and let y; = BA; and multiply (3.37b|) by B so that (3.37) becomes:

{ Wi = Wi—1 — Mijp(Wi—l) — Hwdi—1 (3-383)

Vi = Yic1 + iaBw; (3.38b)

Since B% = (I — A) has the network structure, then the k-th block of B*w; = col{us,;}<,
(of size M) has the decentralized form uy,;, = wy; — Zse N;, GskWs i where N}, denotes the
neighbors of agent k, including agent k. Therefore, recursion is decentralized and
each can update its corresponding k-th blocks in w; and y;. The convergence of easily

follows from the convergence of recursion (3.37)), which follows from Theorem (|2.1)).

Corollary 3.1. Let (W*, \}) be the optimal point for the Lagrangian of (3.7]) where X lies
in the range space of B. Assume that the cost J,(w) is v-strongly convex and J(w) has §-

Lipschitz gradients. Under the step-size conditions in Theorem 2.1 with B = B and Lipschitz

constant 6, = 0 + poz.(B) , recursion (3.38a)~(3.38D) converges linearly to (W*, BX;) if
Yy_1 = 0.

Proof. Since J(w) has 6-Lipschitz gradients, it holds that J,(w) = J(w) + &||B*w||? is
6, = 0 + pot.(B)-smooth. We know that under the conditions in Theorem , recursion

(3-37al)—(3.37b]) converges to the point (w*, A}) linearly if A\_; = 0. Now, note that if \_; =0
and y_; = 0, then from (3.37b)) and (3.38b)) it holds that y; = BA; for all « > —1. Since )\,
lies in the range space of B, it follows from Lemma [2.1| that y; = 0 <= \; = 0. Therefore,

if recursions ([3.37a)—(3.37b]) converge linearly to (w*, A;), then recursions (3.38al)—(3.38b))

converge linearly to (wW*, BA}). O
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It can be seen that the addition of the augmented term with p > 0 leads to a larger Lipschitz

2

2 (B) > 0 and consequently to a smaller stability range for j,, compared

constant 6, = 6+ po
to the case when p = 0. However, the augmented term can be beneficial as we now explain.

From Corollary (3.1) and Theorem [2.1| we have that the convergence rate of recursion (3.38|)

is upper bounded by

v =max {1 — (1 — pud,), 1 — pwpna®(B) } (3.39)

If the aggregate cost J(w) = & Zszl Ji(w) : RM — R is p-strongly-convex, then from
Lemma we know that the augmented penalized cost J,(w) is 7,- strongly convex for
p > 0. Therefore, for p > 0 recursion is guaranteed to converges linearly as long as the
aggregate cost .J(w) is strongly-convex, which does not necessarily imply that each individual
cost is strongly-convex. In this case v = v, and v will depend on 7,. On the other hand,
if p =0 then Jo(w) = T(W) = Sor, Ji(wy) : RME — R is v-strongly-convex if, and only,
if each local cost Ji(wy) is vg-strongly convex, so that ¥ = minw,. This implies that for
p =0, the cost Jo(w) = J(w) is not strongly-convex (can even be non-convex) unless each
individual cost is strongly convex, which unlike the case p > 0 can lead to convergence issues.
Moreover, the convergence rate v will depend on ¥ = min v. Since from (3.31)) we know that
v, ~ v for large enough p, the convergence rate when p > 0 depends on . On the other
hand, for p = 0 the convergence rate depends on v = min . Therefore, the AL method can
converge much faster if 7 is much larger than ¥ = min v,. However, when v &~ v, then the AL
penalty term is not that beneficial. These findings will be illustrated by means of simulations

in the next section.

3.5 Numerical Simulations

We consider the distributed optimization problem (3.1]) with quadratic costs Jy,(w) = w' Ryw+
riw where w € R?, Ry, € R**20 and r, € R?*. A network of K = 20 agents shown in top

rightmost side of Fig. [3.1] was randomly generated across a 1.2 x 1.2 grid and two agents
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are neighbors if they are less than d = 0.25 distance away from each other. This network is
used for all implementations. The matrix A is generated using the Metropolis rule [8]. In all
results, PD non-distributed refers to (p = 0), PD distributed refers to (3.38)) ( p =0),
and AL PD distributed refers to (3.38)) with p > 0. The step-sizes are manually chosen to

get the best possible convergence rate for each algorithm.

The top leftmost plot of Fig. [3.1/shows the evolution of the relative error ||[w; —w*||?/||w*||?
over iterations. The matrix R > 0 is a random diagonal matrix with integer diagonal entries,
each chosen between [2, 8], which is well conditioned because 8/2 is not very large. Similarly,
) is randomly generated vector with each entry uniformly selected between [0,2]. The
dual step-size is set to uy = 30 for all algorithms in the top leftmost plot of Fig. [3.1 All
algorithms converge linearly with close performance. It is seen that PD non-distributed and
PD distributed have identical performance. We also see that unlike PD distributed, AL PD
distributed has a smaller primal stability range for a fixed dual step-size — see explanation
below Corollary [3.1] To test the dual stability range, we fixed u,, = 0.07 and simulated PD
distributed and AL PD distributed for different dual step-size. The results are shown in the
middle leftmost plot of Fig. [3.1] We see that in this settings, the AL PD distributed also
has a smaller dual stability range for a fixed primal step-size. Under the same set-up, we
compare the algorithm with the EXTRA algorithm from [55] and exact diffusion from [39],
both are AL based methods. The results are shown in the middle rightmost plot of Fig. [3.1
We see that all algorithms perform similarly. In this scenario, we do not see any advantages

of AL methods compared to the Lagrangian method (p = 0).

To show the advantages of the AL method, we consider the same setting as before but
under two scenarios: non-convex individual costs or ill-conditioned strongly-convex costs. For
the non-convex case, we let all entries to be zero except for the following diagonal entries:
the (k, k)-th diagonal entry for each agent (Ry(k,k)) are chosen randomly between [2, 8], the
entries Rp(k—1,k—1) = —Rip_1(k — 1,k — 1)/2 for all k£ > 2. In this case, the aggregate cost
S (wT Ryw + 7] w) is strongly convex since R = Y.n , Ry > 0, but the individual costs

{Jg(w)}g>2 are non-convex and therefore J(w) = Z,I::l(w;Rkwk + rfwy,) is non-convex as
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well. This is because the Hessian V27 (w) = blkdiag{ Ry }5_, is indefinite. The results of this
set-up is shown in the bottom leftmost plot of Fig. 3.1 We see that the AL PD distributed
method still converges linearly. However, the PD distributed method diverges even under
much smaller step-sizes than the previous set-ups. The bottom rightmost plot of Fig.
shows the ill conditioned case. We let all entries to be zero except for the diagonal entries:
the (k, k)-th diagonal entry for each agent (Rg(k, k)) are chosen randomly between [2,8] and
the other diagonal entries are chosen uniformly between (0, 1), which can be very small. In
this case, we see that the Lagrangian methods performs poorly compared to the other PD
AL method (p = 50) and the other AL methods, which is in agreement with our conclusion

from the previous section.
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Figure 3.1: Simulation results illustrating the influence of the AL term.
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Appendices

3.A Equivalent Representation

3.A.1 Aug-DGM (ATC-DIGing)

Here we show that (3.20) is equivalent to (3.19)). From (3.20a)) we have

wi — Aw,;_q = A(Wil — Aw;_9 — ,U(Xifl - AX12))

A<w@-1 — AWiss — AV T (i) — vy(wm)))
Rearranging the previous equation we get:
Wy = A(Qwi_l — Awi_g — pA(VT (Wi1) — VJ(Wi_Q))>
which is recursion ((3.19)).

3.A.2 ATC-Tracking I

In a similar manner we can show that (3.23) is equivalent to (3.22). From (3.23a]) we have

w; — Aw,;_1 = A<Wi—1 — Aw;_g — M(Xz‘—l - AX1—2))

A<Wi—1 —Aw;_o — M(Vj(Wi—ﬂ — Vj(Wi—z)))
Rearranging the previous equation we get:
Wi = A<2Wi—1 — Aw;_o — M(Vj(Wi—ﬁ - VJ(W¢—2))>

which is recursion (|3.22)).
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3.A.3 ATC-Tracking 11

Repeating similar arguments to the previous section, we can show that (3.25) is equivalent

to (3.22)). From (3.25a)) we have

w; — Aw,;_1 = -A<Wi—1 - AWi—Z) - M(Xz'—l - -AXz‘—z)
A(Wiq - -Aerz) - /L-A(VJ(Wifl) - Vj(Wiq))

Rearranging the previous equation we get:
Wi = »A<2Wi—1 — Aw;_y — M(Vj(Wi—l) - Vj(Wz'—z))>

which is recursion ((3.22)).

3.B Proof of Lemma [3.2

Proof. Squaring both sides of (3.27a)) and (3.27b|) we get

IZ:l” = (T = C)Wie1 — u(VT (wima) = VI W) IIP + 1B ||?
— 25 B ((I = C)Wi_1 — (VT (wi_1) — VI (W))) (3.40)

and

5ll* = 3ie1 + BZill? = [Bi-all” + 1BZ:]1* + 25;_, B2,

B27) |~ ~ ~
= IZi1l® + 12l — 2[1BYi-l?

+ 29 B ((I = C)Wiet — (VI (wica) = VI W) (3.41)
Adding equation (3.41)) to (3.40) and rearranging, we get
IZNG+ il =T = C)Wims = (VT Wit) = VI W) P+ Bica | = BV I (3.42)
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where Q = I — B? is positive definite from (3.28a). Since vy = 0 and y; = ¥;_; + BZ;, we
know y; € Range(B) for any i. Thus, both y; and ¥} lie in the range space of B, and it holds
that |By;_1||*> > o(B?)||3:_1]|*>. Therefore, we can bound (4.41)) by

_ _ - 1 _
1215 + 1917 < [Wict = u(VT (Wima) = VI (W) + ;CWH) 124 (1 — a(B) |91 |?

(3.43)
Since J(w) + iHWH% isd, =0+ iamaX(C)—smooth, it holds from that:
VT Ovis) — VT (") + %cwi_l\f < T (VT (W) — VT (") + %%‘1) (3.44)
Moreover, recall from that
Wiy (VI Wim1) = VI W) < =, [Wial? + pl it 1 (3.45)
for any p > 0. Using the above two bounds, it holds that:

~ 1
[Wi1 = (VT (Wisa) = VI (W) + ;CWH) I?

B4 . 1
< [ Wial? = (2 = )Wy (VT (wisa) = VI (W) + /—LCWH)

= Wi [I” = 12 = b, )Wy (VT (Wim) = VI (W) = (2 = ud,) [ |12

(13.45) _ ~ 2 ~ 2
= (1= py(2— 18,)) + o2 — p )T B — 2 — )T |2 (3.46)

where in the last inequality step we used the fact that 2 — pd, > 0, which follows from the

condition p < (2 — omax(C))/d. Substituting (3.46)) into (3.43)) gives (3.32)). O
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3.C Proof of Theorem [3.1]

Proof of Theorem[3.1. Recall from Lemma [3.2] that

1Zillg + 1117 < (1 = pp(2 = Omax(C) — 10)) [[Wia | + (1 — 2*(B)) |91 1?
+ 1p(2 = p6) Wi llie — (2 = ) Wi I (3.47)
Note that:

2 — opmax(C)

(1= pr(2 = omax(C) — o)) <1 <= p < 5

(3.48)
Let 71 =1 — pu7,(2 — 0max(C) — pd) and 72 = 1 — ¢*(B). Then inequality (3.47) becomes

||§i||zg + 13l < llwicall? + vl Zicall? + po(2 — 16,) Wizt llge — (2 — 16,) Wi 13

< NlWict I + 72lFi-all” + o2 = p,) [ Wi |l (3.49)

We will now show that [|[W;||?, 5 < [|Zi[|%. Since A is doubly stochastic and from condition

(3.28) we know that 0 < A < I. Therefore it holds I — A > 0 and thus
0< Az(] — A?A2 = L-B<A- A (3.50)

Utilizing the above bound it holds that

_ ,- _ o _ _, (3.50) _ _
ABA T Al -ADA=12- 1 < A- X (3.51)

From the above equation we conclude that

- -
wil]* == 1|2

- - )~ -
il = 1Z1% - 25 e =< 1Z05% - 124

< |Z:l% — IZ:l %524 (3.52)
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where we used condition in the last step, i.e., 4 < Q = I — B%. Using
IZil %524 = 1 AZillz = [Will2

in gives || Wil|7, 52 < [|Zi]l%. Using this bound in yields:

I

ill 72 + 1176017 < 7l Wima P+ 2llFima 1 + sl Wia [ 32

< max{y1, 72, ¥} (Wit [l 52 +Fi1 %) (3.53)

where we introduced v3 = pp(2 — pé,) = pp(2 — omax(C) — pd). Iterating we reach our
result. O

3.D Proof of Theorem [3.2

Proof of Theorem[3.3. From condition (3.29b]) we know that A = I; thus, from (3.27d) we

have w; = z;. Using this the inequality in Lemma [3.2 gives

11 + 1502 < (1= 15,2~ Guan(€) = pd)) [Fical P + (1 = (B)) [T
p(2 = ) [t — (2 — )| 3
< (1 172 — 0l €) — 18)) [Fea | + (1 = 2*(B) 5

— (2= ub,) (1 = pp) W1l

where we used (3.29)) in the last step. Let v = (1 —pu(2—pud,)v,) and 79 = 1 —g?(B). Adding

and subtracting 71 ||W;_1||%. to the previous inequality gives

illg + 193° < valWicallg + 22lPical” = (2 = p0,) (1 = mp) = 1) [Wicallzz - (3.54)
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We now need to ensure that —((2 — ud,,)(1— pp) —71)|[Wi—1l|z: < 0. To do that it is sufficient

to find p and p such that

2= = Omax(€) = 6 _ 1 = omax(C) — pd + (2 — p16,)7,
1(2 — pdy) (2 — pd,)

0<p=

(3.55)

It remains to find p such that p is non-negative. To do that, we note that 0 < v, < 1 if

<2 oy 2o
s p ;

for v1 < 1, it easy to verify that p is strictly positive if u satisfy:

1 —0max(C) 2 — omax(C)
<
PSS <7

Under this condition, we can upper bound (3.54)) by

I*

Wil + 191> < nlwizallg + 1ellPicil)? < max{y1, v }([[Wicallg + [19i-1]1%)

[terating we reach our result.
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(3.56)

(3.57)

(3.58)



CHAPTER 4
Decentralized Proximal Primal-dual Algorithms

This chapter studies decentralized composite optimization problems with a non-smooth
regularization term. For smooth optimization problems, decentralized methods have conver-
gence rates that match centralized methods. However, some gap between decentralized and
centralized proximal gradient methods continues to exist in the presence of a non-smooth
term. While centralized proximal gradient methods have been shown to converge linearly for
strongly convex objectives, it remains an open question to establish the linear convergence of
decentralized proximal gradient based methods. This chapter closes this gap by proposing a
proximal gradient decentralized algorithmic framework that is shown to converge linearly to
the desired solution. Next we explain the problem set-up and comment on existing related

works.

4.1 Problem Set-up

We consider a static and undirected network of K agents connected over some graph where
each agent k owns a private cost function Ji,(w) : RM — R. Through only local interactions
(i.e., with agents only communicating with their immediate neighbors), each node is interested
in finding a solution to the following problem:

1

w* = argmin —

remin 7o Jp(w) + R(w) (4.1)

e

where R(w) : RM — R U {+occ} is a convex function (not necessarily differentiable). We

adopt the following assumption throughout this chapter.
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Assumption 4.1. (Cost function): There exists a solution w* to problem (4.1) and each

cost function Ji(w) is first-order differentiable and v-strongly-convex:
(w® — w*) " (VIp(w®) = VI (w®)) > v]jw® — w*|? (4.2)
with §-Lipschitz continuous gradients:
IV Je(w?) = Vi (w®)|| < 0flw® —w*| (4.3)

for any w® and w®. Constants v and § are strictly positive and satisfy 0 < v < §. We also

assume R(w) to be a pmpeﬂ and lower-semicontinuous convex function. U

Note that from the strong-convexity condition (4.2)), we know the objective function in

(4.1) is also strongly convex and, thus, the global solution w* is unique.

4.1.1 Related Work

The core problem in decentralized optimization is to design methods with convergence rates
that are comparable to their centralized counterparts. For the smooth case (R(w) = 0),
the decentralized primal methods from [37,41,|42,/125| can only converge linearly to a
biased solution and not the exact solution. For convergence to the exact solution, these
primal methods require employing a decaying step-size that slows down the convergence rate
making it sublinear at O(1/i) in general. The works [50-{52] established linear convergence
to the exact solution for decentralized methods based on ADMM and inexact augmented
Lagrangian techniques. After that other works established linear convergence for simpler
implementations including linearized D-ADMM [53,54], EXTRA [55] , ESOM [126], gradient
tracking methods [61,/62], exact diffusion [39], NIDS [56], and others. The work [127] study
the problem from the dual domain and propose accelerated dual gradient descent to reach an

optimal convergence rate for smooth strongly-convex problems.

IThe function f(.) is proper if —oo < f(z) for all z in its domain and f(z) < oo for at least one z.
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Many works exist on decentralized composite optimization problems with a non-smooth
regularization term. The work [43| considered a similar set-up to this chapter and proposed
a proximal gradient method combined with Nesterov’s acceleration that is shown to achieve
O(1/i*) convergence rate, but requires an increasing number of inner loop consensus steps
with each iteration, which is expensive. Other works focused on the case where each agent k
has a local regularizer Ry(w) possibly different from other agents. For example, a proximal
decentralized linearized ADMM (DL-ADMM) approach is proposed in [53| to solve such
composite problems with convergence guarantees, while the work [128] establishes a sublinear
convergence rate O(1/i) for DL-ADMM when each Ji(w) is smooth with Lipschitz continuous
gradient. PG-EXTRA [129] extends EXTRA [55] to handle non-smooth regularization local
terms and it establishes an improved rate o(1/7). The NIDS algorithm [56] also has an o(1/7)
rate and can use larger step-sizes compared to PG-EXTRA. Based on existing results, there
is still a clear gap between decentralized algorithms and centralized ones when when using

proximal gradient methods.

The work [130] established the asymptotic linear convergenceﬂ of a proximal decentralized
algorithm under the condition that all functions {Jx(w), Rx(w)} (possibly different regular-
izers) are piecewise linear-quadratic (PLQ) functions. While this result is encouraging, it
does not cover the global linear convergence rate we seek in this chapter since their linear
rate occurs only after a sufficiently large number of iterations and requires all costs to be
PLQ. Another useful work [131] extends the CoCoA algorithm [4] to COLA algorithm for
decentralized settings and shows linear convergence in the presence of a non-differentiable
regularizer. Like most other dual coordinate methods, COLA considers decentralized learning
for generalized linear models (e.g., linear regression, logistic regression, SVM, etc). This is
because COLA requires solving from the dual domain and the linear model facilitates the
derivation of the dual functions, which do not necessarily admit a closed form expression under
our set-up. Additionally, different from this work, COLA is not a proximal gradient-based

method; it requires solving an inner minimization problem to a satisfactory accuracy, which

2A sequence {r;}3°, has asymptotic linear convergence to z* if there exists a sufficiently large i, such
that ||x; — z*|| < ~"C for some C' > 0 and all i > 4,.
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is often computationally expensive but necessary for the linear convergence analysis.

In order to establish global linear convergence, this chapter assumes the non-smooth
term to be common across all agents. One might wonder whether it is possible for a
decentralized proximal gradient algorithm to achieve global linear convergence in the presence
of different local non-smooth Rj(w) terms. As far as we know, this question has not been
explicitly answered in the literature. Many decentralized optimization problems where each
agent k has a local non-smooth term Rj(w) possibly different from other agents have been
proposed [53,/56],128//129.|132]. None of these methods have been shown to achieve global
linear convergence in the presence of general non-smooth terms. By adjusting the results
from [133| to the decentralized optimization set-up with agent-specific non-smooth terms
{Rk(w)}, we show that it is impossible for any proximal gradient based algorithm to achieve
linear convergence in the worst case. Note that the work [134] showed that global linear
convergence is not possible for non-smooth strongly-convex functions in the worst case for
the class of algorithms limited to one communication round but unlimited in the amount of
computation and access to the functions per iteration. In contrast, we consider algorithms
unlimited in the number of communications rounds but limited to one gradient and proximal

computations per iteration.

4.1.2 Contribution

This chapter considers the composite optimization problem and has two main contri-
butions. First, for the case of a common non-smooth regularizer R(w) across all computing
agents, we propose a proximal decentralized algorithm framework whose fixed point coincides
with the desired global solution w*. We then provide a short proof to establish its linear
convergence for the general loss function Ji(w) that is smooth and strongly convex. This
result closes the existing gap between decentralized proximal gradient based methods and the
centralized proximal gradient descent for strongly-convex objectives. Second, by tailoring a
result from [133], we show that if each agent owns a non-smooth term, then linear convergence

cannot be achieved in the worst case for the class of decentralized algorithms where each
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agent can compute one gradient and one proximal mapping per iteration for the smooth
and non-smooth part, respectively. We further provide a numerical counter example where

PG-EXTRA [129] and proximal linearized ADMM [53,/128] fail to achieve global linear

convergence for strongly-convex objectives.

4.2 Proximal ATC Algorithms

In this section, we extend the ATC framework ([3.9) to handle the non-differentiable component
R(w). To do that, let w, € RM denote a local copy of w available at agent k and introduce

the network quantities:

w = col{w,- - ,wg} € RME (4.4)
Rw) £ >~ Rlwy) (4.6)

Recall from the Chapter [3, we introduced two general consensus symmetric matrices B €
RMEXME and C € RMEXME that are assumed satisfy (3.6). Similar to reformulation (3.7),

it is easy to see that problem (4.1)) with is equivalent to the following problem:

1
minimize J (W) + R(W) + Zkug, s.t. Bw =0 (4.7)

WeRKM

RMEXME g o positive semi-definite consensus penalty

where p > 0, and the matrix C €
matrix satisfying (3.6b|). We propose the following recursion: let y_; = 0 and w_; take any

arbitrary value. Repeat for : = 0,1, ...

Z; = (I — C)Wz'_l — ,MVJ(WZ_l) - Byi—l (48&)
yi =Yi-1+Bz; (4.8b)
w; = prox, (Az;) (4.8¢)
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We refer the reader to Appendix [1.B] for specific instances of the above algorithm and how to

implement them in a decentralized manner.

Remark 4.1 (CONVENTIONAL UPDATE). Recursion differs from conventional proximal
primal-dual algorithms in the dual update (4.8bf). Different from conventional dual updates
that use w;, we use z; instead of w;. This subtle (yet novel) difference changes the complexity
of the algorithm and allows us to close the linear convergence gap between centralized and

decentralized algorithms for problems of the form (4.1J). O

In the following, we will show that w; in the above recursion converges to 15 ® w* where

w* is the desired solution of (4.1)). We first prove the existence and optimality of the fixed
points of recursion (4.8)).

Lemma 4.1. (Optimality point) Under Assumption[{.1] and condition (3.6)), a fized point
(w*,y*, 2*) exists for recursions (4.8al)—(4.8c), i.e., it holds that

ZX=w —uVJWw") — By (4.9a)

0=DBz" (4.9b)

W = prox, (Az*) (4.9¢)

Moreover, w* and 2* are unique and each block element of w* = col{wy, - ,wi} coincides

with the unique solution w* to problem (4.1), i.e., wi = w* for all k.

Proof. See Appendix [£.A] O

4.3 Linear Convergence

Similar to Lemma [2.2] it can be easily shown that there exists a particular fixed point
(W*, ¥}, 2*) where ¥} is a unique vector that belongs to the range space of B. In the following

we will show that the iterates (w;,y;, z;) converge linearly to this particular fixed point
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(w*, ¥}, 2%). To this end, we introduce the error quantities:

Wi

Il

zi=2z— 2" (4.10)

*

~ A .
Wi =W, Vi = Vi — Wy,

Note that from condition (3.6) we have Cw* = 0. Therefore, from (4.8a)—(4.8c) and (4.9a))—

(4.9¢|) we can reach the following error recursions:

Zi= (I = )it = p(VI (Wia) = VI (W) = B (4.112)
Vi = Vi1 + Bz (4.11b)
W; = prox, (Az;) — prox,, (Az") (4.11¢)

For our convergence result, we need the following technical conditions.

Assumption 4.2. (Combination matrices) It is assumed that both condition (3.6) and

the following condition hold:

{ 0< -8B (4.12a)
A2<T-B*and 0<C < 2] (4.12b)
O

Remark 4.2 (CONVERGENCE CONDITIONS). In this chapter, we focus on the adapt-then-

combine framework. See Remark [3.2] for more details regarding the above conditions.

O

To state our result, we let o(B?) denote the minimum non-zero singular value of the
matrix B2. Since B2 is symmetric, its singular values are equal to its eigenvalues and condition
implies 0 < g(B?) < 1. We also let 0,.(C) < 2 denote the maximum singular value
of C.

Theorem 4.1. (Linear convergence) Under Assumptions if vo = 0 and the

. . 2—omax(C)
step-size satisfies p < == it holds that

il + 13301 < v (it [I” + 151 ]1?) (4.13)
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where v = max {1 — (2 — opax(C) — p6),1 — (B} < 1.
Proof. See Appendix O

In the above theorem we established the linear convergence in the presence of a common
non-smooth term. Now, a natural question is what about the case where each agent owns a
local non-smooth term. Unfortunately, the answer to that question is that it is not possible

to establish global linear convergence for that case in general as we now show.

4.4 Separate non-smooth terms: Sublinear rate

In this section, we will show that global linear convergence cannot be attained (in the worst
case) if there exists more than one non-smooth term. Consider the more general problem

with agent specific regularizers:

weRM

min % S Ji(w) + Bi(w), (4.14)

where Ji(w) is a strongly convex smooth function and Ry(w) is non-smooth convex with
closed form proximal mappings (each Jy(w) and Ry (w) are further assumed to be closed
and proper functions). Although many algorithms (centralized and decentralized) exist that
solve , none have been shown to achieve linear convergence in the presence of general
non-smooth proximal terms Ry (w). In the following, by tailoring the results from [133], we
show that this is not possible when having access to the proximal mapping of each individual

non-smooth term Ry(w) separately.

Let H be a deterministic algorithm that queries

{Jk(~),Rk('),VJk(-),prOXM,kRk() | pig >0, k=1,...,K}

once for each iteration 7 = 0,1,.... To clarify, the scalar parameter p;; > 0 can differ for

i=0,1,... and k=1,..., K or they can be constants (e.g. p;x = p > 0). Note that H has
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the option to combine the queried values in any possible combination (it can only use certain
information from certain communications). Thus, H includes decentralized algorithms in

which communication is restricted to edges on a graph.

Consider the specific instance of ((4.14])

K
v 1
in F,(w) = Z|jw|*+ = 4.1
iy Fulw) = Gl + 3 3 Ratw) (4.15)
where v > 0 and Jy(w) = Fx||lw|? Assume Rji(w) < oo if and only if [w|| < B and

|Ri(w1) — Ry (w2)| < G|lwy — ws|| for all wy,we (where B and G are some positive constants)
such that ||w]| < B and ||ws|| < B. To prove that linear convergence is not possible, we
will reduce our setup to min,cgm Fo(w), which has a known lower bound [133|. Let #, be a

deterministic algorithm that queries

{Re(+), prOX,ui,kRk(.)(') | pig >0, k=1,...,K}

once for each iteration + = 0,1,... and communicates through a fully connected network.

The following result is a special case of the more general result [133, Theorem 1].

Theorem 4.2. Let 0 < B, 0< G,2< K, and 0 < e < GB/12. For a large enough problem
dimension M = O(KGB/¢), the algorithm H, (in the worst case) requires O(GB/e) or more
iterations to find a w such that Fy(w) — inf,, Fy(w) < €. O

We argue that algorithm H cannot be too efficient at solving min,, F,(w) with v > 0 as

otherwise it can be used to efficiently solve min,, Fy(w) and contradict Theorem [4.2]

Theorem 4.3. Let 0 < v, 0 < B, 0 < G, 2 < K, and 0 < ¢ < G?/(288v). For a large
enough problem dimension M = O(KG /+\/ve), the algorithm H (in the worst case) requires
O(G/+/ve) or more iterations to find a W such that F,(w) — inf,, F,(w) < e.

Proof. This argument modifies the proof of [133, Theorem 2|, which makes a similar but

slightly different claim. Let v = £/B? and w denotes the minimizer of F,. Assume for
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contradiction that H can find a w such that

€

E(@) = F,(w)) < 5 (4.16)
in o(G/+/ve) iterations. Note that for all w such that |w|| < B, it holds from (4.15)):
vB? 5
F,(w) < Fy(w) + = Fo(w) + 5 (4.17)
Putting these together, we get
R N € (14.17)) ~ . (a) R . €
Fo(w) — Fo(wh) — 5 < Fy(w) — F,(wy) < F (0) — F,(w)) < 2 (4.18)

where in step (a) we used Fy(w) < F,(w) and F,(w}) < F,(w§). We conclude that Fy(w) —
Fo(wg) < e. Since VJi(-) = £1 is just a scaled identity, querying V.Ji(-) does not provide a
new direction that H, could otherwise not use. Thus, algorithm H applied to minimizing F,,
is an instance of algorithm H,. This means that we have an algorithm for minimizing Fy in
o(G/\/ve) = o(GB/e) iterations, which contradicts Theorem Note that 0 < ¢ < GB/12
from Theorem 4.2 and by using v = £/ B? we require 0 < £ < G*/(288v) (an extra factor of 2

appears because of (4.16])). O

Corollary 4.1. For the problem setup of (4.14) with strongly convex Ji(-) for all k =
1,2,..., K, any algorithm that accesses the functions through evaluations of Jy(-) and Ry(-),
the gradients of Ji(-), and prozimal operators of Ri(-) is not globally linearly convergent (in

the worst case). O

Remark 4.3. The lower bound of Theorem [£.3]is dimension independent in the same way
other Nesterov-type lower bounds are [95,(133]. The result implies that it is not possible to
establish linear convergence of H with a rate depending on v and G, but not on the problem
dimension K. That said, a dimension dependent linear convergence may be established. For

example, asymptotic linear convergenceﬂ has been established in [130] when the functions

3A sequence {x;}$°, has asymptotic linear convergence to z* if there exists a sufficiently large i, such
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{Ji(+), Ry(-)} are piecewise linear quadratic. This result does not contradict our result as the
linear rate and the number of iterations needed to observe the linear rate are dependent on the
problem dimension. Our linear convergence result of Theorem is dimension independent

as it holds for any dimension M. O

4.5 Simulations

4.5.1 Simulations of the Proposed Method

In this section we test the performance of three different instances of the proposed method
(4.8) along with some state-of-the-art algorithms. We consider the following sparse logistic

regression problem:

1 L

K

o1 A

wrgﬂgﬂggi Jo(w) + pllwlly  where Jp(w) = = ln(1+exp(—yk,e:cl,ew>>+§lel2-
k=1 /=1

h

where {xy ¢, yro}r_, are local data kept by agent k and L is the size of the local dataset. We
consider three real datasets: Covtype.binary, MNIST, and CIFAR10. The last two datasets
have been transformed into binary classification problems by considering data with two labels,
digital two and four (‘2’ and ‘4’) classes for MNIST, and cat and dog classes for CIFAR-10.
In Covtype.binary we use 50,000 samples as training data and each data has dimension 54.
In MNIST we use 10,000 samples as training data and each data has dimension 784. In
CIFAR-10 we use 10,000 training data and each data has dimension 3072. All features have

been preprocessed and normalized to the unit vector.

For the network, we generated a randomly connected network with K = 20 nodes, which
is shown in Fig. [£.1 The associated combination matrix A is generated according to the
Metropolis rule [8,92]. For all simulations, we assign data evenly to each agent. We set
A=10"*and p = 2 x 1072 for Covtype, A = 1072 and p = 5 x 10~* for CIFAR-10, and
A =10"*and p = 2 x 1073 for MNIST. The simulation results are shown in Figure [4.2]

that ||z; — 2*|| < ~*C for some C > 0 and all i > i,,.

61



Figure 4.1: The network topology used in the simulation.

The decentralized implementations of Prox-ED, Prox-ATC I, and prox-ATC II are given
in Appendix [{.B] For each algorithm, we tune the step-sizes manually to achieve the best
possible convergence rate. We notice that the performance of each algorithm differs in each
data set. Prox-ED always performs the best in our simulation setup. Prox-ATC I and
prox-ATC II have comparable performance to Prox-ED in the MNIST data set but performs

worst in th other two data-sets.
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Figure 4.2: Simulation results. The y-axis indicates the relative squared error 25:1 |lwg,i —
w*||?/||w*||?. Prox-ED refers to with A = 0.5(1 + A), B2 = 0.5(I — A), and C = 0. Prox-ATC
I refers to with A = A%, B=1— A, and C = 0. Prox-ATC II refers to with A = A,
B=I—-A andC=1—- A DL-ADMM , PG-EXTRA , NIDS .

63



4.5.2 Numerical counter example

In this section, we provide a numerical counter example, which validates that linear conver-
gence is not possible for problem (4.14) in general. We consider an instance of (4.14]) with
K =2, M is a very large even number, and quadratic smooth terms Ji(w) = n/2|lw||* for

some 717 > 0. We let the non-smooth terms be

Ri(w) = [V2w(1) = 1|+ |w(2) — w(3)| +|w(4) — w(5)|+- -+ |w(M —2) —w(M —1)|
(4.19a)

Ry(w) = |w(1) —w(2)| + |w(3) —w(d)|+ -+ |w(M — 1) — w(M)| (4.19b)

Both proxp, and proxp, have closed forms — see Appendix for details. The above
example is related to the one in [134], which was used to derive lower bounds for a different

class of algorithms as explained in the introduction.

In the numerical experiment, we test the performance of two well known decentralized
proximal methods, PG-EXTRA [129] and DL-ADMM |[53}|128]. We set M = 2000 and n = 1.
The step-sizes for both PG-EXTRA and DL-ADMM are set to 0.005. The combination
matrix is set as A = $1,1]. The numerical results in Fig. ﬁ shows that both PG-EXTRA
and DL-ADMM perform almost the same, and they converge sublinearly to the solution. No

global linear convergence is observed in the simulation for sufficiently large dimension M and

algorithms independent of M, which is consistent with our discussion in Remark [4.3]

Appendices

4.A Proof of Lemma [4.1]

To establish existence we will construct a point (W*,y*, z*) that satisfies equations (|4.9a))—
(4.9¢). Since each Ji(w) is strongly convex, there exists a unique solution w* for problem (4.1)),

ie,0€ % S VJi(w*) + OR(w*). This also indicates that there must exist a subgradient
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Figure 4.3: Both PG-EXTRA [129] and DL-ADMM [53,|128| converge sublinearly to the solution
of the proposed numerical counter example.

r* € OR(w*) such that
1K
= > V() +r* =0 (4.20)
k=1

Now we define z* 2 pr* +w*. It holds that r* + (w* — 2*)/u = 0, ie, 0 € OR(w*) +
(1/p)(w* — z*). This implies that

1
w* = arg min {R(w) + 2—||w — Z*||2} . (4.21)

w M
We next define w* 2 1x ® w* and z* 2 1x ® z*. Since z* = 1 ® 2z*, it belongs to the

null space of B so that Bz* = 0 and, moreover, Az* = z* since A = A ® I); where A is

doubly stochastic. Therefore, relation (4.21) implies that equation (4.9¢|) holds. It remains
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to construct y* that satisfies equation (4.9a)). Note that

(Iy ® Ing) " (W = 25 = pVIT (W) = —pKr* — Y VJp(w*) =0, (4.22)

k=1

where the last equality holds because w* is the optimal solution of problem (4.1]). Equation

(4.22) implies

%(W* — 2" = pVIW*)) € Null(1ly ® Is) = Null(B)" = Range(B). (4.23)

where L denotes the orthogonal complement. Therefore, there exist a vector y* satisfying
equation (4.9al).

We now establish that any fixed point is of the form w* = 1x ® w* and w* is the
solution to problem (4.1]). From (4.9b) and , it holds that the block elements of z* are
equal to each other, i.e. 2j = --- = 2}, and we denote each block element by z*. Thus,
Az* = 2z = 1 ® 2* because A = A ® I,; where A is doubly stochastic. Therefore, from

(4.9¢|) and the definition of the proximal operator it holds that

w; = argmin {R(wy) + ||we — 2*||?/2u} (4.24)
wg
where we used z;; = z* for each k. Thus, we must have w} = --- = wj 2 wr. It is easy to
verify that (4.24) implies
0 € OR(w*) + (w* — 2%)/ . (4.25)

Multiplying (1x ® I5/)T from the left to both sides of equation (4.9a]), we get

K
Kz* = Kw* — ;LZ V Ji(w”) (4.26)

k=1

Combining (4.25) and (4.26)), we get 0 € & S Vi(w*) + OR(w*). Thus, w* is the unique

66



solution to problem (4.1). Due to the uniqueness of w*, we see from (4.26) that z* is unique.

Consequently, w* = 1 ® w* and 2* = 1g ® z* must be unique.

4.B Implementation of (4.8)

We introduce the combination matrices
A=lag] ERFE A=Ay (4.27)

where the entry ag, = 0 if there is no edge connecting agents k and s. The matrix A is

assumed to be symmetric and doubly stochastic matrix (different from A).

4.B.1 Prox-ED: A=0.5(I+ A), B2=0.5(I —A), and C =0

Recursion (4.8) with A = 0.5(1 + A), B2 = 0.5(I — A), and C = 0 is equivalent to the
proximal exact diffusion (Prox-ED) recursion listed in (4.32a)—([£.32d)). To see this, note that
for ¢ = 0, it is straight forward to check that each block in (4.8¢|) is the same as wy ¢ in (4.32)).
Now we will show the equivalence for ¢ > 1. From , we know that:

Zi — Zi 1 = Wil — Wi_g — M(Vj(Wz‘—l) - VJ(W¢—2)) — B(¥i-1 — ¥i-2)
=Wi—1 — Wi—2 — M(Vj(Wi—l) - Vj(Wi—Q)) - B’z (4.28)

where we used (4.8D)) in the last step. Re-arranging and noting that B? = 0.5(1 — A) we get
Z;, = AZi_l + W1 — W9 — M(Vj(Wz_l) — VJ(WZ_Q)) (429)
By multiplying A to both sides of the previous equation and introducing x; 2 Az; we get

X = A(Xil +Wi—1 — Wi—2 — ,U(Vj(wifl) — Vj(Wi2))) (4.30)
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Thus from (4.8c)) we get

X = A(Xil T Wio1 — Wi — /L(VJ(Wifl) — Vj(WiZ))) (4.31a)

Wi = Prox,p(x;) (4.31Db)

The above recursion is equivalent to (4.32a)—(4.32d]). This can be easily seen by substituting
(328) - (L320) into (329,

Algorithm (Prox-ED)
Setting: Let A = [a,] = (Ix + A)/2. Initialize Z,—1 = Yr,—1 and wy _; arbitrary. For every
agent k, repeat for s =0,1,2, ...

Vri = Wri—1 — pV Jp (Wi 1) (4.32a)

Zhi = Thi1 + Vki — Yki-1 (4.32Db)

I Z askzs; (Communication step) (4.32¢)
sEN

Wi = Prox, z(zr,;) (4.32d)

4.B.2 Prox-ATCI: A= A% B*=(I-A)* and C =0

For the choice A = A% B? = (I — A)?, and C = 0, we can represent (4.8)) as listed in (4.35)).
This can be seen by following the same approach as the previous subsection. To see this,

note that with B? = (I — A)? to get
Zi=02A—- A2+ wisy — Wisa — (VI (Wim1) — VI (Wi2)) (4.33)
By multiplying A2 to both sides of the previous equation and introducing x; = A2Z; we get
X = .A((Q] — A)xisg 4+ Awiig — Awims — pA(VT (wis1) — Vj(wi_g))) (4.34)

Thus from (4.8c) we have w; = prox,,p(x;).
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Algorithm: Prox-ATC I
Setting: Initialize zj, 1 = ¥ _1 = 0 and wy _; arbitrary. For every agent k, repeat for
1=0,1,2,...

ki = Wri—1 — WV Jp(Wri-1) (4.35a)
ki = 2Tpio1 — Z s (Tsim1 — Vsi + Vsi1) (Communication step)  (4.35b)
sGNk
Ty, = Z AskZs,i (Communication step) (4.35¢)
SGNk
Wi = PTOX, 5 (i) (4.35d)

4.B.3 Prox-ATCIl: A=A, B=1-A,andC=1—-A

For the choice A=A, B=1— A, and C = I — A, we can represent (4.8) as listed in (4.38).
This can be seen by following the same approach as the previous subsection. To see this,

note that with B2 = (I — A)? to get
Z2i=(2A—- Az + Awisr — Ao — n(VI (Wis1) = VI (i) (4.36)
By multiplying A to both sides of the previous equation and introducing x; £ AzZ; we get
X; = A((2I — Ao+ Awisy — Awiss — (VT (Wisy) — Vj(wig))) (4.37)

Thus from (4.8c) we have w; = prox,z(x;).

Algorithm: Prox-ATC II
Setting: Initialize x4, 1 = ¥, = 0 and wy _; arbitrary. For every agent k, repeat for
1=0,1,2,...

Uri = 2241 — (VIe(wpi—1) — VIe(wii—2)) (4.38a)
i = Vi — Z sk (Ts,im1 — Ws,i—1 + Wsi—2) (Communication step) (4.38Db)
SENk
Th; = Z AskZs,i (Communication step) (4.38¢)
SENk
W = ProX,p(Th,) (4.38d)
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4.C Proof Theorem [4.1]

Squaring both sides of (4.11a)) and (4.11b]) we get

IZ:l” = (I = C)Wie1 — u(VT (Wima) = VI W) IP + 1B ||?
— 25 1B ((I = C)Wi—1 — (VT (Wi—1) — VI (W))) (4.39)

and

53l1> = 191 + BZ|I* = I3 |” + 1 BZ:]1* + 25, BZ;

(f11a) | ~ ~ ~
= [Bi-1l® + 1Zillz= — 2181

+25,,B (I =Cwi—1 — (VI (Wiz1) = VI (W) (4.40)
Adding equation (4.40) to (4.39)) and rearranging, we get
IZ:l[5+1:l° = (I = CO)Wia = (VT (Wia) = VT W) P+ i P = 1BV [|* - (441)

where Q = I — B? is positive definite from (4.12a). Since vy = 0 and y; = ¥;_1 + BZ;, we
know y; € range(B) for any 7. Thus, both »; and ¥} lie in the range space of B, and it holds
that ||BYy;_1]|*> > o(B%)||3;_1]|*>. Therefore, we can bound (4.41)) by

_ _ _ 1 ~
1215 + 1917 < [Wict — u(VT (Wima) = VI (W) + ;CWz’—l) 12+ (1 — o(B*) |31 |?

(4.42)

Also, since J(w) + 5;|[W|¢ is 0, = 0 + ;0 max(C)-smooth, it holds from (L.8) that:

1 - 1 -
(VT (Wiz1) = VI (W) + ;cWH) 12 < 8,1 (VT Wi1) — VI (W) + ECWi,l) (4.43)
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Using this bound, it can be easily verified that:

~ N s
[Wi1 = (VT (Wie1) = VI (W) + ;CWH) I”
~ ~ 1,
< Wiall® = (2 = pd,) Wy (VT (Wi1) = VI (W) + ECWz‘—l)
< (1= 2 = ) [P = (1= (2 = 0(©) — ) [Fca | (4.44)
where in the last step we used the fact that 2 — ud, > 0, which follows from the condition

i< (2 — 0max(C))/0, and the fact that J(w) + ﬁ”w”% is v-strongly convex. Thus, we can
substitute the previous inequality in (4.42) and get

IZi15+ 197 < (1= pr(2 = omax(C) — p6))[[Wiza|]?+ (1 — a(B))[[3i-1 || (4.45)
From (4.11¢) and the nonexpansive property of the proximal operator, we have
Wil|* = [[prox, (A2;) — prox,z (Az")|* < | AZ|” < ||zl (4.46)

where the last step holds because of condition ([£.12b) so that ||AZ]]* = ||Z]%. < |23
Substituting (4.46)) into (4.45)) we reach our result. Finally we note that:

2 — Omax(C)

(1= (2 = Omax(C) — b)) <1 <= p < 5

(4.47)
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4.D Proximal mapping of (4.19)

To rewrite the non-smooth terms (4.19) more compactly, we introduce

(V20 0 0 0 00 --0 0 0
01 10 0 00 --0 0 0

Di2|l 0o 001 -100--00 0|cRzM (4.48)
00000 0 00 1 —1 0
(1 -10 0 0 0 0--00 0|
00 1-10200-:-00 0

D:2 10 0 0 0 1 -10 00 0 |eRY*M (4.49)
(0000000 0--01 —I|

and by 2 e; where e; is the first column of the identity matrix Ij;/o. With Dy, Dy and by,
we can rewrite Ry(w) and Ry(w) in (4.19) as

Rl(w) = HDlw — b1||1, RQ(’UJ) = HD2wH1 (450)

Let us introduce g(w) = ||w]|; so that R;(w) = g(Dijw — by) and Ry(w) = g(Dow). It can be
verified that D; D] = 21 and DyDJ = 2I. Thus, from [135, Theorem 6.15] it holds that

1
prox, g (w) = w + ﬂDlT[proxzﬂgg(uDlw — pby) — pDyw + by, (4.51a)

1
prox, g, (w) = w + ZDQT[proxzugg(,uDQw) — puDow]. (4.51b)

In other words, both prox,p (w) and prox,z,(w) have closed forms which are easy to

calculate since prox,,(w) = col{sgn(w;) max{|w;| — x,0}} € RM.
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CHAPTER 5

Multi-Coupled Consensus Problem

In Chapters [3] and [4], we studied decentralized optimization problems where all agents need
to agree on one common variable. However, there exist many scenarios where the global cost
function may involve multiple variables, and, moreover, each local cost may be a function
of only a subset of these variables. This situation motivates us to study in this chapter a
broader problem, where each local cost contains multiple variables that get to be chosen by
the network cooperatively. Examples of applications where this general scenario arises include
web page categorization [136|, web-search ranking [137], minimum-cost flow problems 138,
decentralized model predictive control in smart energy systems [80], decentralized wireless
acoustic sensor networks [139], decentralized wireless localization [140], and decentralized

power systems monitoring [141].

5.1 Problem Set-Up

Consider a network of K agents that are connected through some network topology. As-
sume we have L vector variables denoted by {w!, -+ w’}, where w’ € RM:. Let w 2
col{w!, w?,...,wl} € RM denote the L x 1 block column vector formed by collecting all
those variables. The partitioning is used to represent the possibility of multiple independent
arguments for the cost functions. Without loss of generality, we assume that the variables
{w'} are distinct in that they do not share common entries. Let Z; denote the set of variable

indices that affect the cost of agent k — Figure illustrates this situation for a simple
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Jo(w?, w, wO)

Figure 5.1: A connected network of agents where different agents generally depend on different

subsets of parameter vectors. For this example, we have w = [w!, w?, w3, w*, w®, w"].

network. If we let w; denote the components of w that affect this same agent:

wp = col{w'ler, €RY, Q= Y M, (5.1)

LTy,

Then we are interested in determining the solution of the following optimization problem:

K
minimize Z Je(wy),  wy = col{w'}er, (5.2)
k=1

w17w27,_. ,’LUL

where Ji,(wy,) : R?% — R is a local cost function known by agent k. In this formulation, each
agent depends only on part of the decision vector w = col{w*,w?,...,w*} € R™ namely,

Wy = COl{wz}gGIk € R%.

Assumption 5.1. (Cost functions) : FEach cost function Jy(wy) is 6-smooth and the

aggregate cost + Zle Je(wy) is v-strongly-convex cost for some 6 > v > 0. O
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Under the above condition, a unique solution w* exists. We denote its block entries by

K

w* = col{w™*, -+ wh*} 2 arg minz Ji(wy) (5.3)

wh e wl

We note that algorithms that solve can be used to solve . For example, this can be
achieved by extending each local variable wy into the longer global variable w. However, this
solution method would require unnecessary communications and memory allocation. This is
because in each local function contains only a subset of the global variable w. Therefore,
solving directly and more effectively is important for large scale networks. Conversely,
we also note that algorithms that solve are more general and can be used to solve .
To see this, let L = 1 and Z;, = {L}, then problem (/5.2)) will depend only on one variable
w = w’. In this case, the cost function becomes Zszl Ji(w), which is of the same exact form
as problem . For sparse networks with a large number of parameters to estimate, it is
much more efficient to devise decentralized techniques that solve directly rather than
transform into the form in (1.1)) via vector extension. We will show that this extension
technique not only increases complexity but it often degrades convergence performance as

well. Therefore, it is desirable to address the solution of problem (5.2) directly.

Remark 5.1. (Useful case): We illustrate a special case of , which is common in
many applications. Consider the scenario where every agent wants to estimate its own
variable w* and is coupled with every neighboring agent, i.e., L = K and Z, = N, so
that wy, = col{w’}en;, where N, denotes the neighborhood of agent k (including agent k).
To explicitly indicate that wj and the corresponding constraint depend exclusively on the

neighborhood variables, we let

1>

Wy, = Wk, Wy, W (5.4)
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Then, problem ({5.2]) becomes

w

K
min Y Ji(wy,), st w € Wy, N N Wy, (5.5)
k=1

Many important applications fit into problem ([5.5). For, instance, such formulations arise
in wireless localization where each agent aims to estimate its position based on distance
measurements from its neighbors. Two other examples are decentralized model predictive

control [142] and minimum cost flow problems [138§]. O

Example 5.1. (Power system state estimation): We describe one example in power
system state estimation [141], which is a special case of formulation . Thus, consider
a system consisting of K interconnected sub-systems with each sub-system consisting of
some subset of buses (or edges). Let w = [w!, -, w’] denote the state of the system (e.g.,
voltages and currents across all buses). Suppose each subsystem collects measurements

related to the voltages and currents across its local buses and voltages and currents across

the interconnection between neighboring sub-systems (see Figure [5.2)).

/ sub-system s \ / sub-system k \
RO O

AN

(59  a(%3
\ )

—/\—— : current measurments A : bus voltage measurments

Figure 5.2: Two neighboring sub-systems sharing states across their interconnection, i.e., buses
k‘l—Sl and ]{73—53.

We let wy, denote a vector that collects the states {w’} of system k (i.e., voltages and

currents across the buses of system k and across the buses to its neighboring subsystems).
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Then, the goal of each subsystem is to estimate the states wy from Si observations:
Yr = Hywy, + vk (5.6)

where H;, € R%*@ ig the measurement matrix and v, € R% is a zero-mean measurement
noise with known covariance matrix. One way to estimate the {wy} is by solving the following

problem:
K
min Z e — Hywg|]?, st. weW (5.7)
k=1

where {W} are a convex sets that capture some prior information about about the {w}. Now,
since neighboring agents measure some similar quantities across their interconnections, it

holds that w;, and w, partially overlap if s € N} and hence this problem is a special case of

62. 0

5.1.1 Related works

Problems of the form have received less attention in the literature compared to the
case of one consensus variable. Dual methods have been used to solve or its special
case in [141,]143H147|. For example, to solve in [144,]145] ADMM methods are
employed, while the works [146}|147] propose other dual decomposition techniques. The
work [141] applies an ADMM method to solve a decentralized power system state estimation
problem of the form . The work [143] solves by employing an extended ADMM
method to reduce communications at the expense of some stronger assumptions. In all of
these methods, a second auxiliary (sub-minimization) problem needs to be solved at each
iteration, which requires an inner iteration unless a closed form solution exists. In [148| a
quadratic problem is solved, where every agent has their own variable w* (i.e, L = K) and
the agents are coupled through linear constraints with neighboring node’s variables {w*} e, .
Moreover, it is further assumed that the agents involved in a constraint are fully connected,

i.e., they can communicate directly.
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Since in problem different agents are influenced by different block vectors w’, the
network will be divided into overlapping clusters and each cluster ¢ will involve the agents
that need to agree on w’ — see Equation (5.9). Similar clustering was used in [143] where the
ADMM method was employed with identical penalty factors across all clusters. There are
works that deal with problem ((1.1]) where all agents need to agree on the same w, however to
reduce communication, different agents transmit different blocks {w‘} at each time instant
(see e.g. [149]). In this case, each cluster involves different agents at each time instant and,
over time, all agents will be involved in all clusters. Note also that the group diffusion
algorithm used in [150] deals with the problem where each agent is interested in its own
minimizer wy = arg min,, Ji(w) and can solve the problem individually but cooperation is
used since the estimation accuracy can be enhanced by cooperation if part of the minimizers
{wp} are common across neighbors. To take advantage of this overlap, each agent assigns

different weights to different blocks w?.

5.1.2 Contribution

In this chapter, we develop a first-order method for solving , which unlike the methods
from [1411|143] does not require inner minimization steps. More importantly, we analytically
show that algorithms that ignore the problem structure can be detrimental to its performance
compared to algorithms that exploit such structure. Such conclusion have been observed
in [143] but no analytical explanation was provided. We analytically explain how the

performance of an algorithm is effected if the sparsity structure in (5.2)) is ignored.

5.2 Problem Reformulation for Decentralized Solution

In order to solve (5.2)) in a decentralized manner, we first need to adjust the notation to
account for one additional degree of freedom. Recall from ((5.2)) that the costs of two different
agents, say, agents k and s, may depend on the same sub-vector, say, w’. Since these two

agents will be learning w’ over time, each one of them will have its own local estimate for w*.

78



We create a local copy of w’ at agent k denoted by wf, and to the copy of w’ at agent s by
w’. With this in mind, recall that we denoted the collection of all sub-vectors that influence
agent k by wy; defined earlier in . In that definition, the sub-vectors {w’} influencing
Ji(+) were used to construct wy. In view of the new notation using virtual copies, we now

redefine the same wy using the local copies instead, namely, we now write
w, 2 col {wi}eezk € RO (5.8)

where w; € RM¢ is the local copy of the variable w’ at agent k. We further let C;, denote the

cluster of nodes that contains the variable w’ in their costs:
Co=A{k|leLy} (5.9)

We can view the cluster C, as a smaller network (or sub-graph) where all agents in this
sub-network are interested in the same parameter w*. To require all local copies w, to coincide

with each other, we need to introduce the constraint

wy, = wh, Vk,s€C (5.10)

R

Using relations ((5.8]) and (5.10)), we rewrite problem (/5.2)) as

K
minimize Z Je(wy), wy = COl{wi}zeIk
WL yeee s WK P}

subject to  wf, = w'! Vk,s€C, VO {1, L}. (5.11)

For ease of reference, we summarize the main notation used in this chapter in following Table

6.1l
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Table 5.1: A listing of the main symbols used in this chapter

Symbol Meaning
n The set of variable indices that influence the cost of agent k.
wk, Local copy of w’ at agent k.
Wy Collection of parameters influencing agent k,
A ¢

wy, = col{wy }rer,
Co Cluster of nodes that are influenced by the variable w’.
K, Number of agents in cluster C,.
wt Stacks all local copies of w’ across Cy,

Wé = COl{wi}kECZ
w Stacks w* for all parameters, w = col{w*}L_

5.3 Cluster Combination Matrices

To solve (5.11]), we associate weights {ag s }skec, With each cluster C, and and introduce the

cluster combination matrix

AZ = [aﬂ,sk]s,kECg (512)

Assumption 5.2. (Each cluster is a connected sub-graph): The neighboring agents
can commumnicate in both directions and the doubly-stochastic matriz A, is primitive and
symmetric. This implies that for any two arbitrary agents in cluster Cy, there exists at least

one path with nonzero weights {as sk }skec, linking one agent to the other. O

We remark that two agents are coupled if they share the same variable w’ and we are only
requiring the coupled agents to be connected. If all agents share the entire w, then all
agents are coupled by w and the above assumption translates into requiring the network
to be strongly-connected. Assumption is satisfied for most networks of interest. For
example, all applications that fit into problem given in Remark naturally satisfy
this assumption, including but not limited to applications in decentralized power system
monitoring, decentralized control, and maximum-flow — see [141144/|148|. This is due to the

construction of problem (5.5)): there exist L = K clusters, where w* affects the neighborhood
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of agent k = ¢, and hence C, = N forms a star shaped graph (i.e., all agents s € Cj

are connected through agent k), and hence this cluster is connected. Moreover, multitask

applications satisfy this assumption [136}/137,/151},[152].

We emphasize that Assumption [5.2] is not limited to the case described in Remark
since it can be satisfied for any connected network, as we further clarify. To being with,
independently of the clusters, let us assume that the entire network is connected. Now, if
some cluster C; happens to be unconnected, we can embed it into a larger connected cluster

C; such that C, C C;. For example, consider the network shown in Figure[5.3] In this network,

Figure 5.3: A five-agent network with unconnected Cy and Cs.

we have

C={1,2,3,4,5}, Cy = {2,4}, C3 = {13}, Cs = {5} (5.13)

In these clusters, we find that C; is a singleton. Therefore, w* will be optimized solely
and separately by agent 5, and no communication is needed for that variable. Cluster C;
is connected, and agents {1,2,3,4,5} cooperate in order to optimize w', with each agent
sharing its estimate with neighbors. However, clusters Cy and C3 have disconnected graphs.
This implies that agents 2 and 4 cannot communicate to optimize and reach consensus on w?.

Likewise, for agents {1, 3} regarding the variable w?. To circumvent this issue, we redefine
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Ji(wh, w?) and Jo(w', w?) as:

Ji(w',w? w?) = J(whw?) +0-w? (5.14)

1>

Jo(w, w?, w?) Jo(w', w?) +0-w? (5.15)
By doing so, the augmented costs J; (w!, w? w?®) and Jj(w', w? w?) now involve w? and w?,

respectively, and the new clusters become
Cy,=1{1,2,4}, C,={1,2,3} (5.16)

which are connected and satisfy Co C C) and C3 C Ci. Therefore, in this scenario, agents
{1,2,4} will now cooperate to optimize w? with agent 1 acting as a connection that allows
information about w? to diffuse in the cluster. Likewise, for agents {1, 2,3}, with agent 2
allowing information about w? to diffuse in the cluster. A second extreme approach would be
to extend each local variable wy, to the global variable w, which reduces problem to the
formulation ([1.1)). This way of embedding the clusters into larger connected clusters can be

done in a decentralized fashion — see for example [143].

5.4 Coupled Exact Diffusion

In this chapter, for illustration and simplicity we focus on one specific algorithm. In
particular, we will generalize the exact diffusion algorithm (3.17)) to the case of multiple

coupled parameters.

Similar to the arguments in the previous chapters, we utilize Lemma to rewrite the

constraints in (5.11]) in an equivalent form that is amenable to decentralized implementations.

¢

First, for each parameter vector w®, we collect its local copies into the extended vector

¢ A

w col{w} Yree, € RMeKe (5.17)
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where K, = |C;| denotes the number of agents in cluster C,. With this notation, we can

rewrite the cost function in problem (5.11)) as

K
T w2 b 203 (). (5.18)
k=1

Recall that each cluster is associated with a primitive doubly stochastic symmetric matrix

Ay, If we define

A 2 Ay Iy, (5.19)
1 ,
B, & 5 (Iarre, — Ao (5.20)

Then using Lemma, and the definition of w’ in (5.17) we get

wp =wt, Yk s€C = Bw' =0, VL (5.21)

Using relations (5.18) and (5.21]), we can rewrite problem ((5.11]) equivalently as

minimize  J (W', .-+, wh) (5.22)

subject to  Bw ' =0=0, V¢
To rewrite problem (|5.22)) more compactly, we introduce

1
B £ blkdiag{B,}L, = 5Is = A) (5.23)

L
where S 2 > K,M,; and

(=1

A 2 diag{A}L,. (5.24)
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We further define the following

w = col{w'} e R? (5.25)
Jw) 2 Jw, - wh) (5.26)
Then, problem ([5.22)) becomes:
minimize J(w), s.t. Bw =10 (5.27)
w

The above problem is simply a linearly constrained problem. Therefore, similar to how (3.17)

is derived we can employ the following adapt-then-combine algorithm:

Zi = Wi_1 — /JVj(Wz_l) — Byi—l (primal-descent) (528&)
yi=yi1+BZ; (dual-ascent) (5.28b)
wi; = 0.5(1 + A)Z; (Combine) (5.28c¢)

By eliminating the dual variable we get
w; =0.5(1 +A) (2Wil — Wi — H(ij(wifl) - ij(‘%‘ﬁ)) (5.29)

Algorithm (5.29)) looks similar to the one in (3.17)). However, there are two subtle differences.
First, the combination matrix A = diag{.A,}; has a block diagonal structure and, second,
the gradient V,,J(w) couples the variables {w‘} across the clusters. To see this, we note

that the gradient vector is given by

le j(W)
VWJ(W) = s Vwejo/\/’) = COl{Vwi Jk(wk)}kece (530)
VWL j(W)

It is clear that each block COl{Vwi Ji(wg) }ree, depends on other clusters since the argument

in Ji(wy) is wy and agent k may belong to more than one cluster. For the special case that
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Algorithm (Coupled Exact Diffusion Strategy)

Setting: Let A, = (I, + A¢)/2, and wy,_; = ¥y 1 arbitrary. For every agent k, repeat for
i=0,1,2,..

Ui = Whim1 — WV Jp(Wri—1) (5.31a)

Ok = Uri + Wiim1 — Yria (5.31b)

wiﬂ' = Z af,sk¢£,i7 vg € Ik (531C)
seENENCy

there exists only one cluster (i.e, L = 1, wy = wj,, and A = A;), we recover the exact diffusion
algorithm (3.17). The decentralized implementation of (5.29) is listed in (5.31al)-(5.31c]). In

this listing, the variables {1y ;, ¢x;} have the same structure as wy, i.e., ¥y ; = COl{l/}ﬁ’i}gejk

and ¢y; = Col{qb,?i}gezk.

Corollary 5.1. (Coupled Exact-Diffusion) Let Assumptions and [5.9 hold. If the
step-size satisfies i < 2, then it holds that each sub-block wﬁ,i mn converges linearly to

the optimal corresponding w** defined in (5.3) with rate
v =max {1—u,(2 — pd), 1 - 0*(B), pp(2—pd)} <1 (5.32)

for any 0 < p < 1/p(2 — pd) with v, denoting the strongly-conver parameter given in (3.31)
with B defined in ((5.23]). O

The proof of Corollary [5.1] directly follows from the proof of Theorem Notice how the
convergence rate y depends on matrix B. Recall from that in this chapter B =
blkdiag{0.5(1,x, —A¢)2 } has a block diagonal structure. Recall further that o2(B) denote the
smallest non-zero singular value (or eigenvalue) of the matrix B = blkdiag{0.5(/a,x, — As)}-
Thus, the effect of the clusters on the convergence rate is evident through the term 1—g?(B) =
1 — min{o(B7)}. We see that in this case, the convergence rate is affected by the clusters
through the matrices B = {0.5(1 — A)}. This means that only the connectivity of each
cluster affects the convergence rate and not the connectivity of the whole network. Therefore,

for sparse networks but well connected clusters an algorithm that does not exploit the

85



structure will perform poorly. This is illustrated in the next section by means of simulations.

5.5 Simulation Results

In this section we illustrate the operation of the algorithm by considering a situation in which
the individual costs are quadratic. Each agent k seeks to estimate its own variable w* € RM»
but is affected by the neighboring variables {w’; ¢ € Ny} (i.e., L = N and Z;, = Nj), through

a cost of the form:

Ji (wk) = w,IRkwk + bgwk + 7

=D (@) R’ + ) b’ 41y, (5.33)

sEN LEN}, LeN,
where wy, = col{w}renr,, R is a Qi X Qy, positive definite matrix, and b, € R?. We partition
Ry, and by, into block matrices { Ry o € RM=*Me} and block vectors {b, € RM} according
to the block structure of wy. Each agent k only knows its local quantities { Ry, bx}. The

aggregate cost is given by

K
JEP (w) & Z Ji(wy) = w"Rw +bTw (5.34)
k=1
where
. N -
>R o0 X0 R
k=1 k=1
R £ , (5.35)
N N
> Rir Ryrr
=1 k=1 _
. -
> bia
k=1
= (5.36)
N
> brr
=1
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with
Rk,sg = 0, bk’g = O, if ¢ ¢ Nk or s ¢ Nk (537)

In our simulation, we consider a randomly generated network with K = 20 agents shown in
Figure [6.4a], where neighbors are decided by closeness in distance. We randomly generate Ry
and bg. All combination matrices are generated using the Metropolis rule. Figure Figure |5.5
shows the relative error (||w; —w*||?/|[w_1 — w*||?) for the coupled exact-diffusion algorithm
and the exact diffusion algorithm . In this figure we used M, = 5 for all variables
and step size p = 0.02 for both algorithms. We also used the Metropolis rule to create
the combination matrices. We conclude that, in the case of problem formulation , it
is not efficient to extend each local vector to the global one and then solve this extended
problem [39,(93]. Note that in each iteration i each agent k using the exact diffusion algorithm
needs to communicate an 5 x K = 100 long vector, as opposed to the coupled exact diffusion

algorithm where each agent k only communicates 5 x |N;| < 100.
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Figure 5.4: Network topology used in the simulation results.
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Figure 5.5: Relative errors for the coupled diffusion and the exact diffusion algorithms.
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CHAPTER 6

Multi-Coupled Resource Sharing Problem

In this chapter we develop a proximal dual exact diffusion strategy with guaranteed exact
convergence for a multi-agent optimization problems with generally coupled affine constraints.
Unlike other works, we will show analytically, and by means of simulations, the superior
convergence properties of an algorithm that considers the sparsity structure in the constraints

compared to others that ignore this structure.

6.1 Motivation

In this section, we will motivate the problem considered in this chapter. Recall from Section
we briefly described the resource sharing problem (|1.2]) where a collection of K interconnected

agents are coupled through an optimization problem of the following form:

K K

minimize Z Je(wg), s.t. Z Bjw, — b, = 0, (6.1)
R St k=1

where Ji,(.): R% — R is a cost function associated with agent k and w;, € R% is the variable

for the same agent. The matrix B, € R¥*% and the vector b, € R® are known locally by

agent k only.

However, in many other applications, the constraint is sparse in the sense that some rows
of By are zero. For example, in network flow optimization [138|, multitask problems [148],
distributed model predictive control [142], and optimal power flow [153}/154], the constraint

has a special sparse structure. Specifically, each agent s is coupled with its neighboring nodes
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through an individual affine constraint of the form:

> Buwp=b, Vs=1-- K (6.2)

keNs
where B, € R%*@ b, € RS and N denotes the neighborhood of agent s including agent
s itself. Note that we can rewrite the constraints into a single constraint of the form
given in by choosing By, to be a block column matrix with blocks {Bi,--- , Bk} and
by setting By = 0 if s ¢ Nj. However, under decentralized settings, applying an algorithm
that solves directly and ignores the sparsity structure scales badly for large networks
and its performance deteriorates as shown in this chapter. In some other applications (see
Example below), unlike , the number of constraints is arbitrary, and independent of
the number of agents K. Moreover, each constraint may include any subset of agents and not
only the agents in the neighborhood of some agent. Therefore, a general scalable algorithm

that can exploit the sparsity in the constraint set is necessary for large scale networks.

Example 6.1. (Distributed Model Predictive Control) We examine a distributed
finite-horizon control problem [142]. Thus, consider K subsystems. Given initial states {z;},

each subsystem evolves over ¢ > 0 according to the dynamics:

Tst41 = Fsms,t + Gssus,t + Z (Fskxk,t + Gskuk,t) (63)
keN!

where the matrices in (6.3)) are of appropriate dimensions, us, is the input of subsystem s at
time ¢, and N denotes the neighborhood of agent s, excluding agent s. If we introduce the

T block finite horizon vectors:

T 2 COI{Is,t}tT:p Ug = (301{u57,5}tT:_01 (6.4)
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then, by iterating (6.3), it can be verified that [155]:

s = Glus + Z Floxp + Glug) + by (6.5)
keN]
for matrices {G%,;, F!, } constructed from {Fj, Fy, G5} and some vector by constructed from

F, Fy; and the initial condition z,¢. If we let w; 2 col{z,, us}, and introduce:
A / A / !
B = blkrow{l,—G.,}, Bsp = —blkrow{F},, G},

then we can formulate the following problem:

K
minimize Z (w,IRkwk + Tgwk) (6.6)

W1,W2, " WK
k=1

subject to Y Bygwy =by, Vs=1,- K
keNs

where N, denotes the neighborhood of agent s, including agent s. O

Example 6.2. (General exchange in smart-grids) In this example, we will describe an
example where unlike the previous examples, the number of constraints is arbitrary, and
independent of the number of agents K. For simplicity, we describe the resource management
(or economic dispatch) problem in smart grids [156] with minimum notation. To begin with,
let Py, and P, be the power generation supply and power load demand at node k. Moreover,
let P, = col{ Pg,, Pr, } be a 2 x 1 vector formed by stacking Pg, and Py,. Then, the resource

management problem over a power network consisting of K nodes is [157]:

K K
min (Jk(Pk) + Rk Pk , s.t. Z PGk PLk = 0, (67)
= k=1

1550 St
where the non-differentiable term Ry (Fy) is the indicator function of some capacity constraints
such as positive powers and the maximum power generation. This problem fits into (6.1]) and
couples all nodes in a single constraint. The cost function typically used by power engineers is

quadratic [153}|157]. In this formulation, it is assumed that each node is associated with one
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generator or load with P, denoting the power generation or demand at that node. Assume
now that each node & has multiple generators and/or loads. For example, each generator (or
load) can be divided into sub-generators (or sub-loads). Moreover, assume that the power
network is divided into K nodes that provide power to E sub-areas. Let C. denote the
collection of nodes providing power to sub-area e. Let P, ¢, and P, 1, denote the power
supply and power load at node k in area e — see Figure [6.1] In this figure, there are six nodes
(agents) and three sub-areas (sub-networks). Each node associates different generators or

loads to different sub-areas.

.......

_______

I e

Generator

A

Load

Figure 6.1: An illustration for Example . In this illustration, there are F# = 3 areas and K =6
agents.

If we let C. denote the nodes that are involved in area e and Py to be the augmented vector

Py = col{P. ¢, , P. 1, }e:kec., which collects all local variables {P. g, , P. 1, } over all areas that
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agent k belongs to. Then, we formulate the following more general problem:

K
. P P |
mlr?ljr}fl}lze ; (Jk( ) + Ri( k)) (6.8)
subject to Z(P&Gk ~P.)=0 Ve=1,--,F

keCe

This formulation fits into the problem of dynamic energy exchange in smart grids applications
[158] where each area is a connected sub-network. It can also be motivated as follows. Assume
each sub-area represents some city. Then, problem is useful when the transmission losses
are costly in some parts of an area, which may require power generation from neighboring
power networks. It is also useful when there are maintenance to some generators or lines
causing high demands in some areas, which requires the need of extra generators from adjacent

power networks. O

6.2 Problem Setup

Consider a network of K agents and assume that the agents are coupled through E affine
equality constraint sets. For each constraint set e, we let C. denote the sub-network of

agents involved in this particular constraint(s). We then formulate the following optimization

problem:
K
minimize Z (Ju(wy) + Ri(wy)) (6.9)
Wi, WK
k=1
subject to Z (Bepwy, —bey) =0, Ve=1,--- F,
keCe

where B, € R%*@ and b.;, € R%. The function Ji(.) : R% — R is a smooth convex
function, while R;(.) : R% — R is possibly a non-smooth convex function. For example,
Ry(.) could be an indicator function of some local constraints (e.g., wy > 0). These functions
are assumed to satisfy the conditions in Assumption further ahead. It is also assumed

that agent k € C. is only aware of B, and b. . Note that for the special case £/ = 1 and
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C; ={1,---, K}, problem reduces to ([6.1]).

Assumption 6.1. (Cost function): [t is assumed that the aggregate function, J(w) =
Zszl Ji(wy) where w = col{wy Y|, is a convex differentiable function with Lipschitz contin-

uous gradient:
VT (W) = VT (2)]| < dflw — z|| (6.10)
Moreover, J(w) is also strongly convez, namely, it satisfies:
(W= 2)"VuT (W) = T (W) —~7(2‘)+gIIW—ZI|2 (6.11)

where {0, v} are strictly positive scalars with § > v. The regularization functions {Rg(.)} are
assumed to be closed conver functions, which implies that at least one subgradient exists at

every point. ]

These assumptions are widely employed in the literature and they are encountered in many
practical applications such as distributed model predictive control [142], power systems [153],

and data regression problems [53].

Assumption 6.2. (Sub-networks): The network of K agents is undirected (i.e., agents
can interact in both directions over the edges linking them) and each sub-network C. is

connected. O

This assumption means that there exists an undirected path between any two agents
in each sub-network. This is automatically satisfied in various applications due to the
physical nature of the problem. This is because coupling between agents often occurs for
agents that are located close to each other. Applications where this assumption holds
include, network flow optimization [138], optimal power flow |153}{154], and distributed model
predictive control [142] problems. As explained in the introduction, in these problems, the
constraints have the form given in equation ([6.2). In this case, each constraint involves

only the neighborhood of an agent, so that C, = N, (for s = ¢) and neighborhoods are
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naturally connected. Now, more generally, even if some chosen sub-network happen to be
disconnected, we can always construct a larger connected sub-network as long as the entire
network is connected — an explanation of this construction procedure can be found in [90].
The problem of finding this construction is the well known Steiner tree problem [159]| and,
fortunately, distributed algorithms and heuristics exist to solve it [160,/161]. We now provide

one motivational physical application that also satisfies the two previous assumptions.

6.2.1 Related Works

Many distributed algorithms have been developed for constraints of the form (6.2), but
for special cases and/or under a different settings from what is considered in this work
[153H155,/162,/163|. For example, the algorithms developed in [153-155}/162,|163| require the
sharing of primal variables among neighboring agents and, moreover, the s—th constraint is
of the form (|6.2)), which is limited to agents in the neighborhood of agent s. An augmented
Lagrangian solution is pursued in [164], which further requires two hop communications.
All these methods are not directly applicable for the case when the s-th constraint involves
agents beyond the neighborhood of agent s. Extending these methods to this case would
require multi-hop communication, which is costly. Moreover, the settings in these methods are
different from this work. In these methods, the parameters of the s-th constraint { By k., bs } ke,
are known solely by agent s. In this work, we consider a broader setting with arbitrary
number of constraints, and each constraint may involve any subset of agents — see Section
[6.2l Moreover, each agent s is only aware of the constraints matrices multiplying its own

vector wy.

The setting in this work is closer to the one considered in [53,|165H168|. However, these
works focused on problems with a single coupling constraint of type (6.1)), which ignores any
sparsity structure. Problem is solved in these references by using dual decomposition
methods, which require each agent to maintain a dual variable associated with the constraint.
[gnoring any sparsity structure means that each agent will be involved in the entire constraint.

By doing so, each agent will maintain a long dual vector to reflect the whole constraint, and
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all agents in the network will have to reach consensus on a longer dual vector. The work [169]
studied problem for smooth functions with resource constraints (i.e., w;, < wy < Wy)
and focused on handling the useful case of dynamic and directed graphs. The matrix By in
that work has a specific structure; moreover, the solution employed also shares the whole dual
variable and neglects any sparsity structure. In other resource allocation problems [78,170-172]

all agents are involved in a single constraint of the form (6.1]) with By = I.

Different from the previously mentioned works, we consider a broader class of coupled
affine constraints, where there exist multiple affine constraints and each constraint may
involve any subset of agents. Our solution requires sharing dual variables only and does not
directly share any sensitive primal information, e.g., it does not share the local variables {wy}.
Unlike the works [53],165-169|, which solve problem and do not consider the sparsity
structure in the constraint, this work exploits the constraint structure. In this way, each agent
will only need to maintain the dual variables corresponding to its part of the constraints and
not the whole constraint. Thus, only the agents involved in one particular part will need to
agree on the associated dual variables. An algorithm that ignores the sparsity structure scales
badly (in terms of communications and memory) as the number of constraints or agents
increases. Moreover, it is theoretically shown in this work that the sparsity in the constraint
set influences the performance of the algorithm in terms of convergence rate. Therefore, for
large scale networks, it is important to design a scalable algorithm that exploits any sparsity

in the constraint.

In [173], a multi-agent optimization problem is considered with stochastic quadratic
costs and constraints similar to what is considered in this chapter albeit with substantially
different settings. First, the work [173| considers quadratic costs only, does not handle
non-differentiable terms, and their solution solves an approximate penalized problem instead
of the original problem. Second, it is assumed that every agent knows all the matrices
multiplying the vectors of all other agents involved in the same constraint. For example, for
the constraint (6.2)), agent s knows {By ;} for all k € N or k' € N,. Lastly, the solution

method requires every agent to maintain and receive delayed estimates of primal variables
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wy from all agents involved in the same constraint through a multi-hop relay protocol. This
solution method suffers from high memory and communication burden; thus, it is impractical
for large scale networks. In network utility maximization problems, a similar formulation
appears, albeit with a different distributed framework; it is assumed that the agents (called
sources) involved in a constraint are connected through a centralized unit (called link) that

handles the constraint coupling these agents — see 79| and references therein.

6.2.2 Main Contributions

Given the above, we now state the main contributions of this work. A novel low computational
distributed algorithm is developed that exploits the sparsity in the constraints. The developed
algorithm handles non-differentiable terms and is shown to converge to the optimal solution
for constant step-sizes. Furthermore, linear convergence is shown in the absence of non-
differentiable terms and an explicit upper bound on the rate of convergence is given. This
bound shows the importance of exploiting any constraint sparsity and why not doing so

degrades the performance of the designed algorithm.

Table 6.1: A listing of repeatedly used symbols in this chapter.

Symbol Description
C. Sub-network of nodes involved in constraint e.
N, The cardinality of the set C,.
Er The set of equality constraints indices involving agent k.
w The vector formed by stacking {wy} over all agents.

J(w) The sum of all smooth functions, J(w) = S_r_| Ji.(wp).
v° Dual variable for equality constraint(s) e.
{v°}ece, || Collection of all dual variables v¢ related to agent k.

vf, Local copy of v at agent k € C..
»° Collection of vf over all k € C..
AY Collection of y° over all e.
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6.3 Algorithm Development

In this section, we will derive our algorithm and introduce some important symbols, which
are necessary for algorithm description and later analysis. To do so, we start by introducing

the Lagrangian function of :

E(W, {Ue}) = Z J,Q(wk) + Z('UE)T< Z Be’kwk — be,k) (612)

k=1 e=1 keCe
where J} (wy) 2 Ji(w) + Ri(wy), and v¢ € R% denotes the dual variable associated with
the e-th constraint. To facilitate the development of the algorithm we rewrite (6.12)) as a
sum of local Lagrangian terms. To do so, we need to introduce the set &, which denotes the

set of equality constraints that agent k is involved in (e.g., if agent & is involved in equality

constraints one and three, then & = {1,3}). From the definition of & and C., we have
C. = {k | e c Sk}, &L = {6 ‘ ke Ce} (613)

Using this notation, the second term on the right hand side of (6.12)) can be rewritten as a
sum over all agents as follows: let Fe,k = By if k € C. (or e € &) and zero otherwise and,

likewise, for Z_)ak. then it holds that:

E E K B
Z Z(Ue) (Be,kwk —bek) = Z Z(Ue) (Be,kwk - be,k)
e=1 keCe e=1 k=1
K
= Z ()" (Begwr, — ber,)
k=1 ec&

where in the last step we switched the order of summation and used the fact that k£ € C,
if, and only, if e € &;. Therefore, if we let {v°}.ce, denote the collection of dual variables

related to agent k, then using the previous equation we can rewrite (6.12)) as a sum of local
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terms as follows:

L(w, {v}) = Z Li(wg, {v }eee,) (6.14)
where
Lk (wk, {Ue}eegk) é J,’C(wk) + Z(UQ)T(Beykwk — be,k) (615)

e€l

is the local term for agent k. We are therefore interested in finding the minimizer of

through the equivalent solution of the saddle point problem [94]:

min I?&XE( {0} (6.16)

w

Assumption 6.3. (Strong duality) A solution exists for problem (6.16]) and strong duality
holds. 0

Since our problem is convex with affine constraints only, then Slater’s condition
is satisfied and strong duality holds [94, Section 5.2.3], which ensures that the solution of
coincides with the solution of . We denote an optimal solution pair of by
w* = col{wi}X | and {v**}. From assumption [6.1} w* is unique, but {v**} are not necessarily
unique. To derive our algorithm, which solves the saddle point problem , we will now
relate the dual problem to the one considered in our previous work [90] and explain how the

dual variables are partially shared across the agents, which is important for our derivation.

6.3.1 Dual Problem

Note that the Lagrangian (6.14) is separable in the variables {wy}. Thus, the dual problem

is |94](we are reversing the min and max operations by negating the function):

vl v

minimize =Y fi({v }ees, ) (6.17)
k=1
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wherdl

fie({v*Yees) = min Li (wy, {v}ces,) (6.18)

Figure illustrates how the dual variables {v°} are shared across agents participating in
the same constraint. For example, agent £ = 4 in Figure is part of two sub-networks,
C; and Cs; it is therefore part of two equality constraints and will be influenced by their
respective dual variables, denoted by v! and v?. Similarly, for the other agents in the network.
Problem is of the form considered in [90]: it involves minimizing the aggregate sum of
cost functions fk({ve}eegk) where the arguments {v°}.ce, among different agents can share
block entries as illustrated in Fig. . The main difference here, however, is that the
costs fi ({Ue}eEgk) do not admit a closed form expression in general and are instead defined
by , i.e., in this work we are actually dealing with the more challenging saddle point
problem and not with a minimization problem as was the case in [90]. Thus, more is needed

to arrive at the solution of (6.16)), as we explain later.

Cl = {]'7 27 47 7}

Blvlwl + 3172?1)2 ar B1?4’{1J4 aF 317711)7 =0

CQ = {1: 4) 67 7}
Bg’lwl S 32,411}4 SR Bg,6w6 SR Bg,7w7 =0

C3 = {27 35 5}

33’2?1)2 + B3y3’ll}3 aF B3’5U}5 =0

Figure 6.2: An example to illustrate the dual problem (6.17)) for agent £ = 4. In this example we
have three sub-networks and agent 4 is involved in the equality constraints for sub-networks C; and
Cs.

!Technically inf is used instead of min in (6.18)), however, to avoid confusion we use min.
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6.3.2 Combination Coefficients

To proceed from here and for the algorithm description, we introduce combination coefficients
for the edges in C. denoted by {ac sk }skec.; e sk refers to the coefficient used to scale data
moving from agent s to agent k in subnetwork C, with a. = 0 if s ¢ N N C.. We collect

these coeflicients into the combination matrix

2

Ae ae,sk}s,kece S RNeXNe (619)

where N, denotes the number of agents involved in equality e. The matrix A, is assumed to
be symmetric and doubly-stochastic. We also require A, to be primitive, meaning that there
exists an integer j such that the entries of the matrix A7 are all positive. One way to meet
these conditions is to choose weights satisfying

ek =1 D g =1 (6.20a)

s€Ce keCe
aesk >0 for s € NpNC, (6.20b)

with acgp = 0 if s ¢ M, NC.. Under Assumption (6.2) many rules exists to choose such

weights in a distributed way — see [8, Ch. 14|. We are now ready to derive our algorithm.

6.3.3 Dual Coupled Diffusion

Using the combination matrix A., it was shown in [90] that problem (6.17)) can be solved by
using the following coupled diffusion algorithm. Set v _; = ¢; _, to arbitrary values. For

each k and e € &, repeat for i > 1:

wz,i = vlec,ifl + /vavefk({vzi,l}eegk) (6.213)

D = Vi T Ve — Vi (6.21b)

’Ulfr,i = Z &e,sk’d)g,i (621C)
sENENCe
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where v ; is the estimate for v at agent k, p, > 0 is a step-size parameter, and {9} ;, ¢ ;}
are auxiliary vectors used to find Vi i The coefficients {a.« } are the entries of the matrix

A, defined as follows:

Ae = [Aeat)opec, = 05(In, + Ac) (6.22)

If the functions {fx(.)} are known and are differentiable, then each agent could run (6.21a])-
to converge to its corresponding optimal dual variable, which in turn could be used to
find the local minimizer wj by solving min,, Ly (wk, {’Ue’*}eegk). However, this approach is
not always possible because the local dual function fk({ve}eegk) does not generally admit a
closed form expression nor is guaranteed to be differentiable. Moreover, this method involves
two time scales: one for finding the dual and the other for finding the primal. Therefore,
to solve we propose to employ a distributed version of the centralized dual-ascent
construction [2| combined with a proximal gradient descent step. Specifically, recall first that

the dual-ascent method updates the primal variable w; at each iteration i as follows:

wy; = argmin Ly (wg, {v{_; }eee,), ¥V k (6.23)

Wi

Note that this minimization step, which need to be solved at each iteration, can be costly in
terms of computation unless a closed form solution exists, which is not the case in general.
Therefore, we approximate by a proximal gradient descent step to arrive at what we
shall refer to as the dual coupled diffusion algorithm . At each time instant 7, each agent
k first performs a proximal gradient descent step for the primal variable. Then, for
each dual-ascent step, the coupled diffusion — are applied where step is
obtained by using Ve Ly (wy. i, {vf }ece, ) to approximate the gradient at the minimum value
in (6.18]). Note that only step (|6.24d|) requires sharing dual variables with the neighbors that

are involved in similar constraints.

To analyze algorithm ([6.24]) and show that it converges to an optimal solution of (6.16]),

we will rewrite it in a compact network form, which facilitates its analysis.
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Algorithm (Dual Coupled Diffusion)

Setting: Let v; _; = ¢} _; and wy ;1 arbitrary.
For every agent k, repeat for ¢ > 0:

_ T e
Wi = Prox (Wit — Vs Je(Wrio1) = fio Y BIgvf, 1)
)U'lec eegk

For all e € &;:

e [+
Vi = Vkio1 + o (Be,kwk,i - beJc)

Pri = Vi + Vkic1 — Vkia

e __ — e
Uk,i - § ae,skgbs,i

SENENCe

(6.24a)

(6.24b)

(6.24c)
(6.24d)

6.4 Network Recursion

We start by stacking the dual estimates within each cluster and then stacking over all the

clusters. This will allow us to rewrite the dual steps ([6.24b])—(6.24d)) in a form that enables

us to see the affect of each sub-network in our analysis. Thus, we introduce the sub-network

vector that collects the dual estimates vy ; over the agents in C.:
¥ 2 col{vfJuec, € RV,
and the global network vector that collects »¢ over all e:
vi = col{yH,
We also repeat a similar construction for the quantities:

be 2 col{besrec,. b = col{b.}”,

Ae X ]Se7

IS
1>
=
1>
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(6.25)

(6.26)

(6.27)

(6.28)



where A, = (I, + Ac). For the networked representation of the primal update (6.24a]), we

introduce the network quantities:

A
w; = col{wyi e,

Z Rk (wk)
k=1

2 col{ VJy(wi i)}y

1=

A

>

3
|

(6.29)

(6.30)

(6.31)

We also need to represent the term . B!, v5;_y in terms of the network quantity v;_

defined in (6.26). To do that we first rewrite each term BJ vf,_; in terms of the sub-network

vector »¢ ;. This can be simply done by introducing the 1 x N, block row matrix B}, of

similar block structure as ¥, such that B3¢ | = B/, 5 ,_, if k € C. and zero otherwise —

Figure [6.3] illustrates this construction. This construction can be represented by:

B/, = blkrow{ B/}, }rec, (6.32a)
T A B(;rk, lf k E Ce 5 k — k/
Bejw = _ (6.32b)
0¢Q,,s., otherwise
T _ E T
Thus, we have Zeegk B vii = S By .
- 1 ; P |
V1 v \
1 vy v% I ) v3 i
Y= ¥ =14 ! » = (v} i yl
4 7.)6 | vg |
# v? ! ° ; y=[»?
! i 3
! ; y
Bl,=[0 0 BT, 0 Bi,=[0 B, 0 0] :: Bi,=[0 0 0] i
: 1
\, J K \ A

Figure 6.3: An illustration of constructions (6.25) and (6.26)) for the network in Figure as well

as construction (6.32)) for agent k = 4 in that network.
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If we let

Bll e BIK
A . .
B2 | : : (6.33)
BEl T BEK

then algorithm (|6.24]) can be rewritten compactly as follows:

wi = prox(Wi—1 — i VI (Wiz1) — B ;1) (6.34a)
pwR
YV, = A<2yi_1 — Y9+ ,MUB(Wi — Wi—l)) (6.34b)

for ¢ > 1 with initialization:
Yo = Y_1 + po(Bwy — b) (6.35)

Notice that step (6.34h]) depends on the two previous estimates; thus it is tedious to analyze
directly. Therefore, to facilitate our analysis we will rewrite it in an equivalent form. To do

that, we let:
A = blkdiag{A, @ I}, (6.36)

and introduce the singular value (or eigenvalue for symmetric matrices) decomposition [?]:

¥ 0| (Ul

0.5(IN—A):[2,11 ug} o ol Ly
2

= Uy XU (6.37)

where N = 30 | N.S., Uy € RV, Uy € RNV and © = diag{);};_; with A, < -+ < )

denoting the non-zero eigenvalues of the matrix 0.5(/ — .A). Using an approach similar to the
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one used in [56], we can rewrite (6.34D)) equivalently as follows — see Appendix [6.A}

1
X, = X1 — _uil— (yl-,l + Mv(BWl — b) -+ /Lvulﬁxi,l) (6383)

v

Vi = Vi1 + Wy (BWi — b) + ol Xx; (6.38Db)

for + > 1, where we introduced a new sequence x; with xy = 0. Intuitively, step can
be regarded as a corrected gradient ascent step. Note that from the conditions in ([6.20)),
it holds that the eigenvalues of each matrix A, are in (—1,1] — see [8, Lemma F.4]|. Thus,
from the block structure of A in (6.36), the eigenvalues of the matrix 0.5( — A) are in [0, 1).

Therefore, the non-zero eigenvalues are positive and satisfy:
D<A <o < <1 (6.39)

This property is important to show convergence.

6.5 Convergence Results

In this section, we give the Lemmas leading to the main convergence results.

Lemma 6.1. (Optimality condition) If there exists a point (W*,»*, x*) and a subgradient

g* € 0, R(W*) such that:

VIW) + g+ By =0 (6.40a)
Uy =0 (6.40b)
(BW* —b) + Uy Sa* = 0 (6.40c)

Then, it holds that vi* = v®* ¥V k € C. where (W*,v"* -+ vP*) is a saddle point for the

Lagrangian ((6.12)).

Proof. Using the block structure of VJ(.) and B in (6.31)) and (6.32)-(6.33)), we can expand
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(6.404) into its components to get:

Vo Jo(wp) + gi+ > BLoog* =0, Vk (6.41)

e€l

where gf € 0, Rp(w}). From the fact Uy = I and 3 > 0, condition (6.40D) is equivalent

to:

1
Uy =0 <= USU Y =0 S = A" =0 (6.42)

Therefore, from (1.5)), and the block structure of A in (6.36)), condition (6.40b|) gives:

vt =0t =0"", Vk,seC, (6.43)

S

for some v*. Hence, condition (|6.41]) satisfies the first optimality condition for problem ([6.9)
—see [94]. Now, let Z = blkdiag{1y, ® I, }.~,. Multiplying equation ({6.40c|) on the left by
ZT gives:

0=2TBw —b) + 27U Sa* Y
~——

=0

ZT(Bw* — ) (6.44)

where step (a) holds because because from (1.5)), Z is in the nullspace of I — A and thus
also in the nullspace of U [88, Equation (51)]. Using the block structure of B and b in
(6.32)—(6.33) and (6.27]), we can also expand (6.44)) into its components to get:

al, ©Is) ( S (Buut) be) =S (Bugwf —be) =0 (6.45)

k=1 keCe

for all e since

Bl ifkeC
B ]]‘Ne ® ISE Z Be kk’ — e,k (646)

k'eC. 0, otherwise
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Equation ([6.45)) is the second optimality condition for problem and, thus, (W*, vb* . vF*)
is an optimal point for (6.16]) — [94]. O

Remark 6.1 (EXISTENCE AND UNIQUENESS). Note that there exists a point (W*, ¥*, x*)
that satisfies the optimality conditions (6.40). Specifically, if w* = col{w}} and »* =

col{1 @ v**}E | where (W*,v1*, ... vF*) is an optimal solution of the saddle point problem

(6.16)), then, it can be easily verified that conditions ([6.40a)—(|6.40b]) are satisfied. Now, by

following an argument similar to the one used in |93, Lemma 3], it can be shown that there
exists an xA* such that holds; moreover, there exists a unique x* in the range space of
UJ. Now, we know from strong convexity that w* is unique. Thus, from , the dual
point »* is unique if the matrix B has full row rank. Under this condition and in the absence
of non-smooth terms, we will show that our algorithm converges linearly to this unique point

— see Theorem [6.2] . 0

We will now show that the equivalent network recursions ((6.34a)) and ((6.38al)—(6.38b]) of

the proposed algorithm converge to a point that satisfies the optimality conditions given in

Lemma [6.1} To give the convergence results, we introduce the error vectors:

~ A,

~ A ~ A
Wi =W —w, X =X —x Y=Y -y (6.47)

and the diagonal matrix:

D2 (2 —%2)>0 (6.48)

where ¥ was introduced in (6.37). Note that D is positive definite because of (6.39)).

Lemma 6.2. (Primal-dual bound): Suppose Assumptions 6.5 hold, then:

Vil = a1 < = (1 = (20 = ) i = wica | = v (IPVi-a[1* + [12:]%)

— 2t (i1 — ¥) TB(W; — w*) (6.49)
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and

Dill o+ 1l = 9l = Rimallp = =l — 2icallp — 5%l + 1BWsllg,

+ 201 = ") T BOwi —w") (6.50)

where (W*, ¥*, x*) satisfy the optimality conditions given in Lemma .
Proof. See Appendices [6.B|and [6.C O

The previous Lemma is used to establish the following theorem.

Theorem 6.1. (Convergence): Suppose Assumptions hold, then for positive con-

stant step-sizes satisfying:

1
Po = 55 —7)
1%

Amax(BTB)

(6.51a)

[ty < (6.51b)

recursions (6.34a)) and (6.38al)—(6.38b|) converge and it holds that w; converges to the optimal
solution of .

Proof. See Appendix O

At this point we showed that the dual coupled diffusion strategy, which handles non-smooth
terms, converges to the optimal point. However, it is still unclear how the sparsity of the
constraints affects the convergence behavior. Apart from saving communication and memory,

the next result reveals the advantage of exploiting the constraint structure.

Theorem 6.2. (Linear convergence): Suppose Assumptions hold, and, further-
more, assume that each Ri(wy) = 0 and each matriz blkcol{ B, y }cee, has full row rank. If

the step sizes satisfy (6.51)), then it holds that:
IWillés, + 19l + 1%l < 7' Co (6.52)
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where Cy = I — pioppts BB > 0, Co 2 [Woll2 + [F0)|2e + || Foll2, & and
Hv

Haw v

8 é max {1 - /vbwy(l - 6;“111)7 - ,U/wlflv)\min(BBT)a 1 - )\r} <1

with X\, denoting the smallest non-zero eigenvalue of 0.5(1 — A).

Proof. See Appendix O

The above result shows why solving directly is important for at least two reasons. First,
by using model , we are able to prove linear convergence under the assumption that each
blkcol{ B. k }ece, has full row rank. If instead, we were to rewrite problem into the form
by embedding zeros into the matrices By, then our analysis would require B;, to be full
row rank for linear convergence. This will not be satisfied if some agent is not involved in
some constraint since in that case Bj, will have zero rows and, thus, By, is row rank deficient

even if blkcol{ B j }cc¢, has full row rank.

The second more important reason is that the convergence rate depends on the connectivity
of the sub-networks C, and not on the connectivity of the entire network, as we illustrate
now. Note from the block structure of that the smallest non-negative eigenvalue of
0.5(I — A) has the form A, = min, o, where o, denotes the smallest non-zero eigenvalue of

the matrix 0.5(1 — A.). Since

I—05(I—A)=051+A)=A, (6.53)

it holds that 1 — g, = \., where \. denotes the second largest eigenvalue of A, (the largest

eigenvalue is equal to one). Therefore,

1 -\ =1—mino, = max(1 — 0,) = max A, (6.54)

Thus, assuming 1 — A, is dominating the convergence rate, then the smaller max, A, is,

the faster the algorithm is. We see that this depends on the second largest eigenvalue of
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the matrices {A.}, which depends on the sub-networks connectivity and not the whole
network. This observation reveals the importance of the algorithm for sparse networks and
under sparsely coupled constraints. Since in that case the small sub-networks are much well
connected than the whole network. This observation will be illustrated in the simulation

section next.

Remark 6.2 (CONDITION NUMBER). By using the the upper bound (6.51)), we conclude

from Theorem [6.2] that the number of iterations needed to reach e accuracy is on the order of
1
O(max{rsrp, 1/ })log=
€

where k7 = §/v and kg = Apax(BBT)/Amin(BBT) are the condition numbers of the cost J(.)

and the matrix BBT, respectively. O

6.6 Numerical Simulation

In this section, we test the performance of the proposed algorithm with two numerical

experiments.

e (Distributed Linear Regression) The first set-up considers a linear regression problem

with costs:

Ty
1
Ji(wy) = T, > g we = pre(®)]” + mllwelh
t=1

where uy; € R9 is the regressor vector for data sample ¢ and py(t) € R.

e (Distributed Logistic Regression) The second set-up considers a logistic regression

problem with costs:

Tk
1
Ji(wy) = Tk E In (1 + eXP(_xk(t)h-kr,twk)) + na w1
t=1
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with additional 2-norm regularizers R} (wy) = 0.5n3||wy]|?. The vector hy; € RP* is the
regressor vector for data sample ¢, and x(t) is the label for that data sample, which is

either +1 or —1. In both costs, T} denotes the amount of data for agent k.

In both experiments, the network used is shown in Fig. with K = 20 agents. The
positions (z-axis and y-axis) of the agents are randomly generated in ([0, 1], [0,1]), and two
agents are connected if the distance between them is less than or equal d = 0.3. As for the
constraints, we assume £ = K = 20, and each constraint e (or k) (where e € {1,---,20})
is associated with a subnetwork involving agent e (or k) and all its neighbors as described
in equation . Each element in B, is generated according to the standard Gaussian
distribution N(0,1). Each b, is also randomly generated and we guarantee that there exists
a feasible solution to . All the combination matrices are generated according to the

Metropolis rule.

In the first simulation, we set T}, = 1000 for all £ and each regressor uy; is generated
according to the Gaussian distribution N(0,1). To generate the associated py(t), we first
generate a vector wyg € R randomly from N'(0,1). We let 20% of the entries of wq to
be 0. With such sparse wy, we generate pg(t) as pi(t) = ultwk’o + ny, where ng, ~ N(0,0.1)
is some Gaussian noise. In this experiment, we set Q;, = 10 for k =1,--- , K. We also set
m = 0.3 and B, € R*1? to be an under-determined coefficient matrix. In the second set-up,
each T, = 1000. Among all local data samples, half of them are generated by the Gaussian
distribution N(1,1) and their corresponding labels {zx(¢t)} are +1’s. The other half are
generated by N (—1,1) and their corresponding labels {x(t)} are —1’s. We set @, = 10 for
k=1,--- ,Kand n, =n3=0.1. Welet B, € R3*19 to be an under-determined coefficient

matrix.
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Figure 6.4: Simulation results. *Dual diffusion refers to (6.24) applied on the same problem
reformulated into (6.1)), which ignores the sparsity structure. Similarly, both IDC-ADMM and
"dual DIGing" [174] are designed for problem (6.1)) and ignore the sparsity structure.
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To illustrate the effect of the constraint structure, we consider two approaches to solve
problem . The first approach is to use the dual coupled diffusion while considering
the structure of the problem , i.e., run with £ = K,C, = N.. The second approach
is to ignore the special structure of the problem and reformulate it into the form of problem
and also run the dual coupled diffusion (6.24) with £ =1,C, = {1,--- , K}, which we
call dual diffusion. To compare with other related methods that only share dual variables, we
simulate the inexact distributed consensus ADMM (IDC-ADMM) from [53]| and a modified
proximal version of the one in [174] in which the dual iterates are updated similar to the
DIGing algorithm in [62], which we call “Dual DIGing". Both of these algorithm are designed
for problem (6.1)) and ignores any structure. The step-sizes are chosen manually to get the best
possible performance for each algorithm. In the first linear regression setup, the parameters
used are (g, = 0.28, p, = 0.28) for the dual coupled diffusion, (i, = 0.28, u, = 0.28) for
the dual diffusion, (¢ = 0.25, pu,, = 0.05) for the IDC-ADMM [53], and the step-sizes are set
to 0.45 for the dual DIGing method. In the second logistic regression set-up, they are set
to (pw = 0.2, u, = 0.2) for the dual coupled diffusion, (u, = 0.2, p, = 0.2) for the dual
diffusion, (¢ = 0.45, p,, = 0.2) for the IDC-ADMM |53, and the step-sizes are set to 0.18
for the dual DIGing method. Figure 6.4 shows the relative error & "3 | [Jwy; — wi||?/|jwy||?
for each of the previous algorithms for both set-ups. Note that the dual DIGing algorithm
requires two rounds of communication per iteration. Therefore, in the x-axis we use rounds
of communication for a fair comparison. It is observed that dual diffusion, the IDC-ADMM,
and the dual DIGing algorithms have a close performance (all ignores any structure), while
the dual coupled diffusion clearly outperforms them. This means that, apart from requiring
less amount of data to be exchanged per round of communication, our algorithm is also
able to reach an e accuracy (where € is arbitrarily small) with much less time compared
to these other algorithms. As explained before, this superiority is due to the sub-networks
being better connected compared to the whole network and the dual coupled diffusion takes
advantage of that. In this simulation, we have 1 — A\, = 0.911 for the dual coupled diffusion
and 1 — A = 0.973 for the dual diffusion (we dropped the sub-index since we have one network

combination matrix in this case), which backs up our theoretical findings. To further illustrate
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the effect of the sub-networks connectivity on the convergence rate, we simulate the dual
coupled diffusion (exploits sparsity) and dual diffusion (which does not exploit the sparsity)
with the same logistic regression set-up from before but for the three different networks shown
in top half of Fig. [6.5] The step sizes used in this simulation are adjusted to get the best
possible results, which are shown on the bottom of Figure Note that the network on the
left has less connections compared to the network on the right, and thus, the sub-networks
on the left are more sparse than the one on the right. Note further that for the constraints
settings used , the more connections the network has, the closer the sub-networks are
to the entire network. It is seen that dual coupled diffusion performs significantly better
under sparser networks since in that case the sub-networks are much better connected than
the whole network. On the other hand, when we add more connections, the sub-networks
connectivity becomes closer to the network connectivity and, thus, the performance of the
two algorithms become closer and closer. The performance will become identical when all

agents are involved in all the constraint.

107K

10+

1010t 2 qg10

Relative error
Relative error
3
3
Relative error

1071 107
A —a— Dual coupled diffusion 1-)\r=0v921 —&— Dual coupled diffusion, 1-)\r=0.893

10715

—a— Dual coupled diffusion, 1-)\r=0.938
20 =2 Dual diffusion, 1-A=0.977 —»— Dual diffusion 1-1=0.964 —>— Dual diffusion 1-A=0.916
10" 1020 - 102
200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

Iterations Iterations Iterations

Figure 6.5: A comparison of algorithm (6.24]) for different network connectivity and under two
implementations: dual coupled diffusion exploits structure while dual diffusion ignores the structure.
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Appendices

6.A Equivalent Representation

In this appendix, we show that ([6.38a})—(6.38b]) is equivalent to (6.34b]). Multiplying equation
(6.38a) by U, and then collecting the term U >Xx; ;1 we get:

UhSx; = (I — UiSUNU S — py ' (ULSUY) <yi1 + o (Bw; — b)) (6.55)

Let x; 2 Uy X x;. Using (6.37) and collecting the term x;_; on the right hand side of the last

equation, we get:
- 1
X = Ax;_q — %15 (I = A) (vie1 + po (Bw; — b)) (6.56)
o = ) e = A
Multiplying (6.38b]) by A on the left and using the definition x; = U;Xx; we have:
Ay = Avis + p A(Bwizy — b) + pp A%y (6.57)
Now, subtracting (6.57)) from (|6.38b|) we get:

Vi — /1371‘_1 =Yi—1 — /1371‘—2 + Ly (Bwi — b) — LLHA(BWi_l — b)

+ po (X — A1) (6.58)
Using ((6.56) we can remove the term p,(x; — -/‘D_l’z‘—ﬂ from the previous expression to get:

Vi— Avii1 = vio1 — Aviia + 1, (BWi — b) - MUA(BWi—l — b)

1
-3 (I — A) (vi1 + po(Bw; — b))
= ./Zlyi_1 — ./Ztyz‘_Q + Mv/_t(BWZ — b) — /LU/I(BWZ‘_l — b) (659)

Rearranging the last expression gives ((6.34b)).
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6.B Primal Error Bound

In this appendix, we derive inequality ([6.49)). From the optimality condition of (6.34al), we

have:
Wi = Wi—1 — Mij(Wi—l) - MwBTyi—l — HwYi (6-60)

for some g; € 0,,R(w;). Rearranging the last equation and using the optimality condition

BA08) we get:
Wist — Wi = iy (VT (Wis1) = VI W) + p(gi — g%) + pBT (vim1 — ¥7) (6.61)
Multiplying (W* — w;)T to both sides of the previous equation, we get:

W = wi) T (Wir = wi) = (W = wi) (VT (wisy) = VI (W)
+ (W = wi) (g — g¥)

+ (W — Wi>TBT(yi71 - ") (6.62)

From the conditions on Ry(wy) in Assumption , there exists at least one subgradient at
every point. And from the subgradient property (1.9) we have ¢! (y — z) < f(y) — f(x) and

g;/r(:v —vy) < f(z) — f(y). Summing the two inequalities with y = w* and x = w;, we get:
W —w)T(gi —g*) <0 (6.63)
Using this bound in ((6.62) we get:

W = wi) T (Wicr = wi) < (W = wi) (VT (wisa) = VI (W)

+ (W = wi) TBT (91 — 57) (6.64)
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Note that:

I I*

2(w* — Wi)T(Wi,l —wi) = =W —wi — Wi — W) |IF + I — w4 [ — wil?

= =it > + [Will* + [Iwiet — wil)? (6.65)

Substituting the last equation into (6.64]) and rearranging terms gives:

I*

Wil = Wi |? < =lwir = will® = 2 (Wi = W) TBT (351 = %)

— 2 (Wi =W T (VT (Wis1) — VI (W) (6.66)
Using Assumption [6.1] we can bound the inner product:

(wi — W*)TVJ(Wi—l) = (Wi —Wis1 +wiq — W*)TVJ(Wz'—l)

(Wi - Wifl)TvJ(Wifl)

TWir) = TW) + S Wi

=
+ IVE

28
+ T Wim1) = TW) + Wi [ (6.67)
We again use (6.11)) in the last expression to get:

(Wi =w)TVIWia) > (Wi = i) (VI (Wia) = VI (W)
FT0v) = T wiea) + glws = wia
+ T (Wim1) = T W) + gl
= —(Wim1 — W) (VT (i) — VI (W)

1% UV,
+ EHWi —wistlP + T (wi) = T (W) + §\|Wi—1H2 (6.68)
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From (|6.11)) it holds that:
v, -
(wi =) 'V T (W) < T (wi) = T W) = S Iwill” (6.69)
Therefore, the last inner product in can be bounded as follows:

— 24 (Wi = W) (VI (Wi1) = VI (W)

= 241, (Wi = W) TVT (Wi1) + 240 (Wi — W) TVT (W)
< 2/lw(Wi—1 - Wz)T(Vj<W’L—1) - Vj(wz))

I

— pv|lwi = Wi [|* = pov Wil = por |

< (20 = v)[[wi = Wi || = pov (Wi | + [[Wi]?) (6.70)
where the last step holds because
(W —2)T (VI (W) = VT (2)) < dllw — 2| (6.71)

holds by using the Cauchy-Schwartz inequality and (6.10]). Substituting (6.70)) into (6.66]
gives (649).

6.C Dual Error Bound

In this appendix, we derive equality (6.50)). It holds that:

||}z‘—1||2D + ||5i—1||i;1 =[|a* — x; + x; — Xz'—l”% + |V = vi + v — J’i—1||i;1
=[|2* = aillp + 19" = willP s+ [l — i [lp
+ ||yz - yi_1||i;1 + 2(/\5'1 — Xi_l)TD(X* — Xz')

+ 2 — vic1) T N — ) (6.72)
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Rearranging the last equality we have:

9il% -1 + 1%l = 15120 = [Fia 1
= —lle; = 2iallp = 90 = vicall2 o + 2(xim1 — ) "D(* — x0) = 2(vimy — i) 'y (vi = V)
(6.73)

Note that:

(i — ) TULS (2 — %) © (¥ — Vi1 + Yie1 — V) UL S (2 — &%)

0 U i = vi1) Uy 1) T8 (e — &%)

(Z,{T o (Bw; — b) + U1 Xx;) +uiryi—1)T2(Xi — &%)

(uil' Yi-1+ ,uv sz - b) + ,UvulzXz 1)

T
+ ,U'L)E(Xi — Xil)) E(XZ — X*)

.
(6-384) *
(Nv(Xil — X)) + X (x; — Xil)) X(x; — x%)

= — (T = D)(x; — 21)) TS — 27)

—(x; — x;_1) "D (x; — x¥) (6.74)

5
[

where in step (b) we took U inside the first bracket and used U] ¥* = 0 from ([6.40D]). From

step (a) and the last step we get:

(Yi1 — y*)TZ/ﬁZ(Xz’ —x) = (v — yifl)Tulz(Xi — &%) — (% — Xifl)T,D<Xi — ") (6.75)
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Furthermore, note that:

(¥ie1 — y*)T(BWi —b—Bw" +b)
e (ie1 — )7 (—MJI(%‘A — ;) — UL Xx; — Bw* + b)
(6.40¢)

(Vi1 — )" (_Mjl(yi—l — V) —UrXx; + LﬁEé\?*)

= —(Vic1 = ) Ty (Vie1 = vi) — (i1 — V) TULS (2 — &)
Substituting (6.75]) into (6.76)), we have

(vie1 — )T (Bw; — b — Bw* +b)
= —()Jz'—1 — JJ*)T,UU_I()%—l — )iz')

+ (v — yi—l)TZ/ﬁZ(Xz‘ — )+ (v — Xi—l)TD(Xi —x%)

(—1%71(3’171 — V) U X(x; — X*))T (Yie1 —¥i) + (x4 — Xifl)TD(Xi —x)

—~
N2

a

-
( - #;1(%—1 — )+ (vier — i) + (Bw; — b) — Bw* + b> (Yie1 — »i)

+ (Xi — Xi_l)TD(XZ‘ — X*)

= (=4 (94 = ) + Blwi = w")) " (vim1 — %) + (x; — 2:20) "D(x; — 2

(6.76)

— (i =) Ty (v — ¥i) + vy = W) BT (i1 — ¥i) + (2 — 21) "D(x; — &%) (6.77)

where in step (a) we used ([6.38b]) and the optimality condition (6.40c)). Re-arranging the last

equation (6.77]), we get

— i =) Ty (0 = 1) 4 (ximn — x) TD(a" — )

= ()ii_1 - JJ*)TB(Wi — W*) — (371'_1 - yi)TB(Wi — W*)
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Substituting (6.78)) into (6.73)), we get,

Zill} -+ + 1%l = 151l = 1Fiallp = =l — xicallp — [1vs — viall}

+2(ic1 — ¥*) TB(ws —w?)

— 2(yim1 — yi)TB(Wi —w") (6.79)
The last term of (6.79) can be rewritten as:
—2(¥io1 — i) Bwi —w*) = —|[vi—1 — vi + pB(wi — W*)||i;1

+[vims = willh- + [1Bws = w5,

= —||Z(X* — Xi)”2v + ||)/i_1 — yi”i;l + ||B(Wz — W*) (680)

2
Iz,

where in the last step we used (6.38b)), (6.40c]), and U, = I. Substituting the last equality
into (6.79), we get (6.50).

6.D Proof of Theorem [6.1]

Let us introduce the energy function:

Vi, 3, %) = [ill” + oI5l + 1205 (6.81)

Using (6.49) and (6.50) we have:

V (Wi, i, i) — VW1, i1, 1) < —(1 4 prl — 2100 Wi — wy_q||?
— po? (Wit 1P + [1Wi1?) + gl B2,

— pl| ¥ = Xiallp — gl Zi ], (6.82)
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Note that:
IBWill7, < o Amax (BT B) || Wi
Therefore, under condition (6.51]), it holds that:

V (Wi, i, Xi) = V(Wi1, Vi1, Xic1)

< = (U4 prov = 2p0) Wi = wia|I? = proov Wi ||

>0

= (V = ftodmnax (BT B)) [IWil|* — ol ¥s — 2ica [l — pr |2l [5, <0 (6.83)

-~
>0

Since V' (w;, ¥;, &;) is non-negative, we conclude that the norm of the error is non-increasing
and bounded. Since V(w;,¥;, x;) is non-negative, we conclude that the norm of the error is

non-increasing and bounded. Iterating the above inequality we have:
V(wi, vi, %) <V (Wo, Yo, %o) — Z ((1 + ot = 24100) W5 = wiaall* + pr W51 |
j=1
+ i (v = poAmax (BT B)) I [1° + pollej — 21 (1 + mHEEjHiU) (6.84)
and thus
i ((1 + i = 2000 [| Wi = Wial* + g Wi + (v = b Amax (BT B)) ||
j=1

+ ol — 21D + Mw||27fjHiu> < V(Wo, Y0, Xo) (6.85)

Since the sum of the infinite positive terms is upper bounded by a constant, it holds that

each term (w; — w;_1), W;_1, W, (x; — x;_1), and 3x; must converge to zero.
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6.E Proof of Theorem (6.2

In this Appendix, we show that the dual coupled diffusion strategy converges linearly for
smooth cost functions and under the additional assumption that the matrix B has full
row rank. From the structure of B in , it can be confirmed that B having full row
rank is equivalent to assuming that each matrix blkcol{ B, j }ces, has full row rank. This is
illustrated in Fig. Because two different agents belonging to the same cluster are located
differently in »°, it holds that the block rows of B are zeros except at one location. Recall
that B,, € R%*@  Therefore, an equivalent statement is to say that blkcol{ B t }ece, has

full row rank.

_B1,1_ [0 ] O] o0 1TO]1[TO][ 0]
0 B 5 O] o @) O 0
0 0 O ||B4| | O O 0
| 0 | [ 0 | O 0 | ]1O] |10} _Blj7_
(Boi| TOT1 O]l Oo0]JJTO][ o] 0]
B — 0 (@) O | |B2a O 0 0
0 @) ol o O | |Bas| | 0O
i 0 | O _O_ i 0 | _O_ 0 _BQ’ |
(O] -B3’2 0 O] o (O] [O]
O 0 Bss|| O 0 O O
1O |0 | 0 ]|O] [Bss| |O] 1O |

Figure 6.6: An illustration of the construction B for the network in Figure

Recall from that

HZ - HVNVi—lHQ < —fwi = Wz'H2 — 2t (Wi — W*)TBT(yifl -")

— 2 (Wi =W T (VT (Wis1) — VI (W) (6.86)

i
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It holds that

—2p (Wi = W) (VT (Wis1) = VIW)) = =20 (wims = W) T (VT (wis1) — VI (W)
+ 2Mw(Wi—1 — WZ)T(VJ(WZ_l) — VJ(W*))
(6.87)

The last term can be upper bounded by

2ty (Wi—1 — Wi)T(Vj(Wz‘—l) - VJ(W*))
= —[Wict = wi = 1 (VI Wia) = VIO P + (Wit = Wil + 5 [VT ia) = VI 7)1
@ 2B + vy — il + 12 [V (wisa) — 9T (w2

< i BTS2 + [wica = will* + i d(wiy = w*) (VI (Wima) = VI (W) (6.88)

where in step (a) we used (6.34al) and (6.40al) with R(w) = 0. The last inequality holds from
(1.8)) since J(w) has d-Lipschitz gradients. Combining the last two equations we have

— 2 (W — W*)T(Vj(wz‘—l) — VJ(W*))
< 2 1Bl + [wica = will® = (2 = Sp) Wiy = W) (VT (Wina) = VI (W)

< 1BV [P+ wima = will? = g (2 = Sp2) Wi |2

where the last step holds from the strong-convexity condition (1.6|) and j,, < 2/d. Substituting

into (6.86)) we get:

Will* < (1= s (2 = 8p)) Wi I = p [1BT5i1 || = 200 (Wi = W) T BT (w51 = 57)
(6.89)

Note that —pu,||x; — x;_1]|% < 0. Thus, multiplying (6.50) by jiw, using D = pu, (X — 3?),
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and rearranging terms we get:

I

pallVillyo + ol s = mollFill} o + sl Fill Dy, 52

2

< pl|BWill,, + Mw||37z'—1||i;1 + %1 B + 2000 (Vi1 — ) TBw; — w*) (6.90)

Since B is full row rank, it holds that [|BT9;-1/[* > Ain(BBT)[|9i-1]]*. Using this bound and
combining (6.89) and (6.90), we get:

ill” + 19l + 1%l e < 1Rl w2y

(1= 12 = G910 i [+ gt | B2 + (1 = st Ain(BET)) [Fica s (6.91)

Since 3 > 0 we have —H}i,lHiwquQ < =A|[¥iall3, 45 Substituting this bound into (6.91)

and rearranging, we arrive at the following inequality:

IWillés, + 1l + 1%l s < (1= (2 = 0 I 1”4 2l P [

+ (1= A ¥}, s (6.92)

where Cy = I — piypto BTB and vy = 1 — py iy Amin(BBT). Let 1 = (1 — p (1 — 5pw)). Note
that

(1 = puv (2 = 0p)) (Wi |1 = nlWica g, — st Wizt ll? 4 Yiptewttol Wizt llErs
< iWicillg, = pw (V= todmax (BT B)) [[Wi_1|?

< Wiz,

where the first inequality holds since v, < 1 for pu,, < ﬁ < % and the last inequality holds

under (6.51)). Substituting into (6.92)) we get:

IWillés, + 15l + 1%l < MIWicallE, + 20Tl + (1= A)[Fically, s

Under condition (6.51]), it holds that ity < 1/Amax(BTB); thus, vo = 1 — e fte Amin(BBT) < 1
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and Cyy = I — piyptue BTB > 0. Since 0 < A, < 1, we have 1 — A\, < 1. By iterating the previous
inequality we arrive at (6.52)).
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CHAPTER 7

Conclusion and Future Directions

Conclusion

In this dissertation, we have studied the performance and linear convergence of decentralized

multi-agent optimization algorithms. The main conclusions are summarized below.

e We studied the classical incremental primal-dual gradient algorithm (2.3)) for the solution
of constrained optimization problems. Through an original proof we established its linear
convergence. We also related the incremental implementation to the non-incremental

Arrow-Hurwicz implementation (2.4)) and established its linear convergence as well.

e We proposed a general adapt-then-combine algorithmic framework that captures most
existing decentralized gradient based algorithms. We then established its linear conver-
gence and showed that the ATC structure is more stable than the non-ATC structure.
We also studied the benefits of the augmented Lagrangian penalty term on the conver-
gence rate of decentralized algorithms and highlighted several benefits of this term and

gave cases where it is not that beneficial.

e We established the linear convergence of a proximal decentralized algorithm in the
presence of a non-smooth term. With this result, we closed the linear convergence gap

between decentralized and centralized proximal gradient algorithms.

e We studied decentralized multi-agent optimization problems under general multiple
coupling across the agents. Specifically, motivated by real applications, we considered
scenarios where there can exist multiple consensus variables or multiple coupling

constraints with only a subset of agents involved in them. We then showed how to
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design algorithms to exploit these structures. More importantly, we showed theoretically
that algorithms exploiting this structure can greatly improve the convergence rate

compared to algorithms that do not exploit such structure.

Future Directions

We now list several future directions that are worth investigating:

e In this dissertation, we considered undirected and static networks. In some applications,
the network is directed where agents can communicate only in one direction. In
these cases, the combination matrix A is not symmetric any longer. Moreover, the
combination matrix can be time varying where the network topology changes with
time. Thus, is it possible to extend the ATC algorithm framework to directed and
time-varying networks? For example, can the push-pull idea [63,64] or the push-sum

technique [175] be used to handle time-varying digraphs of the proposed framework?

e We showed that any decentralized proximal gradient algorithm cannot achieve global
linear convergence in the presence of more than one non-smooth term in the worst case.
However, asymptotic linear convergence have been established under piecewise linear
quadratic costs |130]. Can we establish the asymptotic linear convergence of proximal

decentralized algorithms under some other more practical conditions on the costs?

e In this work, we studied deterministic and convex problems. One direction is to study
the convergence of the proposed framework in stochastic and non-convex settings.
While decentralized non-convex problems have been studied widely, the efficient escape
from saddle-points have only been established recently for the diffusion algorithm [176].
Recently, it has been shown in [177] that the performance of the diffusion algorithm can
degrade over sparse networks compared to exact diffusion, which is a special case of our
proposed ATC framework. Therefore, studying the efficient escape from saddle-points

for the proposed method in stochastic and non-convex settings is of interest.
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