New and Provable Results on Network Inference Problems and Multi-Agent Optimization

Algorithms
by

Hoi To Wai

A Dissertation Presented in Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

Approved November 2017 by the
Graduate Supervisory Committee:

Anna Scaglione, Chair
Visar Berisha
Angelia Nedié

Lei Ying

ARIZONA STATE UNIVERSITY
December 2017



ABSTRACT
Our ability to understand networks is important to many applications, from the anal-
ysis and modeling of biological networks to analyzing social networks. Unveiling network
dynamics allows us to make predictions and decisions. Moreover, network dynamics models
have inspired new ideas for computational methods involving multi-agent cooperation, of-
fering effective solutions for optimization tasks. This dissertation presents new theoretical

results on network inference and multi-agent optimization, split into two parts —

The first part deals with modeling and identification of network dynamics. I study
two types of network dynamics arising from social and gene networks. Based on the net-
work dynamics, the proposed network identification method works like a ‘network RADAR’,
meaning that interaction strengths between agents are inferred by injecting ‘signal’ into the
network and observing the resultant reverberation. In social networks, this is accomplished
by stubborn agents whose opinions do not change throughout a discussion. In gene net-
works, genes are suppressed to create desired perturbations. The steady-states under these
perturbations are characterized. In contrast to the common assumption of full rank input, I
take a laxer assumption where low-rank input is used, to better model the empirical network
data. Importantly, a network is proven to be identifiable from low rank data of rank that
grows proportional to the network’s sparsity. The proposed method is applied to synthetic
and empirical data, and is shown to offer superior performance compared to prior work.
The second part is concerned with algorithms on networks. I develop three consensus-based
algorithms for multi-agent optimization. The first method is a decentralized Frank-Wolfe
(DeFW) algorithm. The main advantage of DeFW lies on its projection-free nature, where
we can replace the costly projection step in traditional algorithms by a low-cost linear opti-
mization step. I prove the convergence rates of DeF'W for convex and non-convex problems.
I also develop two consensus-based alternating optimization algorithms — one for least
square problems and one for non-convex problems. These algorithms exploit the problem

structure for faster convergence and their efficacy is demonstrated by numerical simulations.

I conclude this dissertation by describing future research directions.
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1 Introduction
1.1 Overview and Background

We are living in the cusp of an era where human beings are surrounded by networked
systems in their everyday life, from social-economic to biological networks, or from sensor to
computer networks. Taking the social and economic networks as an example, we see that the
network structure and dynamics determine how we make friends, how we vote in an election
and how the government’s policies are implemented. The ubiquitous presence of networks
present a challenge for scientists from all disciplines to understand networked systems of
real life and the network structure, dynamic system model underneath them, which will in

turn help human beings to predict and determine the behavior of these systems.

The first focus of this dissertation is on the network dynamics modeling and identifica-
tion issues related to the systems discussed above. For examples of the potential impacts,
reverse engineering the gene regulatory networks can help discovering the cause of diseases
and their prevention [De Smet and Marchal(2010),Buchanan(2010),Albert(2005),Ideker and
Sharan(2008), Barabasi and Oltvai(2004)]; or understanding the social networks can help
businesses to strategize advertisement spendings on their potential customers [Asch(1955),
Ansari et al.(2000),Lam and Riedl(2004),Burke et al.(2005), Williams et al.(2007),Candogan
et al.(2012)]. As we shall see later, we study the state-of-the-art models for opinion and gene
dynamics under a unified notion of perturbations and characterize its equilibrium points.
Moreover, we propose a network identification method that relies on introducing pertur-
bations above in networked systems, which in the context of social-economical networks,
it is related to modeling the stubborn agents/zealots; or in the context of gene regulatory
networks, it is related to controlling the expressions of the targeted genes. As studied
in [Das et al.(2014), Moussad et al.(2013), Ramos et al.(2015), Kuhlman et al.(2012), Kang
et al.(2015), Barzel and Biham(2009)], these perturbations may be introduced intentionally

on real networks. We would like to emphasize that we are particularly interested in the low
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Figure 1.1: Overview of the proposed network identification approach. Our scheme makes
use of perturbation experiments and knowledge of the network dynamics to infer the under-

lying sparse network.

rank observation regime, e.g., that can be induced by having a few perturbation experi-
ments described above. This is a practical concern as well as a technical challenge since the
empirical network data are typically low rank. For example, the opinions observed in social
networks are often clustered or polarized, and the number of perturbation experiments con-
ducted on gene networks is limited. Under these models, we demonstrate that the network
topology and the weights on its edges can be perfectly identified under a mild condition on

the number of measurements obtained or, equivalently, the rank of observed data.

The second focus of this dissertation is concerned with the computation methods on
networked systems, i.e., algorithms that run on the networks. Specifically, the networked
systems discussed above can be viewed as systems with multi-agents that are tasked with
jointly solving a certain optimization problem. Representative examples are the gossip-
like mechanism for agents to reach consensus [DeGroot(1974), Dimakis et al.(2010)], or
the pulse coupling mechanism that helps fireflies synchronize [Mirollo and Strogatz(1990)].
The above observations have inspired algorithm scientists to develop distributed algorithms
to leverage the interconnected nature of computer and sensor networks [Tsitsiklis(1984),
Sayed et al.(2013)]. These distributed algorithms have the advantages of being resilient to
network failure and having the ability to work without central coordination. Such features

made these algorithms especially attractive for scenarios when data is stored distributively
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Figure 1.2: Overview of decentralized optimization algorithms. Tackling convex and non-
convex optimization with multi-agent optimization is a natural way for harvesting the com-

putational resource distributed over a large network with many agents.

across a bandwidth limited computer network, or when the individually stored data contains
private information. This is important in the wake of ‘big data’ era and the need for high-
dimensional optimization tool in machine learning applications. For example, the task of
training hyper parameters in neural networks [LeCun et al.(2015)] with a large amount of
data may be greatly accelerated with distributed optimization. This calls for the second
goal of this dissertation, which is to develop fast optimization algorithms via distributed

optimization and to analyze their performance.

Our current ability to understand the structure and dynamics of real life networks
is limited by the lack of a disciplined analysis of the network identification method and
the insufficient theories of decentralized optimizations adequate for algorithms that han-
dle high dimensional or structured problems. Overall, this dissertation fills these gaps by
proposing and studying network identification methods and novel multi-agents optimization
algorithms. Importantly, we analyze the performance of these formulation and algorithm
from a mathematical standpoint, providing verifiable conditions that can serve as important

guidelines for the practitioners to apply these methods.



Network
G=(V,E)

Modeling &
Identification of Networks

—

- Chapter 3 (Opinion Dynamics)
- Chapter 4 (Gene Dynamics)

Algorithms on Networks
- Chapter 5 (Decentralized Projection- Output of network dynamics

free / DeFW algorithm) (Network Data, e.g., Facebook, Twitter)
- Chapter 6 (Consensus-based AO)

Figure 1.3: Overview of the contributions in this dissertation and the corresponding chap-

ters.

1.2 Contributions and Organization

This dissertation tackles two important problems pertaining to the study of Network
Science, encompassing new results on modeling and identification as well as new computation
methods on networks; see Figure 1.3 for an illustrative overview. The contributions and

pointers to their respective chapters in this dissertation can be found below.

1.2.1 Modeling and Identification of Networks

The first part of this dissertation deals with the modeling and identification aspects of
networks, with applications on social and biological networks. The relevant contents are
found in Chapter 3 and 4. In a nutshell, our main idea is to present mathematical models
on network dynamics and to show that the corresponding network identification problem
can be studied as a similar problem as RADAR, i.e., we observe the steady states of the
system, treated as ‘reverberation’, resulted from injecting a ‘signal’ into the network. As we

shall show, this allows us to characterize the causal relationship between the reverberation



and the signal injected as a linear system of equations in terms of the network structure,
even though the network states may follow a non-linear dynamic system. To demonstrate
the said idea, two types of perturbations and dynamics types are studied in Chapter 3 and

Chapter 4.

For the social networks studied in Chapter 3, we consider a general (non-linear) opinion
dynamics in discrete time and perturb the system by changing the opinions of a selected
group of S stubborn agents over a number of issues. For the molecular dynamics studied in
Chapter 4, we consider a nonlinear, continuous time dynamics and introduce perturbations
by performing S experiments such that a different gene is knock out in each experiment. As
we will show in the two mentioned chapters, these perturbations lead to two similar algebraic
conditions for their dependence on the graph structure. Under a few mild assumptions on
the random graph statistics, the sparse recovery based formulation is shown to perfectly
recover the network, including the weights on its edges, as long as we have S = Q(dnaz)
stubborn agents or perturbation experiments, where d,4; is the maximum in-degree of the
graph. To our best knowledge, this is the first analytical result on the recoverability of
networks from a small number of stubborn agents or perturbation experiments. As the
parameter S in the context above can also be interpreted as the rank of the observed data,
our result also shows that the network identification problem can be solved with a much laxer
assumption on the data than the prior work. For both social and gene regulatory networks,

we apply our method on synthetic and empirical data to demonstrate its competitiveness.

1.2.2  Algorithms on Network

This dissertation is also concerned with optimization algorithms that runs on network,
where we design dynamics equations on the networks to solve optimization problems. In
this regard, we propose three new consensus-based algorithms. Chapter 5 presents a new
decentralized optimization algorithm that is called the decentralized Frank-Wolfe (DeF'W)
algorithm for general optimization problems. The DeFW algorithm is built on the classical

gossip-based average consensus protocol using a carefully designed message exchange mecha-



nism and the recently popular Frank-Wolfe algorithm [Frank and Wolfe(1956),Jaggi(2013)].
With a focus on constrained optimization, a main feature of the DeFW algorithm lies on
its projection-free nature, where we replace the costly Euclidean projection step in conven-
tional optimization algorithm by a linear minimization oracle. Depending on the problem
structure, such modification can lead to orders of savings in complexity per iteration. We
further analyze the convergence rate of the DeFW algorithm. For convex and smooth ob-
jectives, let ¢ be the iteration number, we show that the gap to optimal objective value
for the iterates generated by DeFW decays as O(1/t); it can be accelerated to O(1/t?) if
the objective function is strongly convex and the optimal solution is in the interior of the
constraint set. For non-convex but smooth objectives, the iterates generated by the DeF'W
algorithm are shown to converge to a stationary point asymptotically, and the convergence
rate is as fast as (’)Q/th), depending on the step size rule chosen. We demonstrate appli-
cations of the DeFW algorithm on machine learning problems such as distributed matrix
completion and communication efficient sparse learning. Our numerical results on real data
suggests that the DeFW algorithm achieves a complexity saving of 20-30 times over the
projection based distributed algorithms. We also show that when applied to low-rank re-
gression problems, the DeF'W algorithm can be tailor made with even lower computation

complexity requirement on individual agents.

Chapter 6 presents two new consensus-based alternating optimization (AO) algorithms.
These algorithms are suitable when the optimization problem exhibits additional structures
that are exploitable for faster solution methods. Specifically, the first algorithm, called
C-AOQOLS, is designed for least square problems with local nuisance parameters and rely on
computing the closed form solution in a decentralized manner. The second algorithm is
called the EXTRA-AO algorithm. The algorithm is developed from a recent gradient based
distributed optimization algorithm called EXTRA [Shi et al.(2015)] and it is shown that the
EXTRA-AOQ is applicable to generic smooth non-convex optimization problems. For the C-
AQLS algorithm, we prove that it converges asymptotically to a stationary point even when

the original problem is non-convex, once the algorithm is initialized at a point close enough



to the stationary point. For the EXTRA-AO algorithm, we provide necessary conditions

on the step sizes for the algorithm to converge to a stationary point. We demonstrate

applications of these algorithms on signal processing problems such as signal estimation

with asynchronous measurements and decentralized dictionary learning. Our results show

that the proposed algorithms outperform the state-of-the-art while requiring similar levels

of complexity.

1.3 List of Publications

Our results on network identification can be found in:

B1.

J1.

J2.

C1.

C2.

C3.

C4.

H.-T. Wai, A. Scaglione and A. Leshem, “Active Sensing of Social Networks: Net-
work Identification from Low Rank Data”, chapter in Cooperative and Graph Signal

Processing, edited by Petar Djuric and Cedric Richard, Elsevier, 2017, submitted.

S.-X. Wu, H.-T. Wai and A. Scaglione, “Estimating Social Opinion Dynamics Models
from Voting Records”, submitted to IEEE Transactions on Signal Processing, Aug.,
2017.

H.-T. Wai, A. Scaglione and A. Leshem, “Active Sensing of Social Networks”, IEEE

Transactions on Signal and Information Processing over Networks, Sept., 2016.

H.-T. Wai, S. Segarra, A. E. Ozdaglar and A. Scaglione, “Community Detection from
Low-Rank Excitations of Graph Filters”, submitted to ICASSP 2018, Oct., 2017.

S.-X. Wu, H.-T. Wai and A. Scaglione, “Data Mining the Underlying Trust in the US
Congress”, in Proc. GlobalSIP 2016, Dec., 2016.

H.-T. Wai, A. Scaglione and A. Leshem, “Active Online Learning of Trusts in Social
Networks”, in Proc. ICASSP 2016, March, 2016.

H.-T. Wai, A. Scaglione and A. Leshem, “Identifying trust in social networks with
stubborn agents, with application to market decisions”, Invited paper, Allerton Con-

ference, Oct. 2015.



C5. H.-T. Wai, A. Scaglione and A. Leshem, “The Social System Identification Problem”,
in Proc. IEEE CDC 2015, Dec., 2015.

X1. H.-T. Wali, A. Scaglione, U. Harush, B. Barzel and A. Leshem, “RIDS: Robust Identifi-
cation of Sparse Gene Regulatory Networks from Perturbation Experiments”, Tech. re-

port, ArXiv/1612.06565, Dec., 2016.

Our results on multi-agents and large-scale optimization algorithms can be found in:

B2. H.-T. Wali, A. Scaglione and E. Moulines, contributed book chapter, “Methods for de-
centralized signal processing with Big Data” , chapter in Cooperative and Graph Signal

Processing, edited by Petar Djuric and Cedric Richard, Elsevier, 2017, submitted.

J3. H.-T. Wai, J. Lafond, A. Scaglione and E. Moulines, “Decentralized Projection-free
Optimization for Convex and Non-convex Constrained Problems”, IEEE Transactions

on Automatic Control, Nov., 2017.

J4. H.-T. Wai and A. Scaglione, “Consensus on State and Time: Decentralized Regression

with Asynchronous Sampling”, IEEE Transactions on Signal Processing, June, 2015.

C6. H.-T. Wai, W. Shi, A. Nedié¢ and A. Scaglione, “Curvature-aided Incremental Aggre-
gated Gradient Method”, Allerton 2017, Oct., 2017.

C7. H.-T. Wai, A. Scaglione, J. Lafond and E. Moulines, “Fast and Privacy-preserving
Distributed Low Rank Regression”, in Proc. ICASSP 2017, Mar., 2017.

C8. J. Lafond*, H.-T. Wai* and E. Moulines, “Non-convex Optimization with Frank- Wolfe
Algorithm and Its Variants”, in NIPS 2016 Workshop on Nonconvex Optimization for

Machine Learning: Theory and Practice, Dec., 2016. (* equal contribution)

C9. H.-T. Wai, A. Scaglione, J. Lafond and E. Moulines, “A Projection-free Decentralized

Algorithm for Non-convex Optimization”, in Proc. GlobalSIP 2016, Dec., 2016.

C10. J. Lafond*, H.-T. Wai* and E. Moulines, “D-FW: Communication Efficient Dis-



tributed Algorithms for High-dimensional Sparse Optimization”, in Proc. ICASSP

2016, March, 2016. (* equal contribution)

C11. H.-T. Wai, T.-H. Chang and A. Scaglione, “A Consensus-based Decentralized Al-
gorithm for Non-convex Optimization with Application to Dictionary Learning”, in

Proc. ICASSP 2015, Apr., 2015.

C12. H.-T. Wai and A. Scaglione, “Decentralized Regression Under Asynchronous sub-

Nyquist Sampling”, Invited paper, Asilomar Conf. 2014, Nov., 2014.

X2. J. Lafond, H.-T. Wai and E. Moulines, “On the Online Frank-Wolfe Algorithms for
Convex and Non-convex Optimizations”, Tech. report, ArXiv/1510.01171v2, Aug.,

2016.

1.4 Prior Works

This section provides a high level overview of the prior works related to this dissertation.
We shall, however, describe in detail the mathematical formulations of these prior work in

the respective chapters.

1.4.1 On Network Identification

Understanding networks and inferring them using interaction data has been a long
sought problem pursued by researchers of different disciplines, from physicists to bio-
informatists, and from social scientists to machine learning scientists, etc. Prior methods for
network inference can roughly be characterized into statistical learning and dynamics-based

learning, whose prior arts are explored as follows.

In statistical learning methods for network topology inference, we model the interaction
data as realizations of a random process parameterized by a statistical model describing
the influence network. Among which the most popular approach is the celebrated graphical
model [Wainwright et al.(2008)]. Here, the key idea is to rely on the conditional indepen-

dence assumption pertaining to the causal relationship between the nodes — if a pair of



nodes are not connected, then the random variables (r.v.s) defined on them are statistically
independent when conditioned on a set of r.v.s defined on the graph cut between them.
Importantly, this implies that the network topology can be captured by the support of the
inverse of the covariance matrix. The observation above has leaded to the development
of the famous Graphical LASSO formulation [Friedman et al.(2008)], which is essentially a
penalized maximum likelihood method for the graphical model when the observations are
Gaussian. As a matter of fact, the Graphical LASSO formulation results in a non-trivial
convex optimization problem and its fast solution methods have been studied in [Fried-
man et al.(2008), Hsieh et al.(2014),d’Aspremont et al.(2008), Scheinberg et al.(2010), Yun
et al.(2011)]; the theoretical guarantees of the formulation has also been studied in [Baner-
jee et al.(2008)]. Various models have been studied — [Segarra et al.(2016)] proposed to
model the network data as graph signals observed as output of an unknown graph fil-
ter with white, full-rank excitation signals; [Tang et al.(2012b)] proposed a transfer factor
graph model to infer links on heterogenous social networks, [Tang et al.(2012a)] proposed a
trusts evolution model for product review data, [Bresler(2015)] considers Ising’s model and
proposed a greedy algorithm that is guaranteed to find the n-nodes graph using Q(log(n))
samples, [Etesami et al.(2016), He et al.(2015)] studies the Hawkes model and model the
actions of social agents as an arrival process, [Pouget-Abadie and Horel(2015)] considered
the network inference problem from observing a cascading process. Another related ap-
proach utilizes the correlation scores between the nodes’ values and the intuition that a
pair of nodes are connected when they are correlated. They have largely been applied by
practitioners on gene regulatory network (GRN) inference. These include methods such as
random forest [Huynh-Thu et al.(2010)], ranking correlations [Kiiffner et al.(2012)], mutual
information [Faith et al.(2007)], etc. In fact, the random forest based method (GENIE3)
in [Huynh-Thu et al.(2010)] was the top performer in the DREAMS5 network inference
challenge [Marbach et al.(2012)]; also see the derivatives of GENIE3 reported in recent
years [Petralia et al.(2015), Wu et al.(2016)]. Despite their success on GRN inference, there

lacks a theoretical understanding on the limits of using such methods. It is worth mention-
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ing that clustering algorithms such as Latent Dirichlet Allocation (LDA) or Probabilistic
Latent Semantic Analysis (PLSA) have been adopted to infer networks such as citation

graphs and social networks, see [Xiang et al.(2010), Dietz et al.(2007)].

Lastly, dynamics-based learning assumes that certain interaction data can be inter-
preted as the states of a dynamical system, where the latter is specified by a set of differ-
ence/differential equations. This fits into the hypothesis that the states of the agents/nodes
in the networked system evolve with a fixed and known rule [Ronen et al.(2002)] and allows
us to assign physical meaning to the network inference results. Like the statistical learning
method described above, the general approach is to apply a linear regression to find the
best fit network to the dynamical system. In the case of a sparse network, a sparsity en-
hancing regularizer, i.e., the popular ¢; norm, may also be adopted. These methods have
been particularly successful in inferring networked systems with known physical properties,
e.g., oscillator networks [Timme(2007)], epidemic networks [Shen et al.(2014)], social net-
works [Wang et al.(2011b),Han et al.(2015),Das et al.(2014)], gene regulatory networks [Yip
et al.(2010),Bonneau et al.(2006)] and other networks [Ching et al.(2015),Shen et al.(2017)].
When the physical properties are not perfectly known, such method has shown success to
certain degree when applied to GRN inference. Most of the above works focus on the net-
work inference problem using time series data for improved identifiability condition, with
the exception of [Sontag(2008), Timme(2007)]. Moreover, there lacks a rigorous mathemat-

ical analysis on the performance of the proposed method.

The gap filled in this thesis is to provide the theoretical underpinning of network in-
ference problems in the case of limited data. For instance, the graphical model [Banerjee
et al.(2008)] require the observed data to have rank that grows with the size of the net-
work; and the dynamics-based learning approach [Timme(2007),Shen et al.(2017)] requires
observing a large amount of the transient data. These assumptions can, however, be unre-
alistic since the actual network data are often of low-rank, as demonstrated in [DiMaggio
et al.(1996), Brunet et al.(2004), Udell and Townsend(2017)]. Moreover, in social networks,

the evolution of the opinions is latent, while the actions that result from the opinion ma-
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tured by the agents are visible. As such, the network identification method proposed in this
dissertation follows the dynamics-based learning approach with the following distinctions
from the prior work: (i) our method requires only the steady state data, which are more
robust with respect to an imperfect observation model; (ii) the observed network data can
be of low rank, of which the rank is independent of the network size. Importantly, we proved

that the network can still be perfectly recovered under such circumstances.

1.4.2  On Multi-agent Optimization

The study of multi-agent optimization has become popular starting from the 1980s,
when it was motivated by performing distributed estimation on sensor network. Nowadays,
with the wide spread adaptations of Internet-of-Things, the application of multi-agents
optimization has evolved to handling the sophisticated problems emerging from machine
learning applications using the now-powerful mobile devices (e.g., smart phones). In partic-
ular, the focus of recent researches has shifted from simply re-distributing computation load

to more efficient handling of large dataset that is scattered within a network of computers.

Various authors have proposed decentralized optimization algorithms that are built on
the average consensus (AC) protocol [Tsitsiklis(1984), Dimakis et al.(2010)]. Prior works
include [Ram et al.(2012), Shi et al.(2015)] which studied the decentralized counterparts
of projected gradient (PG) methods. These methods are simple to implement and are
shown to converge for a large class of problems and network condition, e.g., on a time
varying network. Moreover, [Yang et al.(2014), Lorenzo and Scutari(2016)] considered the
successive convex approximation methods and a Jacobi-like scheme for decentralized op-
timization. The convergence properties and the performance of these algorithms were in-
vestigated extensively, especially when the objective is convex, see [Sayed et al.(2013), Li
and Scaglione(2013), Ram et al.(2012), Wei and Ozdaglar(2013), Shi et al.(2015), Chang
et al.(2014), Jakovetic et al.(2014), Duchi et al.(2012)]; for non-convex objectives, some
recent results have been reported in [Hong(2016), Lorenzo and Scutari(2016), Bianchi and

Jakubowicz(2013)]. A common trait found in the existing methods on the subject is that

12



each iteration of these algorithms require at least one Euclidean projection operation. When
the size of the problem is moderate, this projection step may be computed efficiently. When
the problem involves a high dimensional parameter, the projection step may become com-

putationally prohibitive, rendering most existing methods impractical.

The shortcomings with existing methods have called for a new paradigm known as the
projection-free (a.k.a. Frank Wolfe, FW, conditional gradient) optimization. Compared
to PG, the FW algorithm can often reduce the complexity by orders of magnitude for
high dimensional problems. Owing to this, the FW algorithm has become increasingly
popular in the machine learning community. However, the state-of-the-art works have only
considered centralized and convez optimization problems, e.g., [Jaggi(2013), Lacoste-Julien
and Jaggi(2015)]. The exceptions are [Bellet et al.(2015)] which considered a distributed
FW algorithm for convex problems with a specific structure; or [Reddi et al.(2016), Lacoste-
Julien(2016), Yu et al.(2014)] which analyzed the centralized FW algorithm for non-convex
problems. In contrast, this dissertation studies a decentralized FW algorithm for the general

joint optimization problem for convex and non-convex optimization.

Besides mimicking classical optimization tools such as gradient and Newton methods,
applying decomposition techniques such as alternating optimization (AO) on networks is
also attractive as they are often effective in handling complicated problem structures. To
this end, decentralized primal-dual/ADMM algorithms are recently considered in [Chang
et al.(2014), Aybat and Hamedani(2016), Hong(2016)], as well as the heuristics in [Chainais
and Richard(2013)]. Compared to PG-based methods, these methods are able to efficiently
handle more complicated constraints. However, except for [Hong(2016)], the convergence
guarantees of these method are limited to the case of convex optimization, while many
interesting applications for AO algorithms involve non-convex optimization. Examples are
problems with dictionary learning or matrix factorization. To close this gap, this disserta-
tion proposes new AO based algorithms for decentralized optimization and provides strong

evidence of its convergence in non-convex problems.
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2 Mathematical Preliminaries and Notations

This chapter presents standard notations and definitions for the mathematical objects
used throughout this dissertation. We group these into three topics — networks and graphs,
linear algebra and mathematical analysis. For easy reference, we state a few standard results

that will be used later on, and provide proofs to them when appropriate.

2.1 Networks and Graph Theory

The network of interest is represented by a simple directed graph G = (V, E), where V
denotes the set of nodes and F C V' x V denotes the set of edges. We orient the edges such
that (i,7) € E denotes there is an edge pointing from node i to node j. Unless otherwise
specified, we assume that (i,7) ¢ E. The graph is strongly connected if for any pairi,j € V,
there exists a path p;; that connects 7 to j. The path p;; from i to j is defined as an ordered
set of edges from E such that p;; = {(¢,v1), (v2,v3),...,(vp,J)}, where (i,v1), (vp,j) € E
and (vg,vgs1) € E for all k = 1,...,p — 1. A path that begins and ends at the same node
is called a cycle. When the graph G is undirected, G is said to have a perfect matching if
there exists M C E such that no two edges in M have a common node and all nodes in V'

are incident to an edge in M.

The node set of a bipartite graph Gy; = (Vi;, Ep;) can be decomposed such that Vj,; =
AUB and AN B = (. The bipartite graph does not contain any edge within node set A
or B, or equivalently, it does not contain any cycle of odd length. We can determine if a

bipartite graph with |A| = |B| has a perfect matching by the following Hall’s theorem:

Theorem 2.1 (Hall’s Theorem [West(2000)]) Let W C A, we denote N(W) C B as
the neighborhood set of W, i.e., N(W) := Upew{J : (w,j) € Ey}. The bipartite graph Gy,
has a perfect matching if and only if

[W| < |INW)|, VIWCA. (2.1)

14



The concept of perfect matching is related to the expander theory that will be used in

Chapter 3.

Lastly, the graph G is associated with a square weighted adjacency matrix A € RIVI*IVI
which measures the interaction strengths among nodes. We have Aj; # 0 if (4, j) € E such
that the support of A encodes the network topology completely. Similarly, the bipartite
graph Gy, is associated with a non-square weighted adjacency matrix B € RIBIXIAl defined
in a similar way as A. Further conditions on V, E, A, B will be described in the context

when we consider the specific applications.

2.2 Linear Algebra

For any natural number n € N, we denote [n] as the set {1,2,...,n}. Vectors (resp. ma-
trices) are denoted by boldfaced letters (resp. capital letters). We denote z; as the ith

RmXTL

element of the vector x, [E]s. (resp. [E].s) denotes the submatrix of E € with only
the rows (resp. columns) selected from S C [m] (resp. S C [n]). Vector e, € R™ is a unit
vector with zeros everywhere except for the kth coordinate and 1 is an all-ones vector with
suitable dimension. The superscript (-)T denotes matrix/vector transpose. || - ||z denotes

the Euclidean norm, || - ||; is the ¢;-norm and (x,y) := x 'y is the inner product. The

binary operator ® denotes element wise product such that [ ® y]; = z;y; for all i.

Consider the generic matrices X, Y € R"1*™2 their inner product is defined as (X,Y) =
Tr(X TY) and | X||r = \/(X, X) denotes its Frobenius norm. Moreover, X admits a singu-
lar value decomposition such that X = UXV . Here U and V are orthogonal matrices and
¥ is a X m, non-negative diagonal matrix with m = min{m,, my} and diagonal elements
o1 > 09 > -+ > o > 0. The Schatten-p norm of X is defined as || X |5, = (Zil af) 1/p;
and the spectral norm || X2 is the maximum singular value of X, i.e., 01(X). The vector-
ization of a matrix X € R"1*™2 is denoted by vec(X) = [x1;X2;...; Tm,| € R""™2 such
that @; is the ith column of X. We use Diag : R” — R™*" (resp. diag : R"*" — R") to

denote the diagonal operator that maps from a vector (resp. square matrix) to a diagonal

square matrix (resp. vector) and > to represent the element-wise inequality. The range

15



space R(X) and the null space null(X) of the matrix X are defined as:
R(X):={yeR™ :y =Xz for some z € R}, nul(X):={zcR™:Xz=0}.

When X is a square matrix, i.e., when m = m; = mao, then the matrix also admits an
eigenvalue decomposition such that X = QAQ~! where Q = [qu, ..., qmn] consists of the
m eigenvectors and A is a diagonal matrix with elements Aq,..., A\, such that X q; = \;q;.
The spectral radius of X is defined as p(X) := max{|\1],...,|A\n|}. If X is non-negative,
then p(X) < maxi<i<n »_;—; Xij [Horn and Johnson(1986), Theorem 8.1.22].

In this dissertation, we are particularly interested in the weighted adjacency matrix A
defined with respect to a graph G and its spectrum when it is non-negative. The following

result is a consequence of the Perron-Frobenius Theorem:

Theorem 2.2 (Theorem 6.2.24, 8.4.4 of [Horn and Johnson(1986)]) IfG is a strongly

connected graph and its weighted adjacency matriz A is non-negative, then:

1. the spectral radius p(A) > 0 and it is an eigenvalue of A.
2. there is a positive vector & such that Ax = p(A)x.

3. p(A) is an algebraically simple eigenvalue of A, i.e., the positive vector x above is the

unique vector satisfying Ax = p(A)x.

In addition, if A is a stochastic matrix, such that A1 = 1, and it satisfies the conditions in
Theorem 2.2, then p(A) = 1 and the largest eigenvalue of A is 1, with the vector 1 being

the corresponding eigenvector.

Now, if the conditions in Theorem 2.2 are satisfied, and the weighted adjacency matrix

A is symmetric and doubly stochastic, then the following fact holds:

Fact 2.1 Let x1,...,xn € R? be a set of N wectors and Tqpg = N1 Zfil x; be their

average. Suppose A is a doubly stochastic, non-negative matriz and the conditions in The-
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orem 2.2 are satisfied. Then the output after performing one round of average consensus

(AC) update:

N
Tr; = ZA” 7 (2'2)
j=1
must satisfy
N N
S 1 — @agll? < 02(A) - | S 125 — a2 (2.3)
i=1 i=1

where o9(A) < 1.

Notice that A corresponds to the mizing matriz required in the average consensus (AC)
protocol [Tsitsiklis(1984)]. Repeatedly applying (2.3) shows the well known fact that the

AC protocol computes the network average at a geometric rate.

2.3 Mathematical Analysis

We describe some basic concepts of mathematical analysis below. Let G, L, u be some

non-negative constants and || - || be a norm defined on R?. Consider a function f : RY — R,

e the function f is G-Lipschitz if for all 8,0’ € R¢
|f(6) — f(8")| < G|l6 -6, (2.4)

where || - ||« is the dual norm of || - ||;

e the function f is L-smooth if for all 8,0’ € R¢
/ / / L /(12
f(6) — f(0) < (Vf(0).6 — )+ 6 -6, (25)

where V f(0) is the gradient of f evaluated at 8, note that the above is equivalent to
IVf(0") = Vf(0)ll2 < L||6" — 0|2
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e the function f is p-strongly convex if for all 8,6’ € RY,
£(0) = 1(8) < (V£(6).6—6') = Lllo 0|13 . (2.6)
notice that if u = 0, the above definition reduces to that of stating that f is convex.

We also state the following descent Lemma pertaining to the proximal operator:

Lemma 2.1 Suppose that f is L'-Lipschitz and the step size 8 satisfies B < 1/L’, then for

any potentially non-smooth g and x € dom(f + g), it holds that

F(y) + o) < f(@) + g(x) - ;ﬁuy—mu%, (2.7)

where
= pross) (2 = BYS(@)) = argmin (9(2) + 550~ @ = BVI@)IE) . (28)

Proof: Consider [Beck and Teboulle(2009), Lemma 2.3]. We assign L = 1/3, x = =,
F(x) = f(x) + g(x) and observe that our variable y can be calculated by pr(x) in the cited

lemma. Since f is L’-Lipschitz, we observe that:

F(pr(x)) < g(pr(x)) + f(x) + (VF (%), pL(x) —=x) + g\lpL(X) —x[3 < Qpr(x), %), (2.9)

where Q(-) is also defined in the cited lemma. Therefore, the required condition is satisfied

and applying the conclusion in the cited lemma yields (2.7). Q.E.D.

Lastly, for some positive constants C1,C5, (5, Co < (3 and non-negative functions

f(t),g(t), the notations f(t) = O(g(t)), f(t) = O(g(t)) indicate f(t) < Cig(t), Cag(t) <

f(t) < Csg(t) for sufficiently large ¢, respectively.
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— PART I —

Modeling and Identification of Networks
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3 Network RADAR for Opinion Dynamics

This chapter is the first part of our expositions on the modeling and identification of net-
work dynamics. Specifically, we focus on modeling the opinion dynamics on social networks

and discuss the methodology for identifying the network underneath it.

3.1 Context and Background

Modeling opinion dynamics on social networks is a century old problem, with the original
research dating back to the beginning 20th century, focusing on explaining the phenomena
of crowd wisdom [Galton(1907)]. However, the network structure wasn’t considered in
opinion dynamics model until the 1970s when the DeGroot model [DeGroot(1974)] was
introduced. The DeGroot model postulates that agents are influenced by their immediate
neighbors and updates their opinions by calculating a convex and weighted combination of
the difference between the neighbors’ opinions and own’s opinion. The intuition behind the
model is that the agent belief is a random mixture model of its neighbors belief he/she had
before interacting. From this, several opinion dynamics models with nonlinear interactions
are considered, e.g., the Hegselmann-Krause model [Hegselmann and Krause(2002)], the
voter model [Holley and Liggett(1975)], etc. Another interesting direction is to consider
the existence of stubborn agents in the network, i.e., sociopaths who only trust their own
opinion [Mobilia(2003), Mobilia et al.(2007), Acemoglu et al.(2013),Yildiz et al.(2013)]; the
influences of these stubborn agents are also studied under the context of DeGroot model
in [Acemoglu et al.(2010),Yildiz and Scaglione(2010), Acemoglu et al.(2013)]. Such models
give a plausible explanation for the non-consensual behaviors exhibited in the actual social
networks. In this context, this chapter provides a unified view on the opinion dynamics
models and the steady state opinions resulted from it. Our model encompasses the DeGroot
model and a few nonlinear opinion dynamics model derived from it. In particular, we

analyzed the steady-state opinions resulted from these models when the social networks
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contains a set of stubborn agents.

The identification problem of social network has attracted much attention as motivated
by recent studies on how the decision making process of an individual is affected by the
network structure [Kempe et al.(2003), Candogan et al.(2012)], as well as the availability
of network data due to the digitalized online social network platforms (e.g., Facebook and
Twitter). Recent advances in this direction can be found in [Moussaid et al.(2013), Das
et al.(2014),De et al.(2014)], where the previous work assumed that the evolutions of opin-
ions are observed at different time instances, giving a rich set of observations on the network.
To relax the assumptions on transient observations, the celebrated graphical model also lead
to a sound heuristics following the conditional independence assumptions. However, most
of the above work rely on identifying the network from a set of full rank data which can
only be achieved when the network is excited at all nodes independently and a sufficient
amount of data is accrued. To this end, this chapter deals with a laxer assumption em-
ploying low-rank network data that is induced by a small number of stubborn agents in the
social network. Importantly, we provide a provable guarantee on the recoverability of the

network in terms of the observation rank in the steady state data.

In the following, Section 3.2 sets up the system model as well as a mathematical descrip-
tion of the perturbation experiments. Then, Section 3.3 outlines the network identification
method employed; Section 3.4 summarizes the proven recoverability conditions. Section 3.5
describes a related community detection method based on the low rank opinion data ob-

served. Lastly, we present results from our numerical experiments in Section 3.6.

3.2 Opinion Dynamics Model

Following the notations defined in Section 2.1 about networks, the social network of
interest G has n agents such that V' = [n] and the weights of A represents the strength of
trust between agents. We allow self-edge in this chapter such that (i,i) € E for all i. The
matrix is non-negative and it is normalized such that it is stochastic, i.e., A1 = 1. From

now on, we shall refer to this matrix as the trust matriz. We consider K different discussions
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among the n agents. Each discussion is indexed by k € [K]. The opinion of the ith agent at
discrete time ¢ is denoted by a scalar x;(t; k), for example, the ith agent’s opinion z;(t; k)

may represent a probability distribution function of his/her stance on the discussion!

, at
time ¢ € N during the kth discussion. As the individuals’ opinions are constantly influenced

by opinions of the others, we model the opinion dynamics with an iterative process:

.%'i(t + 1; k’) = .%'i(t; k) + zn: Aijhi (l’j(t; k) — xi(t; k’)) s (3.1)
j=1

where h;(+) is a response function taking the following form:
hi(x —y) = pile —yl) - (€ —y) (3.2)
and p; : Ry — Ry measures the opinion distance and it satisfies the following:
(a). 11i(0) =1, (b). pi(x) >0, (c). pi(x) is non-increasing in x .

The model in (3.1) says that the opinion update for the ith agent is equal to a weighted
sum of the difference between the ith agent’s opinion and his/her friends, scaled by a non-
linear function p. The non-increasing property of the function u represents the fact that
the influence from one agent to another shall not increase if the two agents’ opinion are
further apart. A number of classical opinion dynamics model can be described by (3.1). For
example, the celebrated DeGroot model can be recovered from (3.1) by setting u(z) =1
for all  see [DeGroot(1974)] and [Friedkin and Johnsen(2011), Chapter 1] for a detailed
description of the application of the aforementioned model in social networks; the bounded
confidence model [Hegselmann and Krause(2002)] can also be recovered by setting p(z) = 1

for x < 7 and p(x) = 0 for x > 7, where 7 is some threshold value. To simplify the analysis,

While our discussion is focused on the case when x;(t; k) is a scalar, it should be noted that the techniques
developed can be easily extended to the vector case.
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we can rewrite Eq. (3.1) as
ot + 1;k) = <Diag(1 — (A®p@t:k)1) + (A pat k:)))> z(t: k), (3.3)

where we stacked the vectors as @(t; k) = (z1(t; k), ..., z,(t;k)) ", denoted [A];; = A;; and

p(x(t; k)) is a symmetric, non-negative matrix given as:

i(lzi(t; k) —a;(t: k)]), ifi# jand (5,4) € E,
niatby], = 1" ) s (3.4
0, ifi=jor (j,i)¢ FE.

It can be proven that:

Observation 3.1 Suppose that the graph G is strongly connected and p;(x) > 0 for all i, x,
then with some c(k) that depends on p; and x(0;k), the steady state opinions satisfies
tliglo x(t; k) = c(k)1 . (3.5)
Note that the above is a well known fact in the distributed control literature [Blondel
et al.(2005)] for the case of linear DeGroot dynamics, for the nonlinear case, similar result

has also been shown in [Li et al.(2011b)]. For completeness, a simple proof is provided in

Appendix 3.A.

We note that the results described in Observation 3.1 may be unrealistic as consensus is
seldom reached in actual social network. Furthermore, for the purpose of retrieving A from
the observed opinions, the observation above clearly indicates that the steady-state opinions
cannot help reveal any information about the network structure. In fact, most prior works
on the topic have required complete/partial knowledge of 7 such that the opinion dynamics
are trackable. In addition, [De et al.(2014)] infers A by solving a simple least square problem
using a linear dynamics model; [Timme(2007), Wang et al.(2011b)] deal with a time-varying,

non-linear dynamics model and apply sparse recovery to infer A. The drawback of these
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methods is that they require knowing the discrete time stamps for the observations made.
This knowledge may be difficult to obtain in general since the actual system states are
updated with an unknown interaction rate and the interaction timing between agents is not

observable in most practical scenarios.

To model the non-consensual behavior in social networks, we consider the effects of
stubborn agents, i.e., individuals whose opinions cannot be influenced by the others, to the
steady state of the opinion dynamics described. As we shall see next, the resulting steady
states depend on the initial opinions of the stubborn agents. In this way, the stubborn
agents can be seen as introducing perturbations into the social network. The steady states

characterized will then be used for the network identification.

Before we move on, we remark that it is possible to consider a setting with a time varying
trust matrix of random connectivity. In fact, our analysis can be extended as one replaces

A in the previous equation with a random matrix A(¢; k), which satisfies the following:

H3.1 The matriz A(t; k) is an independently and identically distributed (i.i.d.) random
matriz drawn from a distribution satisfying E[A(t; k)] = A for allt € N, k € [K], where the

expectation is taken w.r.t. the distribution of A(t; k).

However, for simplicity, we focus on the static case from now on. A random opinion dy-

namics setting will be revisited later.

3.2.1 Effects of Stubborn Agents

We consider extending the social network G by appending S stubborn agents into the
social network. Formally, stubborn agents (a.k.a. zealots) are members of a social network
whose opinions can not be swayed by others. If agent 7 is stubborn, then z;(t; k) = x;(0; k)
for all . Adapting to the DeGroot opinion dynamics, these agents can be characterized by

the structure of their respective rows in the trust matrix:

Definition 3.1 An agent i is stubborn if and only if its corresponding row in the trust

24



Regular-regular net. D Stub.-regular net. B

; ®
' [
\\ / |\ !
\ S
\f\) z Y
\\ - 4

~ - Y
______ j_—

Regular agents V. Stubborn agents Vj

Figure 3.1: Illustration of the social network with stubborn agents and the sub-networks

therein.

matriz A is the canonical basis vector; i.e., for all j,

1, if j =1,
Ay = (3.6)
0, otherwise .

The extended social network G’ consists of n + S agents, denoted by V/ = [n + S| and the
edge set is denoted by E/ C V' x V'. Without loss of generality, we let V5 := [S] be the set
of stubborn agents and V, := V' \ Vs = {1+ S,...,n+ S} be the set of regular agents. The

trust matrix A can thus be partitioned as follows:

I 0
A= , (3.7)

B D
where B € R"*S and D € R™*" are the sub matrices of A € R®t9)X(+5)  The matrix
B captures the sub-network between stubborn and regular agents, and D captures the

sub-network among the regular agents themselves. See Figure 3.1 for an illustration of the

sub-networks involved. We further impose the following assumptions:

H3.2 Fach agent in V,. has non-zero trust in at least one agent in V.
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H3.3 The induced subgraph G'[V,] = (V,, E'(V;)) is strongly connected.

It can be shown that the two assumptions above imply that the principal submatrix D
satisfies ||DJ|2 < 1. We are interested in the steady state opinion resulting from (3.1) at
t — oo, which can be characterized using the observation below. Define the shorthand
notation ¥ := x(oco;k) and the partition that =¥ = (2¥;y*) such that z* (resp. y*)

corresponds to the steady-state opinions of the stubborn agents (resp. regular agents), we

have:

Lemma 3.1 Letting t — oo in (3.1), we have:
(Ding(£) ~ Do niy") )y = (Bo aly*,z)z" and 2 =z(0k),  (38)

where

f¥=(Doupy"))1+ (Bopy" 2")1, (3.9)

and u(y*) is defined in (3.4). The matriz fi(y"*, 2¥) is defined as
[y, 2", = ulyf = 251) - (3.10)

The proof can be found in Appendix 3.B. Notice that the above characterization leads
to a nonlinear system of equations in x(oo; k) which could be solved using a fixed point
iteration. However, it does not lead to a closed form solution in general. Nevertheless,
the stubborn agents introduce perturbations to the steady states of the opinion dynamics
systems and reveal structures of the social network in the steady states. Next, we discuss
two interesting observations on Lemma 3.1 for the special case with linear DeGroot opinion

dynamics, i.e., when pu(z) =1 for all z.

Low Rank Steady-State Data. When restricted to the special case when p(x) = 1 for all
x, i.e., the linear DeGroot dynamics, Lemma 3.1 instead provides a closed form expression

for the steady state opinions. Specifically, the steady state opinions of regular agents at
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t — oo can be written as:

y* = (I - D) 'BzF. (3.11)
We observe:

e The steady state opinions depend on the stubborn agents and the structure of the
network. Unlike the case without stubborn agents, the information about the network

structure D, B is retained in (3.11).

e The range space of A®, where A = lim;_,, A?, has a dimension of at most S only.
Since the number of stubborn agents S is usually much less than the number of regular
agents, this implies that the steady-state opinion also lies in a low dimensional space.
Importantly, we see that the existence of stubborn agents in the DeGroot opinion

dynamics naturally gives rise to a low rank structure in the steady-state opinion data.

Diagonal Ambiguity. Under the linear DeGroot opinion dynamics setting, we notice
that there is an intrinsic diagonal ambiguity for the linear equation in B, D of Lemma 3.1,

as characterized by the following:

Lemma 3.2 Let £ € R™ be such that 0 < £ < 1 and define the matriz pair (Byg, Dg) such

that:

1-¢
1 — diag(D)

£

Dy = Diag(£) + Diag ( ) off(D), By = Diag (1—1di;g(D)) B, (3.12)

where off(D) = D — Diag(diag(D)) and the fraction inside the bracket is an element-wise
division. Then it holds that (I — D)™'B = (I — Dy)~' By for all £.

Once again, we relegate the proof to Appendix 3.C. In fact, the ambiguity stated above can
be understood as the loss of information on the rate of convergence in the opinion dynamics,

k

which is natural as the data y*, 2* recorded are steady state opinions.

Lemma 3.2 implies that the equality (3.8) can be satisfied by infinitely many pairs of

(Bg, Dy), each with a different diagonal entries £ in the square matrix Dy. As a remedy,
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Figure 3.2: Data acquisition for opinion dynamics identification.

we choose to emphasize the degree of ‘openness’ of the agents. We consider the normalized

network (By, Dg) with £ = 0, written as:

1 1
D, :=Di —— | off (D), By :=Di ——— | B. 3.13
o= Ding (e ) D) B Dine (g ) (3.13)
Notice that both the network topology and relative strengths of interaction between agents
are preserved, regardless of the chosen £. From now on, we shall use (B, D) to denote the

normalized network (By, Dy) to keep the presentation simple to follow.

Nevertheless, Lemma 3.1 motivates us to formulate a regression problem that estimates

D, B from the observed steady-state opinions, as described in the next section.

3.3 Opinion Dynamics Identification

We now study the problem of network identification using stubborn agents. Instead of
tracking the state evolution in the network similar to [De et al.(2014), Timme(2007), Wang
et al.(2011b),Shen et al.(2017)], our method is based on collecting the steady-state opinions
from K > S discussions and fitting them into the equilibrium equations governed by the
dynamics. In particular, our input data can be described as the collection {yk, z’“}i(:1 of

steady state opinions.

Graphical LASSO. Before describing the proposed method, let us take a short detour

by describing a popular method for network identification with steady-state data. The
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graphical LASSO (gLASSO) is a method introduced in [Friedman et al.(2008)] for inferring
the latent structure of the random variables (r.v.s) generated from a Gaussian Markov
random field (a.k.a. undirected graphical model) [Wainwright et al.(2008)]. The method
relies on the following observation — consider a random vector X € R" generated from
a graphical model with G = (V| E) as the underlying graph and X; is an r.v. associated
with node ¢ € V. Assume that the covariance matrix Cx of X is full rank. If (i,j) ¢ FE
and S C V is a graph cut between them, then X;, X; are independent when conditioned
on (X;)ses. Furthermore, the conditional independence property can be captured by the
support of the inverse of covariance matrix such that [C'y'];; = 0. In light of this, [Friedman

et al.(2008)] proposed the following Graph LASSO optimization:

Jnin - —logdet A + Tr(CxA) + pllvec(A)|; st. A=AT, (3.14)
c nxn

where p > 0 is a regularization parameter, Cy is the empirical covariance matrix of X that
approximates the inverse of C'x and therefore the connectivity of the graph G. The glLASSO
problem (3.14) is essentially a penalized maximum likelihood method for the graphical
model. In particular, if we set the regularization parameter as p = O(1/vk) where k is
the number of samples obtained for estimating C'x, then the latent graph structure can be

recovered in high probability [Banerjee et al.(2008)].

The Graph LASSO might be applied as a heuristic to estimate the latent network
structure of the social network by operating on the covariance of the regular agents’ opinions.
To obtain insights on its performance, let us assume the linear opinion dynamics setting
and that the initial opinions of the stubborn agents are white, i.e., E[z¥(2F)T] = I. The
covariance matrix of the regular agents’ opinions is:

C, =Ely*(")T|= (I~ D)"'BB(I- D). (3.15)
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Note that Cy is rank deficient, and its pseudo inverse (denoted by (-)T) is given as:

Cl=I-D)BB")(I-D)". (3.16)

Effectively, solving the Graph LASSO problem (3.14) by setting C, = (1/K) Zszl y*(y*)"
as the empirical covariance matrix of the regular agents’ opinions finds the sparsest positive
semidefinite matrix that approximates (3.16). As I — D is sparse, it is anticipated that
the gLASSO method may be able to recover the support of D partially. However, there
is no theoretical guarantee to its identifiability condition, even when the covariance Cj is

estimated perfectly.

Proposed Method. Departing from the common graphical model based formulation,
we propose to utilize a model/dynamics-based learning approach for identifying the latent
network structure. To handle the rank deficiency issue, we exploit the sparsity of the network
and demonstrate that the network can be provably identified under such weak assumptions

on the observed data.

To begin with, consider splitting the linear equation in a row-by-row fashion, we observe

that (3.8) implies:

Fof = (df © [u@h),. vt = (o] © [aWF 2], )25 vieml,  (37)

where b;, d; denote the ith row of the matrix B, D, respectively. Importantly, the above is
a linear equation in the network parameters (b;, d;). This motivates to identify the network

via solving the below problem:

min ZJkB di)+p-g(bi,d;) st. bj1+d/1=1, (3.18)
b;,d;>0
where
— k 5T k k_ (3T o [5fak ok k|?
Te(bidy) = |1yl = (d] © ()], )v* = (6] © (A", 2M),,)= ( : (3.19)
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p > 0 is a regularization parameter and g(-,-) is the regularization function. Furthermore,
if the dynamics is linear (with p(z) = 1), we shall include the constraint [d;]; = 0 in (3.18)

to avoid the issue with diagonal ambiguity [cf. Lemma 3.2].

In this work, we examine two types of regularizations which focus on enforcing sparsity
of the identified network, they are chosen depending on the type of opinion dynamics and

available prior knowledge on the network:

gstub(i)iadi) = ||61H17 gactive(i)i,di) = ||dz”l +IQB(61') )

) 0, if[b]; =0,V (i,5) ¢ 05, (3.20)
such that Zq,(b;) =

oo, otherwise ,

where (g is defined as the support set of the true stubborn-regular network, i.e., Qp =
{(i,7) : Byj # 0}. For the regularization functions above, gsb(-) regularizes on the sparsity
of the stubborn-regular network; while gactive(+) assumes knowledge on the network topology
between stubborn and regular agents (only). We refer to the setting when Qp is available
as the active sensing scenario. In the active semsing scenario, the stubborn agents are
regarded as active agents inserted intentionally in order to reveal the network structure for
the network identifier, as such, the set of agents to be influenced by them can be controlled
artificially and thus Q25 is known to us. Typically, we can achieve better performance in the
active sensing setting and in fact, certain provable identifiability guarantees can be provided
in this setting, as we shall expatiate in the next section. Notice that the support set of D,

i.e., the regular-regular agents’ network topology, is assumed to be completely unknown.

Lastly, we comment on the computational complexity of solving (3.18) using the pro-
posed regularizers. Notice that (3.18) is a convex problem with n + .S variables. The above
can be solved in polynomial time using off-the-shelf package like cvx or with specific soft-
wares like GPSR [Figueiredo et al.(2007)]. To recover the entire network involving (b;, d;)?_,,

we can solve the n instances of (3.18) in parallel.

31



3.4 Guarantees for DeGroot Dynamics Identification

Our next endeavor is to study the network identifiability condition such that the social
network can be identified perfectly. Notice that we seek to provide conditions such that

both the network topology and the weights on the edges are recovered.

To conduct a tractable analysis, we focus on the setting with linear DeGroot dynamics,
i.e., when u(x) = 1 for all z, and using active sensing, i.e., where the support of B, Qp,
is known. Our goal to derive the smallest possible number of stubborn agents and the
corresponding configuration that guarantees perfect identifiability. The provided condition

in turn represents also the lowest possible opinion data rank required. We assume:

H3.4 Each row of the matriz D, d;, satisfies ||d;||o < dmax for all i € [n].

H3.5 The observation model (3.11) is exact such that opinions are observed without noise

and we observe opinions from K > S topics.
H3.6 The support of the matriz B, Qp := {(i,7) : [Bli; = 0}, is known.

In light of H3.5 and H3.6, we shall study the the following network identification problem:

for all i € [n],

min ”(LH() s.t. Bz >0, (i, >0, i);r]. + Ci;r]. =1, [Cil]l =0,
b;.d; (3.21)
bl 2t +dlyF =y, Yk, [bi]; =0, Vje,

the above problem is similar to problem (3.18) with the regularizer g'(-). Analyzing the set

of feasible solution to (3.21) leads us to study the linear system:
l;iTzk + (f;ryk —yf vk = Z'bi+Y"di =y, (3.22)

where Z = (2!,...,25) e R>E Y 1= (y!, ..., yf) e RK and y; = (v},...,yK) is the

32



ith row of Y. From (3.11), it holds that
YZ' =(I-D)'B, (3.23)

where Z' denotes the pseudo inverse of Z. Traditionally, analyzing the identifiability of
(3.22) requires characterizing the spark of the resulting ‘sensing matrix’ (see [Eldar(2014)]).

However, determining the spark of a matrix is non-trivial.

In fact, the system (3.22) is closely related to the problem of compressed sensing, as we

consider the following alternative representation:

Z'b;+Y'di=yi <= Z"b;+Y (di—e;)=0
— b+ (YZ) (di—e)=0
—b+B ' (I-D) "(di—e;)=0 (3.24)
<= B (I-D) "(di—e)+e)=b—b

«~— B'(I-D) "(di—d;)=b; — b, .

On the left hand side of (3.24), we note that due to the self-trust constraint [d;]; = 0, the
number of unknowns in d; is n — 1. On the right hand side of (3.24), the difference b; — b;
is zero on indices j whenever [b;]; = 0, as the support of b; is known to (3.21); otherwise,

the terms on the right hand side are in general unknown.

In light of the above, a sufficient condition for network identification can be obtained
by ignoring the rows in the linear system whenever [b;]; # 0. In particular, we require that
the matrix obtained by deleting such rows from BT(I — D)~T € R5*™ have a null space
that consists only of dense vector. It follows that one could study the so-called restricted
isometry property of such matrix. Before giving our identifiability condition, we provide

two further remarks:

e Observethat BT (I-D)~" = BT (I+D+D?+...)7; i.e., the sensing matrix (before

row-deletion) is a perturbed version of BT. When the perturbation induced by D is
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small, we could study B alone as the sensing matrix.

e There exists a trade-off between (2, and the identifiability performance. Notice that
a sensing matrix’s performance (e.g., as measured by the so called restricted isometry
property constant) is typically better if the matrix is dense. However, as indicated
in (3.24), we need to ensure that there is a sufficient number of known ‘observations’
(or zeros) in the right hand side of the underdetermined system (3.24), which is

determined by [€,].

The second remark prompts us to consider an optimized placement of stubborn agents
when the matrix B is required to be sparse while maintaining a good sensing performance.
As suggested in [Khajehnejad et al.(2011)], a good choice is to construct B such that each
row in B has a constant number ¢ of non-zero elements. Our proposed construction is

summarized by the following assumption:

H3.7 The support of B € R ie., Qp, is constructed such that each row of it has exactly

£ non-zero elements, selected randomly and independently.

Notice that the above corresponds to setting the stubborn-regular network as a random,

constant left-degree bipartite graph.

The theorem below provides the main result of this chapter. It gives the condition on
dmax and S such that the social network can be identified through (3.21). Let H(x) be the

binary entropy function, we have the following sufficient condition:

Theorem 3.1 Define a := 2dmax/n, bmin = minjjeqy Bij, bmae = max;jeqy Bij, B =
S/n and B’ := B —{/n. Assume that conditions H3.4 and HS3.7 hold, and that the following
conditions are also satisfied

H(o) + f'H(a/B')
alog(p'/a)

¢ > max {4, 1+ } Din (2d — 3) — 1 — 2bas > 0 . (3.25)

Then, as n — oo, there is a unique optimal solution to (3.21) that (b;,d;) = (b;,d;) with
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H a=008] a=016]a=024] a=032]a=040
(=51 03420 | 05280 | 0.6730 | 0.7940 | 0.8950

=6 0.2340 0.3850 0.5100 0.6190 0.7160
(=17 0.1870 0.3190 0.4330 0.5360 0.6290

Table 3.1: Evaluating the minimum S’ required by (3.25) for the sufficient condition of
perfect network identification with different combinations of ¢, . Note that 5’ > a and the
number of stubborn agents required can be evaluated as S =~ 'n + ¢ and the maximum

in-degree required is an/2.

probability one. Moreover, the failure probability is bounded as:

o N -1

Pr((bi’ i) # (bidi), Vi€ [n]) < <ﬁ) —5— + O D) (3.26)
n

The proof of Theorem 3.1 is in Appendix 3.D where the claim is proven by treating the

unknown entries of B as erasure bits, and showing that the sensing matrix with erasure

corresponds to a high quality expander graph in high probability. To the best of our

knowledge, Theorem 3.1 is a new recoverability result proven for blind compressed sensing

problems.

The first condition in (3.25) provides a guideline for determining the number of stubborn
agents S needed and the role played by the sparsity parameter ¢ for B. To gain some
intuition, consider the situation where n — oo, 3, — 0 while the ratio '/« is constant;
then, the second condition in (3.25) can be approximated by

B H(a/B') }
)

€>max{4,1—|——7

o Tog(B' /o) (8.27)

where the right hand side is minimized by '/« ~ 1.27 and requiring ¢ > 4.362. Hence,

setting £ = 5 so this condition holds, the number of the stubborn agents needed is:

S>pBn=>54+pBn>5+127an > 5+ 2.54dmax = Qdmax) - (3.28)
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On the other hand, the second condition in (3.25) indicates that the amount of relative
trust on the stubborn agents in the network cannot be too small. This is reasonable since
the network identification performance should depend on the degree of influence of the
stubborn agents relative to everyone else. Table 3.1 gives a list of the values required
for 3’ and subsequently the required number of stubborn agents can be derived. Note
that the number of stubborn agents required is still large. However, as this number only
corresponds to a sufficient condition for perfect network identification, in practice the model

based method also provides good performance when this condition is significantly relaxed.

We notice that Theorem 3.1 is proven for the case when an fy norm minimization
problem (3.21) is considered. Even though (3.21) is non-convex, it can be well approximated
by its ¢; approximation. In particular, problem (3.18) solved with gactive() gives a good
approximation that it, as we observe from the numerical experiments. We also remark that
the probability bound in (3.26) is associated to the random construction of Qp in H3.7. In
particular, when n is finite, this failure probability grows with the size of Qpg, i.e., O(¢?).
This indicates a possible tradeoff between the size of (g and the identification accuracy.
We conclude this section by showing how to deal with randomized interactions. Lastly, we
remark that the results above are proven only for DeGroot dynamics. An interesting but

challenging extension is to generalize the identifiability conditions for nonlinear dynamics.

3.4.1 Random Opinion Dynamics

So far, our network identification method requires collecting the steady state opinions
(zk,yk) resulted from a static opinion dynamics model. A more realistic setting is to
consider a randomized opinion dynamics. Here we focus on the DeGroot opinion dynamics
as in the previous section. Importantly, we recall H3.1 and the following randomized linear
opinion dynamics:

1 0

x(t+ 1;k) = A(t; k)x(t; k), where A(t; k) :== . (3.29)
B(t;k) D(t;k)
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In the same spirit, we also define E[B(t; k)] = B and E[D(t;k)] = D. Now, let us re-
examine the requirements on the opinion data. From (3.11), as one wishes that the collected
data (y", z") from the kth discussion to satisfy y* = (I — D)"'Bz*. Naturally, this can

be obtained by taking the following expectations:
y* = Ely(oo; k)|2F] and zF = E[z(t; k)] . (3.30)

However, in practice, this may be difficult to realize as computing the expectation requires

taking an average over the ensemble of the sample paths of { A(¢; k) bwe wi-

Instead of proceeding with (3.30), we prove that the randomized opinion dynamics is an
ergodic process and replace (3.30) with a time average. To fix idea, let us consider a noisy

observation model on the opinions:
z(t; k) =x(t; k) +n(t: k) . (3.31)

Now, suppose that we accrue a time series of the opinions {&(t; k)}ic7,, where T C N is

an arbitrary sampling set. We define:

B(Tik) £ o Y a(1i) ~ Ela(octk)a(0:4)] (3.32)

teTr
Specifically, the temporal opinions samples are collected through random (and possibly
noisy) sampling at time instances on the opinions. The following theorem characterizes the

performance of (3.32):

Theorem 3.2 Consider the estimator in (3.32) and we denote the steady state opinion as
T(oos k) £ limy oo E{x(t; k)|z(0;k)} = A®x(0;k). Assume that E{||D(t;k)|2} < 1. Let

T, :=min{t : t € Ty}, if T, — o0,
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1. then the estimator (3.32) is unbiased:

E[&(Ti; k)|z(0; k)] = Z(o0s k) . (3.33)
2. then the estimator (3.32) is asymptotically consistent:

lim E[[|2(Tx; k) — ®(00; k) [|3](0; k)] = 0. (3.34)

[Tk | =00

For the latter case, we have

/! ‘779|_1

C ( 3 )\ming\tuz'*tﬂ)’ (3.35)
1=0

| 7]

E[!\i(ﬁ;k) —Z(c0; k)||3 | w(O;k)} <

where C" < 0o is a constant and A = A\pqax (D) < 1, i.e., the latter term is a geometric series

with bounded sum.

Note that a similar result to Theorem 3.2 was reported in [Ravazzi et al.(2015)]. Our result
is specific to the case with stubborn agents, which allows us to find a precise characterization

of the mean square error. The proof of Theorem 3.2 can be found in Appendix 3.E.

Remark 3.1 From (3.35), we observe that the upper bound on the mean square error can
be optimized by mazimizing min, j,.; |t; —t;|. Suppose that the samples &(Ty; k) have to be
taken from a finite interval [Tiaz] \ [To), Tmaz < 00 and |T| < oo; here, the best estimate

can be obtained by using sampling instances that are drawn uniformly from [Tpmaez) \ [To)-

3.5 Community Detection from Low-Rank Data

The community detection problem is a closely related to network identification described
in the above. Here, the aim is to partition the set of agents into communities which form
close knit with the other [Fortunato(2010)]. Knowing the community structure is crucial
to understanding a social network from a macroscopic view, e.g., it reveals the membership

property of specific agent such as the political party that an agent leans towards. To this
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Figure 3.3: Proposed approach for the sketched community detection method from low-rank

observed opinion data.

end, computational methods, which are often put into the same context as data clustering,
have been studied in the prior work [Boutsidis et al.(2015), Tremblay et al.(2016)] with focus
on handling large graphs efficiently. However, almost all of the prior work require knowing
the network topology structure as the input parameter. When the network topology is
unknown, a naive approach is to adopt a two-stage procedure — we first apply the network
identification method described in Section 3.3 to infer the entire network, then we apply
the off-the-shelf methods in [Fortunato(2010)] to perform community detection. Clearly, the
two-stage approach is not desirable as it involves a relatively high computation and storage
complexity in identifying the entire network, moreover in the rank deficient case (with
limited number of stubborn agents) the network identification result may be erroneous,

leading to further errors in the community detection.

In this section, we present a new method for community detection on the low-rank
steady-state data collected under the DeGroot opinion dynamics model with stubborn
agents. Specifically, we propose a direct approach which finds the community structure

without the need of identifying the entire network, as overviewed in Figure 3.3.

Community Detection. It is instructive to describe the relationship between the com-
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Figure 3.4: Ilustrating a network with C' = 4 communities and its adjacency matrix.
(Left) Adjacency matrix with the yellow dots indicating the existence of an edge. (Right)

Visualization of the corresponding graph using a ‘force’ layout.

munity structure and the rank of adjacency matrix. In particular, a set of nodes is grouped
into a community when the edge density among these nodes is high compared to those
nodes not in the same community. An instance of such network with C' = 4 communities
is illustrated in Figure 3.4. As seen, the adjacency matrix is roughly block diagonal with
C = 4 blocks, and each block is approximately equal to an all-ones matrix, i.e., a rank-one

matrix, implying that the rank of the adjacency matrix is roughly C' = 4.

The above observation suggests that for a network with C' communities (C' < n), its
adjacency matrix should also have an approximate rank of C, i.e., a low rank matrix. In
fact, the classical spectral clustering method [Ng et al.(2002)] can be motivated from this
observation — we first find the top C' left singular vectors, Vo € R™*¢ | corresponding to
the largest C' singular values, of the (weighted) adjacency matrix D, then we apply the
K-means algorithm [Hartigan and Wong(1979)] to cluster the n row vectors in V¢ into C
clusters. In this method, the first step can be seen as a ‘denoising’ procedure as it retains

the principal components necessary for clustering.

Proposed Method. Now we begin the development of our community detection method,
let us recall the relationship between the pair of observed tuple (yk, P ). Under the DeGroot

opinion dynamics setting, we have y* = (I — D)~'Bz* from (3.23). Through stacking the
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K pairs of observed opinion data and taking pseudo inverse of the stubborn agents’ opinions,

the following linear transformation can be computed:
r=YZ' =I-D)'B=(I+D+D*+---)B. (3.36)
We observe that I' can be decomposed into:
I'=B+D(I-D)'B=B+(D+D*+--)B, (3.37)

Let us first focus on the last term. As n > S, the matrix above has a dimension of n x S
and it can be viewed as a sketch of the matrix series D + D? + - --. Moreover, the matrix
series D := D(I — D)~' = D 4 D? + - - - is a superposition of the regular sub-network (or

regular-to-regular network) and its high order multiplications, note that:
[D*];; > 0 if there exists a path from j to i in G[V;] with length <k .

On the other hand, as |[D||2 < 1 under H3.3, the edge weights of the higher-order links in
DF decays exponentially. Therefore, the community structure in the original regular-regular
network is retained in the series D since the latter is dominated by D. It follows that if
there are C' communities in the original regular-regular network D, the matrix series D
will be approximately rank C'. We remark that the matrix series D is also related to the

notion of Bonacich centrality [Bonacich(1987)].

Consider the second term in the decomposition (3.37), as n > S, the matrix product
DB can be seen as a sketched version of D. However, if S > C and D contains C
communities, under some mild conditions, it can be shown that the range space of [INDB}C,
the rank C approximation of DB , is the same as the range space of D. This implies the
spectral clustering result on D should match with that on DB. The observation above can

be quantified rigorously as stated in the following proposition:
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Proposition 3.1 Define the following SVDs of the matrices:
D=VAU', DB=PxQ", (3.38)

and we denote the partitions V. = [Vo Vn_¢], U = [Uc Un_¢], P = [Pc Pn_¢] and
Q = [Qc Qn-—c), such that Vo (resp. Vy_¢ ) denotes the ‘left-most’ (resp. ‘right-most’) C
(resp. N — C) column vectors of V. Let [D]c be the rank-C approzimation of D. If the

matrices [D]cB and DB are at least rank-C, then

2

0l Ac+1 _
PPl ~VeVI 3= 115 1 < 2P UL Bl W BQo) M (339)

The proof is inspired by [Boutsidis et al.(2015)] and can be found in Appendix 3.F.

The squared spectral norm error in (3.39) quantifies the difference between the range
space spanned by the top C' left singular vectors of D and its sketched version DB. Essen-
tially, the proposition shows that this error depends on the spectral gap of the ‘adjacency’
matrix D. Notice that the constant n:=Aoy1/Ac L Lif Dis approximately rank C. This
confirms with the intuition that if D contains C' communities, then the two range spaces

match and the spectral clustering applied on DB can recover these communities.

Now suppose that (i) S > C, i.e., there are more stubborn agents than the number
of communities in D, and (i) the stubborn-regular network B is sparse, then the linear
transformation I" follows a ‘sparse + low-rank’ decomposition [cf. (3.37)]. We are interested
in estimating the ‘low-rank’ component in it, this motivates us to consider the following

problem:

Y*=arg min |vec(T = Y)|1 + ol Vo1 s (3.40)
yER”XS

where || - ||;1 denotes the nuclear norm and p > 0 is a predefined parameter. In the
above problem, the first term exploits the sparseness of B and seeks to remove it from the

observation I'; while the second term exploits the low-rankness of I' — B.
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Algorithm 3.1 Community detection from low-rank excitation.

1: Input: Collected opinion tuples {y*, 2* }szl; desired number of communities C.

2: Calculate T' = Y Z' from the collected opinion tuples {y*, z* ME

3: Estimate DB by solving the convex program (3.40) and denote Y* as the optimal
solution.

4: Find the top C left singular vectors to Y* associated with the largest C' singular values.
Denote the set of singular vectors as Py e RVXC,

5. Perform K-means clustering (e.g., [Hartigan and Wong(1979)]), which optimizes:

2
, St CGCV, (3.41)

C
Y
1;--LC izleCi

N 1 Z .
' gec;

A~

where p; 1= [130]1-7: € RC. Let the solution be él, ..,Co.

6: Output: Partition of V, into C' communities, Ci, ..., Cc.

As shown in [Chandrasekaran et al.(2011)], when B is sufficiently sparse and the ratio
C/S is sufficiently small, then the optimal solution to (3.40) will be the desired sketch D,
i.e., Y* ~ DB. As argued by Proposition 3.1, applying spectral clustering on DB yields a
similar result as applying spectral clustering on D (and thus D) given n < 1. Finally, we

summarize the proposed community detection method in the pseudo code Algorithm 3.1.

3.6 Numerical Results

This section validates the efficacies of our methods with numerical experiments. Specifi-
cally, we focus on cases when the network dynamics model (3.3) is exact while the measure-
ments may be noisy. In the following, we first focus on the linear DeGroot opinion dynamics
case with pu(z) = 1 for all x, then we study the network recovery performance under nonlin-
ear opinion dynamics. We mainly focus on synthetic opinion data where both the network
topology and the opinions observed on it are generated randomly. To emphasize the crucial
importance of considering data collected from real networks, e.g., the online social networks

(e.g., Facebook, Twitter), we also consider the case when the network topology is taken
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from real world social networks.

For topology identification, we compare the area under precision-recall (AUPR) and area
under receiver operating characteristic curves (AUROC), see [Davis and Goadrich(2006)] for
the respective definitions; for the network weights identification, we compare the normalized

mean square error:
I[B*, D*] - [Bo, Dol 7
IBo, Do]|[3 ’

NMSE = (3.42)

where By, Dy are the normalized ground truth trust matrices as defined in (3.13), and
B*,f)* are the optimal solution obtained from solving (3.18). Notice that the topology
identification is perfect when AUROC and AUPR approach 1. If the NMSE is zero, then the

network topology is perfectly identified, i.e., it is a stronger condition to satisfy.

3.6.1 Linear Opinion Dynamics

The first series of numerical experiments focuses on the linear DeGroot opinion dy-
namics. In particular, our aim is to present numerical evidences to verify our theoretical
findings on perfect network identification [cf. Theorem 3.1]. We set K =25 and p = 0.1 in

Problem (3.18) for all experiments below. The initial opinions are all generated as U[—1, 1].

We first focus on the case with perfect/noiseless opinion observation, i.e., the steady
state opinions y*, z* observed follow the relationship (3.11) exactly. Now let us consider
a case with a relatively small-scale network with n = 100 regular agents and compare
the performance with different number of stubborn agents, and the regular-regular network
(corr. to D) is generated as an Erdos-Renyi (ER) graph with connectivity probability of o =
0.08. Moreover, following the analysis results in Theorem 3.1, we construct the stubborn-
regular network (corr. to B) by randomly assigning ¢ = 5 stubborn agents to each regular
agent. The network weights are first generated as ¢[0, 1] and then normalized such that A

forms a stochastic matrix.

Under the setting described, Figure 3.5 shows the topology identification performance

against the number of stubborn agents S. From the figure, we observe that the AUROC /
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Figure 3.5: Comparing the topology recovery performance against the number of stubborn
agents S. The regular-regular network is a 100-nodes ER graph with connectivity a =
0.08. The shaded area shows the 5% / 95% percentile interval for the AUROC/AUPR

performances. Problem (3.18) is tested with two regularizers — gstub(+) and gactive(+)-

AUPR performance improve as the number of stubborn agents increases. For the proposed
method via solving (3.18), a nearly perfect topology identification is achieved when S ~
45 < n = 100. Moreover, we see that the proposed method has outperformed Graph
LASSO. Lastly, we observe that the proposed method with ‘active sensing’ (with gactive()
in problem (3.18)) has a slightly better topology identification performance than the case

without ‘active sensing’ (with gstup(-) in problem (3.18)).

We also compare the network weights identification performance in Figure 3.6 using
the same setting as before. Notice that Theorem 3.1 predicts that the number of stubborn
agents required is roughly S =~ 57. This is confirmed by the left plot which shows that
the NMSE performance under the setting with ‘Reg. B’ and ‘active sensing’. In particular,
we observe that the actual performance is slightly better than the predicted one as the
latter is only a sufficient condition. In the same figure, we also examined the effect on
the performance with different construction of the stubborn-regular topology (corr. to B).

Specifically, the ER-like random construction yields a worse performance in terms of the
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Figure 3.6: Comparing the network identification performance using different regularizers
for (3.18) and constructions for the stubborn-normal network (corr. to B). ‘Reg. B’ refers
to the setting when B is constructed according to H3.7 with ¢ = 5; ‘ER, B’ corresponds to
the construction with random edge selection with connectivity a = 0.08. The dashed line

indicates the number of stubborn agents required by Theorem 3.1.

NMSE performance, i.e., it does not exhibit the phase-transition behavior as the case with
the regular bipartite construction in H3.7. Nevertheless, we observe that the topology
identification performance is less affected by this change, i.e., the AUROC are close to 1 as

we increase the number of stubborn agents in all cases.

We further verify the claim in Theorem 3.1 with the effect of £ in the construction of the
stubborn-regular network B. Specifically, we evaluate the NMSE and AUROC performance
against the number of regular agents n in Figure 3.7, where the regular-regular network is
constructed as ER graph with connectivity fixed at o = 0.08. We focus only on the ‘active
sensing’ setting with problem (3.18) using gactive(+) as the regularizer. The number S of
stubborn agents is set as the minimum number required by Theorem 3.1 [cf. see Table 3.1],
which is a constant fraction of the number of regular agents n. Note that the theorem
states that S can be reduced if we increase ¢, yet the probability of failure may increase

polynomially with ¢ (while still approaching zero as n increases). The results in the figure
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Figure 3.7: Comparing the network identification performance against the number of regular
agents n, but using different ¢ for the constructions of the stubborn-regular network. The
network connectivity is fixed at @ = 0.08 and the number of stubborn agents considered is

predicted using Table 3.1.

corroborate with the statement above, as the identification performance (in terms of NMSE
and AUROC) improve as n increases, for all values of ¢. From the results above, we also

observe that setting ¢ = 5,6 gives a better performance in practice for finite n.

The next experiment considers the network identification performance on a large-scale
network. Here, we look at a similar setting as in Figure 3.6, yet the number of regular
agents is n = 1000 the regular-regular network is an ER graph with the connectivity set to
a = 1.01logn/n ~ 0.007. We also remark that as the observed opinion data is low-rank,
the graphical LASSO formulation is not numerically stable and is therefore skipped. As
seen from the figure, the result from Theorem 3.1 continues to hold as it predicts the perfect
identification when S > 115. The result also demonstrates that the proposed method can

be scaled to handle large networks.

We now examine the performance of the proposed method applied to real network
topology. Specifically, we consider the facebook100 dataset [Traud et al.(2012)] and focus

on the medium-sized network example ReedCollege. The randomized opinion exchange
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Figure 3.8: Comparing the network identification performance on a large-scale network with
n = 1000. The regular-regular network is an ER graph with connectivity a =~ 0.007; and
the stubborn-regular network is constructed according to H3.7 with ¢ = 5. The dashed line

indicates the number of stubborn agents required by Theorem 3.1.

model is based on the randomized broadcast gossip protocol in [Aysal et al.(2009)] with
uniformly assigned trust weights. Out of the available agents, we picked S = 180 agents
with degrees closest to the median degree as the stubborn agents and removed the agents
that are not adjacent to any of the stubborn agents. The selection of the stubborn agents is
motivated by Theorem 1 as we require a moderate average degree for the resultant stubborn-
to-regular agent network with better recovery guarantees. Our aim is to estimate the trust
matrix D, which corresponds to the subgraph with n = 666 regular agents, |F| = 13,269
edges and mean degree 19.92. Note that the bipartite graph from stubborn agents to
regular agents has a mean degree of 25.07. The opinion dynamics data {y*, zk}szl (with
K = 29) is collected using the estimator in Section 3.4.1, where we set |Tx| = 5 x 10°
and the sampling instances are uniformly taken from the interval [10°,5 x 107]. We apply
the FISTA algorithm to approximately solve the network reconstruction problem (3.18).
The NMSE of the reconstructed D is 0.1035 after 4 x 10* iterations. The program has

terminated in about 30 minutes on a Xeon server running MATLAB™ 2014b.
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Figure 3.9: Comparing the social network of ReedCollege from facebookl100 dataset:
(Left) the original network; (Right) the estimated network.
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Figure 3.10: Comparing the reconstructed network for the ReedCollege social network in
facebook100 dataset — a closer look. (Left) Original network. (Right) Reconstructed

network.
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Figure 3.11: Community detection performance against the number of stubborn agents
S. We consider a regular-to-regular network with C' = 3 communities. The error rate
is evaluated by comparing the community detection result to the ground truth used for

generating the SBM networks.

We compared the estimated social network in both macroscopic and microscopic levels.
Figure 3.9 shows the true/estimated network plotted in gephi [Bastian et al.(2009)] using
the ‘Force Atlas 2’ layout with the edge weights taken into account. While it is impossible
to compare every edges in the network, the figure gives a macroscopic view of the efficacy of
the network reconstruction method. In particular, the estimated network follows a similar
topology as the original one. For instance, there are clearly two clusters in both the esti-
mated and original network. Moreover, the relative roles for individual agents are matched
in both networks. For example, agents {39, ...,608} are found in the larger cluster, agents
{378, ...,663} are found at the boundary between the clusters and agents {43, ...,404} are
found in the smaller cluster, in both networks. Finally, in Figure 3.10 we compare the esti-
mated principal sub-matrix of D taken from the first 60 rows/columns, i.e., this corresponds
to the social network between 60 agents. As seen, the original and estimated matrices are
similar to each other, both in terms of the support set and the weights on individual edges

between the agents.
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Lastly, we present numerical results for the low-rank community detection method in
Section 3.5. In the following, we generate the regular-regular network according to a stochas-
tic block model (SBM) [Fortunato(2010)] with n = 120 agents, C' = 3 communities, intra-
community connectivity of a = 16logn/n and inter-community connectivity of b = logn/n.
Moreover, the stubborn-regular network is generated as a random bipartite graph with
connection probability of 6logn/n. As a benchmark, we consider a ‘two steps’ approach,
where we first infer the regular-regular network D* through solving (3.18), then we detect
the communities in D* using the spectral clustering method; as well as a direct application
of the spectral clustering method on the linear transformation I" obtained from opinion data
[cf. (3.36)]. In Figure 3.11, we compare the error rate made by the community detection
method against the number of stubborn agents S included, i.e., the observation rank of
the opinion data. The figure shows that the error rate decreases as S increases for both
the ‘two steps’ method and the direct method proposed in Section 3.5. However, the direct
method has significantly outperformed the ‘two steps’ method over all ranges of S. This
discrepancy in the performance is potentially caused by the errors made in the first stage of
network identification with (3.18), as the regular-regular network is not sufficiently sparse

with respect to the considered range of S.

3.6.2 Nonlinear Opinion Dynamics

We conclude this section by presenting the numerical results on network identification
when the underlying opinion dynamics is nonlinear. Similar to the last subsection, the
following numerical experiments are done when the steady state opinions are observed for
K = 28 discussions and the opinions are observed noiselessly. The nonlinear response
function is set as u(|z|) = e=7** to model the decay of interaction strengths when the
opinion difference between a pair of agents is large. We assume that the nonlinear function
together with its parameter o is known. Notice that the theoretical analysis conducted in

Theorem 3.1 does not apply in this case as the response function is nonlinear.

Again, we begin by comparing the network identification performance on a small net-
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Figure 3.12: Comparing the network identification performance with nonlinear opinion
dynamics, where the nonlinear function is set as u(z) = e=5%” The regular-regular network
has n = 100 nodes and is an ER graph with connectivity e = 0.08. The shaded area shows
the 5% / 95% percentile interval for the AUROC/AUPR performances.

work with n = 100 regular agents which are connected by a graph with the ER model of
connectivity @ = 0.08. The stubborn-regular network follows the same construction as in
H3.7 with £ = 5, and we set the nonlinear response function as p(z) = ¢~5** The numerical
results are shown in Figure 3.12. From the figure, we observe that the proposed method
with (3.18) performs well, i.e., it recovers the network topology and weights when the num-
ber of stubborn agents is S = 35. We observe that the graph LASSO heuristic has a much
worse performance than in the similar case with DeGroot opinion dynamics [cf. Figure 3.5].
The advantage of using ‘active sensing’, i.e., solving (3.18) with gactive(-), compared to the
case without ‘active sensing’, is demonstrated when we compare the NMSE performance.

The ‘active sensing’ setting has a better NMSE when S > 40.

Lastly, we consider the case of identifying a large-scale network with n = 1000 regular
agents and regular-regular connectivity of o = 2logn/n, the stubborn-regular network
follows the same construction as in H3.7 with ¢ = 5. Moreover, we use a different nonlinear
response function for the n regular agents, i.e., we set ;(|z|) = e 7% where o; ~ U[0.2,0.3]

for ¢ € {1,...,500} and o; ~ U[0.7,0.8] for i € {501,...,1000}. The simulation result is
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Figure 3.13: Comparing the network identification performance on large-scale network with

n = 1000 using heterogeneous and nonlinear opinion dynamics.

shown in Figure 3.13. We observe similar behavior to the case with small networks, where
the proposed methods are shown to identify the network using a number of stubborn agents

that is only a fraction of n (in this case, it is S ~ 100 vs. n = 1000).

3.7 Chapter Summary

In this chapter, we have considered the modeling and identification of social networks
based on opinion dynamics models. We first model the opinion dynamics as a discrete time
non-linear dynamics with pairwise interactions. The considered model encompasses the
linear DeGroot model as well as other models such as bounded confidence. We show that
these models can be led into consensus when the underlying graph is strongly connected.
This does not agree with the common observation on actual social networks, where consensus
is often not reached. To remedy this, we introduce stubborn agents such that the steady
state opinions are no longer in consensus. The steady-state opinions are low-rank with the

rank dependent on the number of stubborn agents.

Upon describing and analyzing the opinion dynamics model, we propose a network

identification method based on the sparse recovery techniques. We provide a sufficient
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condition for perfect network identification, which depends on the sparseness of the social
network as well as the number of stubborn agents in it. In addition, a consistent estimator
was derived to handle the case where the network dynamics is random. Simulation results on

synthetic and real networks indicate that the networks can be identified with high accuracy.
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Appendix
3.A Proof of Observation 3.1

Using the matrix-form of the opinion dynamics model (3.3), the steady state x* :=

x(o0; k) satisfies the equilibrium condition:
zk = (Diag(l - (Ao u(a:k))l) +(A® u(a:k))) b = Akl (3.43)

where

A¥ :=Diag(1 - (A0 p(z")1) + (A© p(h)) . (3.44)

We can verify that A* is a non-negative, stochastic matrix with an right eigenvector 1
and spectral radius of 1. Furthermore, under the assumption that p(z) > 0 for all z > 0,
the matrix has the same support as A, i.e., it corresponds to the adjacency matrix of a
strongly connected graph. As such, the matrix A* is an irreducible matrix. Applying the
Perron-Frobenius theorem [cf. Theorem 2.2] shows that 1 is the only right eigenvector of

AF with eigenvalue 1. This implies that for some c(k) € R, we have

xF = c(k)1 . (3.45)

3.B  Proof of Lemma 3.1

We prove the lemma by rewriting the equilibrium condition of the opinion dynamics
(3.1) with stubborn agents. In particular, for any regular agent i € V,., we have:
S

n
0= Byullyy — 2D —uf) + > Dyullyf — vFN W) — vf) - (3.46)
st =
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In matrix form and using the definitions of p(y*) and f(y*, z*), Eq. (3.46) can be written

as:

flyi = (df © [n@h)],)y" = (b © [a*, 2], )" (3.47)

)

Stacking up the above for all i € V,. yields the desired result.

3.C Proof of Lemma 3.2

From the construction of (Bg, Dg), we observe the following chain

(I — Dy)"'B, = (I _ Diag(f) — Diag(l_ldi;;D))oﬂ’(D)> - By

-1

= (Diag(l—ldi;giD)) (I — Diag(D) — 0ff(D))> By
1

(ool )0 9))
1-¢
1 — diag(D)

(3.48)

— (I - D)"'Diag( )_lBg —(I-D)'B.

This concludes the proof.

3.D Proof of Theorem 3.1

The proof of Theorem 3.1 is divided into two parts. The first part shows a sufficient
condition for recovering (B, D) using (3.21); and the second part shows that the sufficient

condition holds with high probability as n — oo.

Let d(v) denote the degree of a vertex v. Our proof relies on the following definition of

an unbalanced expander graph:

Definition 3.2 An («,0)-unbalanced expander graph is an A, B-bipartite graph (bigraph)
with |A| = n,|B| = m with bounded left degrees® in [d;,d,] which satisfies the following:
(i) for all v; € A, we have d(v;) € [dj,dy]; (i) for any S C A with |S| < an, we have
O|E(S,B)| < |N(S)|, where E(S, B) is the set of edges connected from S to B and N(S) =

*We follow the convention by calling A as the ‘left’ vertices such that the left degrees refer to the degrees
of vertices in A.
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O|E(S, B)| < [N(S)|

Non- Stubborn
stubborn agents
agents

Figure 3.14: Tllustrating the properties of an expander graph. In the above example bipartite
graph, if & = 1/3, ¢ is at most 3/4 since |E(S, B)| = 4 and |[N(S)| = 3 when S is the first

two vertices in the set of ordinary agents.

{vje B:3v; €8 s.t. (vj,v;) € E} is the neighbor set of S in B.

We can imagine that A (resp. B) is the set of regular (resp. stubborn) agents and E(A, B)
represents the connection between stubborn and regular agents; see the illustration in Fig-
ure 3.14. We denote the collection of («, §)-unbalanced expander graphs by G(«,d). Previ-
ous works [Berinde et al.(2008), Wang et al.(2011a), Khajehnejad et al.(2011), Gilbert and
Indyk(2010)] have shown that the expander graph structure allows for the construction of

measurement matrices with good sparse recovery performance.

We now proceed by showing the sufficient condition. Consider problem (3.21), we denote
the support of b; — b; as Q%, where |Qi;| = ¢ since the support information is incorporated
when solving (3.21) and b — b; is a sparse vector supported on Q%. We can thus treat
the rows where ISZ — b, is supported on as some ‘erasure bits’. In particular, the following

rows-deleted linear system can be deduced from the last line in (3.24):

7T _ ~
Bgi)c(I-D) "(di—d;) =0, (3.49)
where B! . is an f-rows-deleted matrix obtained from B'.

(Qp)°

We prove the sufficient condition by deriving a Restricted Isometry Property-1 (RIP-
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1) condition for A = B(Ezi Je and its perturbation A(I — D)~T. We define ap;m =
B

min,jesupp(a) Aij and amaez = Max;jesupp(a) Ai; and prove the following proposition:

Proposition 3.2 Let n > m and A € R™" be a non-negative matriz that has the
same support as the adjacency matriz of an (a, 0)-unbalanced bipartite expander graph with

bounded left degrees [d;,d,|. Then A satisfies the RIP-1 property:

(aminédl - amam(du - 5dl))”$”1 < ”AwHI < duamawa”l ) (350)

for all k-sparse x such that k < an. Furthermore, we have

vl < AT - D) Tl (3.51)

where V¥ = amindd; — Amaz(dy — 3d;) — (1 — djamin)-

Proof. The following proof is a generalization of [Khajehnejad et al.(2011), Appendix D].

First of all, the upper bound in (3.50) follows from ||Az|; < ||Al[1,1]x||1, where || A1, is

the matrix norm induced by || - ||; on A [Horn and Johnson(1986)], i.e.,
m
Al = lféljagnz; |Aij - (3.52)
1=

Obviously we have ||A|11 < dyamaz-

To prove the lower bound in (3.50), using the expander property, we observe that

ddi|S| < 0|E(S,B)| < |N(9)|, (3.53)

for all S C supp(x) = {i : @; # 0} and |S| < an. As a consequence of Hall’s theorem
[West(2000)], the bigraph induced by A contains dd; disjoint matchings for supp(z). We
can thus decompose A as:

A=Ay +Ac, (3.54)
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where the decomposition is based on dividing the support such that supp(Aas)Nsupp(Ac) =
(). In particular, A); is supported on the dd; matchings for supp(); i.e., by the matching
property, each row of Ajs has at most one non-zero, and each column of A,; has §d; non-
zeros, and the remainder A¢ has at most d, — dd; non-zeros per column. Applying the

triangular inequality gives:
[Az|1 = [Apzl - [[Acz], (3.55)
since ||Apx|l1 > amindd;||z||1 and ||Acx||1 < @maz(dy — 0dy) |1, this implies:
|Az||1 > (@mindd; — Amaz(dy — 0dy)) ||| - (3.56)
For the second part in the lemma, i.e., (3.51), note that:
IA(I — D)™ "a|l > ||Az| — |AD"(I - D) "a]||: , (3.57)

since A(I - D) "x = Az + AD" (I — D)~ "x. The latter quantity can be upper bounded

by
IAD™(I — D)~ "a||y < Al 1 |D T2 l(X = D)~ "1l
3.58)
|07 (
< dylmaz——==—|lZ||1 < (1 = diamin)||x||1 ,
< dutmn LI ol < (1~ il

where in the second to last inequality, we used the property ||(I —C)~ || < 1/(1—|C|) for
any ||C]| < 1 [Horn and Johnson(1986)]; and in the last inequality, we used the fact that
1 —dyamaz < ||DTH171 < 1 — djamin (note that each row in D sums to at most 1 — djamin
and at least 1 — dyamag). Combining (3.56), (3.57) and (3.58) yields the desired inequality.
Q.E.D.

A sufficient condition for the desired £y recovery result can be obtained by proving the

following corollary:
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Corollary 3.1 Let the conditions from Proposition 3.2 on A holds. Suppose that both

x1, o are (k/2)-sparse such that k < an and:
AI-D) "2, =AI-D) "y, (3.59)
then x1 = x2 if

U = amindd; — Gmaz(dy — 0dy) — (1 — djamin) > 0. (3.60)

Proof. Observe that &1 — 2 is at most k-sparse, using Proposition 3.2, we have
vz — @21 < ||AT — D)_T(ml —x2)|[[1=0. (3.61)

This implies that x; = xs. Q.E.D.

As d; is k/2-sparse, byin < @min and bypmar > Gmaz, Eq. (3.25) and Corollary 3.1 guar-
antee that d; is the unique solution out of all k/2-sparse vectors that d; satisfies (3.49).
This means that any d; that satisfies (3.49) must be either d; or have ||d;||o > (k/2). Since
the optimization problem (3.21) finds the sparsest solution satisfying (3.49), we must have
df = d; for all i. Furthermore, this implies b* = b; in (3.24) and we have the desired result
as (B*, D*) = (B, D).

The second part of our proof shows that for all 7, the support set of the f-rows-deleted

matrix B(—Eli e corresponds to an («, d)-expander graph with high probability. Our plan is
B

to first prove that the corresponding bipartite graph has a bounded degree r € [¢ — 1,/]

with high probability (w.h.p.), and then show that a randomly constructed bipartite with

bounded degree r € [¢ — 1, ] is also an expander graph w.h.p..

Let us prove the following proposition:

Proposition 3.3 Let G be a random A, B-bigraph with |A| = n, |B| = ns = fn, con-

structed by randomly connecting d vertices from A to each vertex of B. All of the subgraphs
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G1,...,Gyp have left degree r € [¢ — 1,¢] with high probability (as n — o0) if each of these

subgraphs is formed by randomly deleting £ vertices from B in G.

Proof. We lower bound the desired probability as follows:

Pr (Gl, ..., G, = bipartite with (left) deg. r € [¢ — 1,6])
—1- Pr( UP_, (G = bipartite with min. deg. r < £ — 1)) 62

3.62
>1-n- Pr( UP_, (d(vi) < €—1, v € Agy, A; C V(Gi))>

> 1 —n2-Pr<d(vk) <l-1, v €4y A C V(Gi)) .

Note that the event described in the last term is equivalent to deleting at least 2 neighbors
of vy € A; from B. As the neighbors of A are also randomly selected, the latter probability

can be upper bounded by:

Pr(d(vk) <01, v e Ay A C V(Gi)) = Pr(d(vg) = 0U - Ud(vy) = £ — 2)

oo ) - ()

(3.63)

Plugging this back into (3.62) yields the desired result. Q.E.D.

The proof of Theorem 3.1 is completed by the proposition:

Proposition 3.4 Let G be a random A, B-bipartite graph with |A| =n, |B| =m = f'n =
S — 1, constructed by randomly connecting r € [{ — 1, /] vertices from A to each vertex of B.
Then G is an (a,1 — 1/(¢ — 1))-expander graph with high probability if £ > 4, o < 8’ and

(=1 (H(a) + 8'H(a/8)/alog(8'/a).

Proof. The following proof is similar in flavor to the proof of [Khajehnejad et al.(2011),
Proposition 1], with the additional complexity that the left degree is variable. For simplicity,
we denote A as the adjacency matrix of G and let E;, ;. be the event such that A.; ;.
contains at least m — r 4 1 zero rows, where A.; ;. is the submatrix formed by choosing

the {i1,...,4,} columns. Note that if r < an and E;, _;, occurs, G ¢ G(a,1 —1/({ — 1))

T
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since (1 —1/(¢—1))|E({i1,....57})| >r>r—1=|N{{1,...,ir})|- The failure probability

can thus be upper bounded as:

Pr(G ¢ Gla,1—1/(¢ — 1)))
< Pr( U Ezllr) < Z <7:>P1"(E1,...,r) .

1—1<r<am,1<i) <ig<--<ir r=(—1

(3.64)

Suppose that there are r — s columns with £ — 1 non-zero entries and s columns with £
. r—S S . .
non-zero entries; hence we have (ﬁ ”1) (@”) possible sub-matrices to choose from. Now,
a necessary condition for E7 . is such that all the non-zero entries are contained in a
'

sub-sub-matrix of size r x r. There are at most (g 1)r_8 (g)s possible configurations and

(%”) such sub-sub-matrices. For this case, we obtain the upper bound:

Pr(El,...,r, fix S) < ( )( zr_s(r)s

() )

(GG
()G

where we used the fact that (})/("}) < (r/m)* if r < m in the first inequality. Taking the

union bound for all configurations s € [0, r| gives:

Pr(E1,. ) <> o oPr(Ei,. . », fixs)

< B'n ( i r(6-1) - =D+l I M)
< EBL; <51”> <+<<f32(1z1) J_r (:)(523 (3.66)
< rl 1<6/;/>(B’r<t)r >€’(’ZL g B'n

1-a/p\ r ) \Bn :

The second equality is due to the geometric series and the last inequality is due to r < an.
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We thus have:

Pr(G ¢ Gla,1—1/(¢ — 1))) <5 _1 f: (:f) (i") <67,"n>r(“) . (3.67)

a
B r=t—1

The remainder of the proof follows from that of [Khajehnejad et al.(2011)]; i.e., Lemma A.1
and A.2, through replacing ¢ by /—1. In particular, if (—1 > (H («)+p'H (/")) /alog(B'/a),

we can show that

Pr (G ¢ Gla,1—1/(¢ — 1))) = O(nl—(E-DE-3)) (3.68)
This completes the proof. Q.E.D.
T

Combining Proposition 3.3 and 3.4 implies that the /-rows-deleted sensing matrix B (@)
corresponds to an («,1 — 1/(¢ — 1))-expander graph with high probability. Therefore, the
conclusion in Corollary 3.1 follows by setting 6 =1 — 1/(¢ — 1). Moreover, by applying the
union bound, the probability of failure is upper bounded as:

-1
n2

Pr(Fail) < <é> + O(n?E=DE=3)y (3.69)

which vanishes as n — oo.

3.E Proof of Theorem 3.2

To simplify the notations, we drop the dependence on the discussion index k for the
opinion vectors x(t; k) and the trust matrices A(t; k). We first prove that the estimator is

unbiased. Consider the following chain:

E[#(T2)|2(0)] = rrlu > Eal=(0)] = o1 3 A%a(0) = 4¥2(0).  (3.10)
tien

where we used the fact that T, — oo and t; > T, for all ¢; in the last equality.

Next, we prove that the estimator is asymptotically consistent, i.e., (3.34). Without loss
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of generality, we let {1 <t2 <... <{7;| as the sampling instances and drop the dependence

on k in A(t; k) for simplicity. The following shorthand notation will be useful:
®(s,t) 2 A()A(t—1)... A(s+1)A(s) (3.71)
where t > s and ®(s,t) is a random matrix. Our proof involves the following lemma:

Lemma 3.3 When |t — s| — oo, the random matriz ®(s,t) converges almost surely to the

following:

I 0
lim ®(s,t) = ) (3.72)
[t—s]—00 B(S,t) 0

where B(s,t) = EZZS(D(t) ...D(q))B(q). Moreover, B(s,t) is bounded almost surely.

Proof: We first establish the almost sure convergence of D(t)D(t — 1)...D(s) to 0.
Define
B(s,t) = | D(t)D(t —1)...D(s)]2, (3.73)

and observe the following chain

E[G(s,0)|5(s,t = 1), ..., B(s,8)] = E[[D(#)D(t —1)... D(s)|]2[B(s, ¢ = 1)]
<E[ID()ll2 D(t —1)... D(s)l2lB(s,t = 1)] ~ (3.T4)
= E[ID®)[l2]6(s,t = 1) < cp(s,t = 1),

where ¢ = ||DJj2 < 1. The almost sure convergence of 3(s,t) follows from [Polyak(1987),

Lemma 7]. Now, expanding the multiplication (3.71) yields:

I 0
B(s,t) = . (3.75)
B(s,t) D(t)...D(s)

The desired result is achieved by observing D(t)...D(s) — 0 as |t — s| — 0.

Lastly, the almost sure boundedness of B(s,t) can be obtained from the obvious fact
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that ®(s,t) is a non-negative and stochastic matrix. Q.E.D.
We consider the following;:
A . B 2
B(|(T:) - 2(o0) l=(0)] = E[|[ 77 3 (@) ~3(0)], |

ti €Tk

) w(O)} . (3.76)

Recall that &(t;) = x(t;) + n(t;) and the noise term n(t;) is independent of A(t) for all ¢.

The above expression reduces to:

E[|| iy Shen (alts) ~ 2(0)) H?yaz(())} +E[|| 1 Zier nitd) ﬂ . (3.77)

2

It is easy to check that the latter term vanishes when |7 — oco. We thus focus on the

former term, which gives

iy 5 -] = el 5 o a0
|771fy2 Tr(E2(0)z(0) )] ,
where
== Z (0,¢) — A®) " > (®(0,t;) — A®) . (3.79)
= e

Expanding the above product yields two groups of terms — when t; = t; and when t; # t;.

When t; = t;, using T, — oo and Lemma 3.3, it is straightforward to show that:

IE[(®(0,t:) — A%) T (2(0,1;) - A)]| < C, (3.80)

for some constant C' < oco. As a matter of fact, we observe that the above term will not

vanish at all.

For the latter case, we assume t; > t;. We have

(®(0,;) — A®) " (®(0,t;) — A®)

3.81
— (®(ti +1,1;)®(0,t;) — A®) T ($(0,1;) — A™) . 350
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Taking expectation of the above term gives:
E[(®(0,t;) — A®) AL~ (®(0,t;) — A™)] (3.82)

where we used the fact that ®(t; + 1,¢;) is independent of the other random variables in

the expression and A®Af = A™ for any finite £. Now, note that
AliTh = A% 4 O(\Th) | (3.83)

for some 0 < A 2 A\pnaz(D) < 1. This is due to the fact that D is sub-stochastic.

As T, — oo and by invoking Lemma 3.3, the matrix (®(0,¢;) — A>°) has almost surely
only non-empty entries in the lower left block. Carrying out the block matrix multiplications

and using the boundedless of ®(0,t;) gives
[E[(2(0,;) — A%) " (2(0,;) — A%)]|| < O\ ~4) . (3.84)

Combining these results, we can show

Tkl -1

E[Tr(Ex(0)z(0)")] ¢’ ( Z \ming \tk+i—tk|) ’ (3.85)
i=0

<
|| =Tkl

for some C’ < oo. Notice that ming |ty; — tg] > 7 and the terms inside the bracket can be
upper bounded by the summable geometric series Ziﬁo‘_l A%, since A < 1. Consequently,

the mean square error goes to zero as |T;| — co. The estimator (3.32) is consistent.

3.F  Proof of Proposition 3.1

Denote the rank-C' approximation of D as [D]c = Vediag(Ac)U/, and define the

shorthand notation that B := BQ¢, we observe that
R([Dlc) = R([D]e¢B) (3.86)

66



where R(X) denotes the range space of a matrix X and the equality above is due to
the assumption that [D]cB has rank C, such that the linear transformation on the right
does not modify the range space of [D]c. If we denote the columns of Vi as the top C
left singular vectors of [E]CB, the equality above shows that the two products are equal
VeV = VeV,

Similarly, we define [DB]¢ = Pcdiag(oc)Q/. as the rank-C approximation of the sketch

and observe that:

R([DB|¢) = R(DB) (3.87)

where the equality is due to the fact that DB = DBQ¢ = Pcdiag(o¢) as the columns of
Qe are the top C right singular vectors. Likewise, if the columns of Pg are the top C' left

singular vectors of DB, then PCPCT = 150155 .

Furthermore, we observe that
R([D]cB)LR((D - [D]c)B) . (3.88)

Invoking [Boutsidis et al.(2015), Lemma 8] through setting D = DB, C = [D]¢B and

E = [D]y_cB = (D — [D]¢)B therein, we can show the following:

IVeVe — PoPE|3 =1~ Bo(IDlcB((DB) DB) (DIeB)T) . (3.89)

Denote the matrix in the middle of the expression above as IT := (DB) " DB. Now, under

the stated assumptions the C' x C matrix IT is non-singular. We observe the following chain:

fo(IDleBI (Do B)T) = Ao (diag(Ac)US BT (diag(Ac)US B)T )
B 1 (3.90)
61 ((diag(Ac) UL B) - TTH(diag(Ac) UL B) ) -

where the first equality is due to Bc(VAV ") = Bc(A) for any V € RV*C with orthogonal
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columns. Moreover, observe that IT has the following decomposition:

II = (DBQc¢) "' DBQc = (diag(Ac)Ud BQc) | (diag(Ac)U/ BQc)

(3.91)
+ QLB Uy _cdiag(An—0)*Un_cBQo -
This yields:
fe([DleBIY(DIeB)")
= (1 + B ((diag()\C)UcT*B)_TBTUN—C
- - -1 3.92
diag(Av-0)*Uy_cB(diag(Ac)UL B) ™)) (392
1 -1
- A ~—12:<1+fy2> ’
1+ || (diagAv-c)UF_B) (diag(re) U B) |
where we have defined v such that:
7 = |diag(Ay-c) Uy ¢ B(diag(Ac)Uc B) ~'||2
(3.93)

Ac _
< (M) WUk eBQell W BQe)

as desired. This concludes the proof of our claim.
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4 Network RADAR for Gene Dynamics

This chapter is the second part of our study on modeling and identification of networks.

In particular, our focus is on the gene regulatory networks (GRNs) dynamics.

4.1 Context and Background

Similar to social networks, studies on GRNs’ dynamics modeling can be found in a
number of prior work, e.g., [Kang et al.(2015), Barzel and Biham(2009)]. Here, the states
of genes are characterized by their concentration levels. The state-of-the-art model, e.g.,
the Michaelis-Menten dynamics [Menten and Michaelis(1913)], postulates that the rate of
change in the concentration levels of a gene is a linear combination of the nonlinearly
distorted concentration levels of its regulating genes. This is in contrast to that for the
opinion dynamics, where the changes in opinions is dependent on the convex combination

of a nonlinear distorted version of the difference in the opinions, as illustrated below:

(Opinion Dynamics) x;(t +1) —x;(t) = Z Aijh(z;(t) — (1)) ,
j=1

Lot (4.1)
dt

n
(Gene Dynamics) = f(x;i(t)) - ZAijh(wj(t)) .
j=1

The difference between the two types of dynamics above may appear to be subtle at the first
sight. However, there are two important differences for the effects of perturbing the steady
states in these dynamics. Firstly, the gene dynamics are perturbed through knocking out
one or a few genes; while the perturbation model studied for the opinion dynamics relies on
injecting different initial opinions from the stubborn agents. Secondly, the structure of the
dynamics equations leads to a substantially different characterization of the steady states

when the system is perturbed.

Motivated by the applications in understanding diseases and discovering new drugs

[Barabasi and Oltvai(2004)], the GRN identification problem has been considered in various
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work [Huynh-Thu et al.(2010), Haury et al.(2012)]. However, most of the prior work are
based on machine learning heuristics or they rely on observing high-rank data, the latter
is typically unavailable since the data collection requires performing actual experiments on
organisms, which are costly and time consuming. One of the aims of this chapter is to
study the minimum number of experiments required to accurately identify the GRN. We
apply tools from sparse recovery and prove that a sparse GRN can be recovered with only
observations from a few perturbation experiments. Compared to opinion dynamics model
in the previous chapter, our recoverability result requires a few more assumptions, yet a

similar conclusion can be drawn on the number of perturbation experiments required.

In the rest of the chapter, Section 4.2 set up the dynamics model and a mathematical
description of the type of perturbation experiments involved. Then, Section 4.4 shows the
provable guarantees on network recoverability; Section 4.5 presents a robustified framework
for network inference. Finally, Section 4.6 concludes the chapter with results from our

numerical experiments.

4.2  Gene Dynamics Model

We following the common notations in Section 2.1 to define the gene regulatory networks
(GRNs). We consider an GRN with n genes such that V' = [n], and the weight matrix
A € R™™ encodes the strengths of regulation between the genes. The time dependent

expression (or concentration) level of gene 7, x;(t), follows the nonlinear dynamics:
i(t) = —xi(t) + > Aij - h(z;(t);b) , Vi€ [n]. (4.2)
j=1

where @;(t) := dx;(t)/dt is the rate of change of the expression level x;(t). The first term
on the right hand side captures the gene i’s self dynamics, capturing processes such as
degradation, and the sum captures the impact of i’s interacting partners; h(x;b) is the
nonlinear continuous response function describing the regulatory mechanism such that b

describes its parameters. For instance, setting h(z) = ¢ - 2 describes chemical activation,
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where according to the law of mass action b is the level of cooperation in the activating
process. Another frequently used response function is the Hill function h(z) = xb/(1 + %),
a saturating function such that lim,_,~ h(z) = 1, which captures a switch-like process. In

matrix form, we can express any unperturbed steady state T of the system (4.2) as:

T = Ah(z;b) , (4.3)

where h(x;b) := (h(x1;b), h(x2;b),..., h(z,;b))T is a column vector.

Our ultimate goal is to identify the GRN from steady state observations on the gene
dynamics. A common practice to this end is to introduce perturbations to the system
through suppressing or over-expressing a selected set of genes. The corresponding steady
states are then recorded for network identification in the next stage. As a practical concern,
only a small number of genes (e.g., one or maybe a few) can be perturbed at a time. For
simplicity, here we we consider a set of K distinct perturbation experiments, where only
one node is perturbed per experiment. Note that the extension to simultaneous multiple
nodes’ perturbation is straightforward. In each experiment k = 1,2, ..., K, we fix the state
of gene k at a desired value z € R, i.e., xi(t) = zx for all t. The perturbed steady state
x|k] takes the form

z[k] = (I — eye] )Ah(z[k];b) + zzep; . (4.4)

Notice that when z; = 0, this corresponds to the deletion of gene k in the experiment. More-
over, the perturbation experiment described can be seen as setting a boundary condition on

the gene dynamics (4.2).

The expression (4.4) reveals both a good news and bad news for gene dynamics iden-
tification using perturbation experiments. On the upside, Eq. (4.4) reveals that the values
of all [k] can be extracted from the experimental results when the nonlinear function h(-)
is known or approximated, hence despite the nonlinear interactions, the equation is linear
in the unknown A. This reveals that it is possible to retrieve the unknown using sim-

ple techniques, e.g., solving least square estimation problems. On the downside, for each k,
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Eq. (4.4) constitutes a set of (n—1)-linear equations in the unknown parameter A. Naively,
we must conduct perturbation experiments for all n genes, yielding the required n(n — 1)
equations to reconstruct the n x (n — 1) off-diagonal terms of the unknown GRN. However,
such comprehensive perturbation experiments are seldom available. Indeed, the GRN of
most organisms comprises n ~ 103 genes, far exceeding the scale of the majority of microar-
ray experiments, which, given the level of available resources, consists of K ~ 10! — 10?
experiments. Hence, we shall focus on the limit where K < n. In other words, we face
a similar situation as in the last chapter with only low-rank observations on the unknown
network. Similarly, our strategy is to rely on the common assumption that A is sparse and
derive a sparse optimization algorithm to extract A from the resulting underdetermined

linear system (4.4).

In addition to exploiting sparsity, our analysis shows that it is also necessary to obtain
certain side information about the GRN A to guarantee the identifiability of gene dynamics.
The following describes a curious property pertaining to the perturbed system states that
reveals the support information of A without solving any optimization problem. To describe
the result, we denote @ 1 as the kth column vector of A. Let Vh(x[k]); b) be the diagonal
matrix with the ith diagonal element being h'(x;[k]; b), i.e., the derivative of h(x;[k]; b) with
respect to x;[k] evaluated at x;[k], we have:

Proposition 4.1 Consider the dynamics (4.2). Assume that the perturbation in the steady
states for the kth ezperiment, T — x[k], is small and Amaz((I — ere] )AVh(z[k]; b)) < 1.

The perturbation in the steady states can be approrimated by:

Z — z[k] = ([E]x — z1)er + ([F]x — 2)h (21) Qcol e - (4.5)

The proof can be found in Appendix 4.A. Proposition 4.1 implies that the perturbation
introduced by the kth experiment is limited only to the direct out-neighbor of the perturbed
node k. This matches the observation made in [Barzel and Barabasi(2013)], which showed

that the influence of a perturbation on a node decays exponentially fast with respect to the
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shortest distance to the perturbed node.

4.3 Gene Dynamics Identification

This section describes the main algorithm that we propose for identifying the GRN from
the perturbation data. As the first step, we focus on the case when the dynamics parameter
b is known and relegate the more complicated case with unknown b to Section 4.5. The
available data can be described as a response matrix consisting of (Z, {z[k]}X ) in which

we gather the gene expression data from K perturbation experiments.

Motivated by our analysis from the last section, the algorithm consists of two stages —
we first identify the partial support of the GRN of the 1-hop neighbors of the perturbed
genes, then we apply a sparse regularization to the sparsest fit of the GRN to the observed

perturbed steady states.

Step 1: Finding the partial support. From Proposition 4.1, the difference vector T — x[k|
is approximately supported on supp(@coi k), i-€., the kth column of the original A. As such,

if we let 6 > 0 be a pre-defined threshold and consider the index set:
K _ .
.. T — :13[]] i
S:U{(z,])e[n]x[n]:[]<5}, (4.6)
=1

then the set S identifies the locations of zeros or non-edges in the first K columns of the
GRN adjacency matrix A. Notice that the above set can be computed without solving any
optimization problem. Moreover, we define S; as the restriction of S to the ith row of A,

notice that S; C [K].

Step 2: Sparse recovery of GRN. We observe that (4.4) can be split in a row-by-row
fashion such that:

(z[k]); = af h(z[k]:b), ¥V k € [K]\ {i} , (4.7)

where a; is the ith row of A. From the above, we have ~ n unknowns in the variable a; yet

only ~ K linear equations pertaining to a;. As K < n, we exploit the common assumption
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that a; is sparse. This further suggests us to consider the following sparse optimization:

min - [|aifly st [Z]; = a h(@;b), (z[k)); = &/ h(z[k];b), ¥ k€ [K]\ {i},  (4.8a)

The solution to the above problem, a;, serves as an estimate for the ith row of A.

Lastly, let us comment on the complexity of the proposed method above. The first step
merely involves a thresholding operation and can be computed easily with a complexity of
O(Kn). As for the second step, each of the proposed problem (4.8) can be converted into a
linear program (LP) with (at most) 2n unknowns and K linear equality constraints [Foucart
and Rauhut(2013)]. In general, such an LP can be solved at a worst-case complexity
of O((K + 2n)%/%(2n)%log(1/€)) = O(n3®log(1/€)) where € > 0 is the desired solution
accuracy [Ben-Tal and Nemirovski(2001)]. Moreover, since each of the sub-problems are
decoupled and can be solved independently, a practical way is to solve these problems in
parallel. Our numerical results indicate that the proposed procedure can be completed in

reasonable time for a relatively large network with n = 1000 genes.

4.4 Guarantees for Gene Dynamics Identification

To understand the fundamental limits of recovering the GRN with (4.8), we study the
scenario when the steady states  and x[k] are obtained with no noise, i.e., they satisfy
the equalities (4.3) and (4.4), and the dynamics parameter b is known. The challenge in
the analysis is that the undetermined linear system (4.8a) depends on the true network A
itself which is a sparse matrix, and the dynamical system is non-linear. We develop a new

sparse recoverability condition that is different from [Candes and Tao(2005)]. We have:

Theorem 4.1 Assume that (a) the set S is the complement of the support of A; (b) the
matriz A is non-negative; (c¢) the approximation in Proposition 4.1 is exact; (d) h(Z;b)
admits an ezxact first order Taylor approximation at x[k]. For each i € [n], if the support

of the matriz ([Al].s,)" corresponds to an (a, §)-unbalanced expander graph with left degree
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bounded in [dy, d,] such that

«
7 <7 ) ' ) 4'
lado < T garganys ™ Vi€l (49)

2dy/dy)0 > V5 -1, Tp—2, >0, VEkelK], (4.10)

then solving (4.8) with the additional constraint a; > 0 yields a unique solution such that

a; = a;, where a; is the ith row of A.

The formal definition of an expander (bipartite) graph can be found in [Gilbert and
Indyk(2010)] or in Definition 3.2 of Chapter 3. The proof of Theorem 4.1 is relegated to
Appendix 4.B. A curious fact about Theorem 4.1 is that the condition (4.9) depends on
the graph structure of A as well as the sparsity of each row a; of A. This is due to the
fact that the linear system (4.8a) depends on A itself. Regarding Theorem 4.1, we have the

following comments:

e The assumptions made in the theorem above are more stringent than those for the
case with opinion dynamics [cf. Theorem 3.1]. In particular, we require the partial
support detection in (4.6) to be exact and the Taylor expansion to be exact. These
are in general not true. However, the conditions given provide insights towards the

types of the GRNs that can be identified easily.

e In contrast to our previous result for opinion dynamics [cf. Theorem 3.1], the suffi-
cient condition of identifiability depends on the choice of perturbed genes and their
corresponding local topology [cf. the expander graph assumption]|. As we show in the
short discussion below, a possible scenario satisfying the conditions in Theorem 4.1
requires choosing the set of perturbed genes [K| such that each gene in V' is regulated

by a similar number (~ ¢) of the genes in [K].

e Eq. (4.9) requires the sparsity of each a; to be uniformly bounded. This predicts that
a GRN more similar to a reqular graph will be easier to identify. However, the actual

GRNs are usually endowed with non-uniform degrees, or even with a power law degree
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distribution. That said, the proposed method is still able to identify the sparser rows
of A accurately and our numerical experiments on empirical data confirms its good

performance.

Special case satisfying the perfect recovery conditions. We describe a case where the
perfect recovery conditions in Theorem 4.1 can be satisfied. In particular, we begin our
construction by choosing the set of perturbed genes V},, |V, | = K, such that for each j € V,

the jth gene is regulated by ¢ genes in the chosen perturbed genes, i.e., it has £ in-neighbors

T c RKXn

from the set Vj,. In other words, the sub-matrix ([A]. ;) corresponds to the bi-

partite graph with a constant degree £.

Now, the sub-sub-matrix ([A].s,) " is formed by deleting a random subset of £ rows from

([A].v,)" such that K = |S;|+¢. Using a similar set of arguments in Proposition 3.3 of the

T

previous chapter, it can be shown that the support of the sub-matrix ([A].s,) ' corresponds

to a random bipartite graph with bounded degree in [¢ — 1, ¢] with high probability. Finally,
we apply Proposition 3.4 to show that this bipartite graph is an («,1—1/(¢ —1))-expander

with a high probability. This is done by checking

Hio) + 8H(a/)) )

¢ — 1> max {4, -
alog(B/a)

where |S;| = - n, and 3 > « (note that |S;| < K). Moreover, the conditions (4.9) and

(4.10) imply that

dm X dm X
a> na (1+6(di/dy)) > 1.62- na : (4.12)

where dmay is the maximum in-degree for the genes in the network. A sufficient condition
satisfying the above requirement can be found by checking Table 3.1 while substituting the
' therein with the 3 in the above. Now, similar to the discussion in the previous chapter,
for a fixed ¢, it can be shown that the ratio j3 /o approaches a constant as «, 5 — 0.
Consequently, the number K of perturbation experiments required satisfies K = Q(dmax),

i.e., independent of the network size, showing that K = Q(dmax) is a sufficient condition
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for perfect recovery. Notice that these are only sufficient conditions for perfect recovery, as

demonstrated in Section 4.6.

4.5 Robust Identification of Sparse Networks

So far, the theoretical model above assumes that the steady state expression data are
measured noiselessly and the parameter b in the model response function h(z;b) is known.
This section proposes several practical heuristics to tackle the scenarios when b is unknown
and we have noisy expression data. In particular, we consider the following noisy observation
model:

=Z+€ and @[k] = x[k] + €lk], (4.13)

&

where the vectors €, €[k] represent additive noise which is bounded. Let i € [n], b; be an

estimate of the parameter and define the matrix/vector:

(1] h(&[1];b;)7

Y = : and H;(b;) = : R ) (4.14)
7;[K] h(z[K];b;)"
il h(é, i)z)T

We assume the underlying model parameter b; for each gene to be different for better
fitting. Naturally, one would like to relax the equalities in (4.8a) and minimize the cost
Mléilly + ||lyi — H;(b;)as||2 . However, we observe that the kth element of y; is expressed
as:

Zilk] = h(x[k]; b;) Ta; + e;[k] = h(Z[k]; b)) "a; + 8[k] T a; + e[k] (4.15)
where 8[k] := h(x[k]; b;) — h(&[k]; b;) is an unknown vector that scales with the magnitude
of €[k]. The difference vector y; — H;(b;)a; is dependent on a; and can not be modeled as

an additive noise.
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From (4.15), for each i € [n], we can model the vector y; as
yi = H;a; + Aja; + €, (4.16)

where A; models the error in the observed measurement matrix H;. Let r > 0, the
uncertainty set for A; is defined such that each row vector in the matrix has a bounded
norm, i.€.,

U ={A; : |ldglla <r, VEke|[K+1]}, (4.17)

where dj, is the kth row vector of A;. To recover a;, we consider minimizing the following
robust objective:

J(ai) = Allai + max lyi — Hia; — Aqaillz (4.18)
which can be upper bounded by:

J(a;) < Maill1 + |lyi — Hiai|2 + max Aa|2
1€ (4.19)
= Mai|l1 + lyi — Hiagll2 + VK +1-|aill2 ,

where the last equality is achieved by applying Cauchy-Schwarz and setting each row of A;
to r - a;/||ail|2. Setting v = rv/K + 1 and minimizing the upper bound function yields the

robust network recovery problem (4.20).

On the other hand, the unknown parameter b; lies in a parameter set B. As such, our

robust identification of sparse networks (RIDS) method tackles — for each i € [n]:

min J(@s; bi) = |y — Hi(bi)as |2 + pllaills + a2 (4.20a)
st [a;] =0, [ai]; =0, VjeS, a; eR", b; e B, (4.20b)

where p,vy > 0 are fixed regularization parameter. This formulation is akin to the matrix
uncertainty (MU) selector in [Rosenbaum and Tsybakov(2010)] for sparse recovery with un-

certainty. Despite being robust to measurement error, the above formulation simultaneously
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solves for the best model parameter that fits with the expression data.

However, (4.20) is a non-convez problem due to the multiplicative coupling in the least
square objective function. The problem cannot be solved directly using off-the-shelf pack-
ages. The RIDS method applies an alternating optimization (AO) approach to get around

with the issue, i.e., by running the following iterative procedure for each i € [n]:

for £=1,2,3,...,L
alt «— argming, J(a;bl) st. (4.20b) satisfied , (4.21)

bt argming [|(BY — ¢ - VpJ (@S5 bY)) — by st beB,

where € > 0 is a fixed step size and VyJ(a‘th; E)f) is the gradient of the cost function. The

(2

last step is a projected gradient update step for b;.

The RIDS method is summarized in Figure 4.1. In the first stage, we apply a pre-process
method to de-noise the experimental data (see the subsection below); in the second stage,

we tackle the robust GRN recovery problem (4.20) using the AO procedure in (4.21).

4.5.1 Handling Empirical Gene Expression Data

Empirical gene expression data are typically poorly processed as the actual experimental
data is prone to noise. In this section, we describe a set of procedures, which are inspired
by our analysis on the gene dynamics, for denoising the empirical gene expression data such

that they can be better exploited by the proposed RIDS method.

Step 1: Subspace projection for ‘denoising’. As the first step, we apply a subspace
projection method as a pre-processing stage in the RIDS method. In particular, let the

set of chips (or vectors of expression levels) taken under the no perturbation condition be
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Figure 4.1: Overview of the processing steps for empirical data. In the pre-processing stage,
we first recover the unperturbed steady-state expression levels & by analyzing the principal
component of the stacked response matrix X 5. Then, an orthogonal projection is applied
to the perturbed steady-state expression levels to recover x[k] — @ for each perturbation
condition. This forms (K + 1) vectors where each of them correspond to a distinct pertur-
bation condition (including no perturbation). Finally, we tackle the robust sparse network

recovery problem (4.20) for GRN recovery via the AO procedure (4.21).

Cropert, We can write the gene expression levels from the cth chip as

Tobs,c =T+ We, ¥ ¢ € Cpopert == (- Topse ---) =T + W , (4.22)

=X ops

where T is the unperturbed steady state satisfying * = Ah(x) (cf. Eq. (4.3)) and w, is
modeled as an additive noise. When the noise is small, we observe that the n X |Cpopert|
matrix X s formed by stacking up Tops,c horizontally is close to rank-one. In light of this,

a natural way for recovering @ is by taking the top left-singular vector of Xy, i.e.,

T=01(Xops) uy where X =UZV' | (4.23)

and o1(X ops) is the largest singular value of X yps.
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On the other hand, for the perturbed steady-states where k € [K], we can estimate the

difference x[k] — by the following subspace projection:

—_~— 1

(ZB[k‘] - f) = ([U]:,Q:end[U}:TQ:end) ’

4.24
G2, " .

cECper K]

where X5 is the gene expression levels from chip ¢ and Cper[k] is the set of chips that

corresponds to the kth perturbation experiment. Naturally, we set
zlk] = (z[k] - =) + T, (4.25)

to be our estimate of the kth perturbed steady state.

Step 2: Normalizing the gene expression vectors. As a final step of the preprocess-
ing, we normalize the vectors of gene expression level & and &[k] obtained from from the

preprocessing steps detailed by dividing the vectors by the constant

1 -
Crorm 1= 5 Max { 111;%3: (Ti), I?elf}?] ?61%( (T4 [k])} (4.26)

such that the values of the normalized gene expression level ranges in [0, 2].

4.6 Numerical Experiments

This section presents numerical results for verifying our theoretical claims on the per-
formance of the proposed RIDS method. To emphasize on the applications to real world
networks, our experiments cover both synthetic and empirical data. Notice that we use
the similar performance metrics to those of Section 3.6, i.e., we compare the AUROC and

normalized MSE of the algorithms under various settings.

4.6.1 Synthetic Data

In silico data. We test the models when the GRN G = (V, E) with n = 100. The weight

matrix A has entries that are uniformly distributed in [0, 1]. We evaluate the steady-state
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Figure 4.2: Identifying GRNs with noiseless synthetic data. The GRN has n = 100 nodes
and is generated as a random graphs — ER graph with connectivity of 0.1 and Random
regular graphs (‘Reg’) with constant degree d = 10. (Left) Area under ROC. (Right) MSE
of A. The shaded area shows the 5% / 95% percentile interval for the AUROC performances.

gene expression levels subject to gene deletion using the 4th order Runge-Kutta method.
We include the GENIE3 method [Huynh-Thu et al.(2010)] and TIGRESS method [Haury
et al.(2012)] for benchmarks. These two were the best performing methods in the DREAM5
challenge. All algorithms tested are implemented on MATLAB 2016a. For the zeros index
set S in (4.6), we set § = 0.02. The model response function used is h(x) = 2%°/(1 + 2%7)

and the parameters are assumed to be known.

Analysis. We notice that the TIGRESS method has encountered numerical issues for
the case with ER graphs and therefore it was shown only for the random regular graphs
case. Figure 4.2 compares the mean square error of the recovered A and the area under
an ROC curve (AUROC) for the recovered network G versus the number of perturbation
experiments K. We assume noiseless measurements in this case and solve (4.8) to recover
the network. We observe that the proposed RIDS method achieves an AUROC of > 0.9 with
K > 14 perturbation experiments, significantly outperforming the GENIE3 and TIGRESS
methods under similar conditions. Moreover, we see that the proposed RIDS method has

a better performance when the underlying graph is a regular graph. In particular, with
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Figure 4.3: Identifying GRNs with noisy synthetic data. The GRNs have n = 100 nodes
and are generated as random graphs. (Left) ER graphs with connectivity of 0.1. (Right)
Random regular graphs with constant degree d = 10. The shaded area shows the 5% / 95%

percentile interval for the AUROC performances.

K =~ 32 perturbation experiments we have perfect recovery of both the inferred links and
interaction strengths, A;;, for the regular graph model. Perfect recovery was also observed
for the ER model for ~ 70% of the instances at K > 32, but however, as the ER graphs tend
to have hubs with high degree, its average MSE performance will be affected. Nevertheless,
having K =~ 14 experiments (~ 15% of the total number of genes) is sufficient to yield a
good GRN recovery performance. The above result corroborates with our analysis that

regular graphs can be identified with less number of experiments.

Figure 4.3 considers the noisy measurement scenario. With reference to (4.13), the
elements of €, €[k] are independently extracted from normal distributions N(0,0.1) and
N(0,0.01). We apply the robust formulation (4.20) with the regularizing parameters set
to p = 1072, = 0.5, v = 0.05 for the case with N'(0,0.1) noise and A(0,0.01) noise,
respectively, to recover the network, notice that in this scenario the parameter b is known
and the problem (4.20) can be solved directly. Comparing the average AUROC performance
shows that the RIDS method has consistently delivered a better performance than GENIE3

and TIGRESS. However, we notice that as the noise power grows, the advantage of applying
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our method declines, i.e., the RIDS achieves the same performance as GENIE3 when the

noise power is 0.1 in the random regular graphs case.

4.6.2 Empirical Data

In vivo data. To test our methodology against empirical data, we reconstruct the GRN
of Escherichia coli (E. coli) and Saccharomyces cerevisiae (S. cerevisiae) directly from gene
perturbation experiments, using the highly curated datasets collected for the DREAM5 Net-
work Inference Challenge!. The E. coli (resp. S. cerevisiae) dataset describes 805 (resp. 536)
vectors of expression level of n = 4511 (resp. n = 5950) anonymized genes under different
experimental conditions; the dataset also lists a subset of TF' = 334 (resp. TF = 333) genes
that are recognized as known transcription factors (TFs), some of whom are decoys, namely

wrongly labeled as such.

Our method relies on the expression levels in the steady state only. Therefore, we
use only 326 out of 805 (resp. 238 out of 536) vectors of expression levels in the E. coli
(resp. S. cerevisiae) dataset, i.e., about ~ 40% of the data. The remaining vectors corre-
spond to transient states, which our method is not designed to treat. Upon grouping and
denoising the dataset using the pre-processing method described, we are left with K = 56
(resp. K = T) vectors of expression levels for E. coli (resp. S. cerevisiae), each with a dis-
tinct perturbation conditions. From these vectors, we must reconstruct A, capturing the
GRN between the transcription factors and the genes, a total of 334 x 4511 (resp. 333 x 5950)

potential links for E. coli (resp. S. cerevisiae).

We use the following model response function for the empirical data:

h(z;b) = 0.75 - 2?2 /(1 + bya®), B={b € R? : by, by >0} . (4.27)

The above encompasses several kinetic interaction models. When b; — 0, the interaction

model tends to be that of a chemical activation process; otherwise the interaction model

! Available at https://www.synapse.org/#\!Synapse:syn2787209/wiki/70351.
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has a saturating effect close to a switch-like process; bs controls the saturation rate of the
gene interaction. We apply the RIDS method to learn simultaneously the GRN and the
model parameters. We wish to remark that our system identification algorithm is the only
one among the methods commonly used for gene network identification that gives insights

on the type of network edge rather than only detecting the existence of an edge.

Parameters of RIDS. For the zeros index set S in (4.6), we set 6 = 0.005. The regular-
ization parameters p and 7 are set to 3 x 10° and 5 x 10° (resp. 3 x 107! and 5 x 1071)
in (4.20) for E. coli (resp. S. cerevisiae) network. Meanwhile, the AO procedure (4.21)
aims at tackling (4.20) with the model response function template (4.27), which has several
parameters to be initialized — for each i € [n], we initialize the AO procedure by setting
by = 0.5 and by = 0.5 and the step size € is set to 1 x 1072. Lastly, the AO procedure ter-
minates after L = 10 iterations in the numerical experiment for a better trade-off between

complexity and accuracy.

Post-processing of the estimated GRN. The proposed algorithm may recover also the
negative edge weights in A. However, we shall treat these negative edge weights as positive
ones for the ease of benchmarking using the DREAM5 evaluation script. In particular, we
consider |A| as our estimate of the GRN. Furthermore, we normalize the elements in |A|
by max; ; |[A];;| such that they range in [0,1]. For the AUROC/AUPR evaluation, we only

count the top 100,000 (and 500,000) predicted links made by our algorithm.

Analysis. Table 4.1 shows the GRN recovery result for the truncated top 100,000 and
500,000 predicted links in the GRN, compared to the Gold Standard. For each method,
we evaluate the AUROC, AUPR and the prediction score, defined similarly as in [Marbach
et al.(2012)] by Score := (log,o(pavroc) +10g10(pavprr))/2, where pavroc and paypr are
the p-values for AUROC/AUPR. The numerical experiment demonstrates that our robust
GRN recovery approach is able to infer GRN from few steady-state data, while achieving
superior performance to the state-of-the-art. In particular, for the E. coli network, the RIDS

method is the top performer among the compared methods, beating even the community
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E. coli S. cerevisiae
Methods AUROC AUPR Score AUROC AUPR Score
Tlff”gs(go[g?fry 0.595 0.069 441 0.517 0.02 1.082
GENI;E?(L};‘IZ;}I'T}‘“ 0.617 0.093 14.79 0.518 0.021 1.387
RankSum 0.65 0.09 24.90 0.528 0.022 6.236
bLARS [Singh and

Vidyasaé‘ar(%OlG)] N/A N/A 5.841 N/A N/A 7.479
RIDS 0.6808 0.0504 32.39 0.525 0.022 4.694

(top 100k) 1.69 x 107%* | 9.9x 1072 3.84x107% | 23x 1072
RIDS (opt. b, 0.6823 0.0508 33.29 0.525 0.021 4.161

top 100k) 3.13x107% | 85x 1072 6.47 x 1078 | 2.9 x 1072
RIDS (no TF, 0.6745 0.0540 29.12 0.524 0.0221 4.298

top 100k) 2.78 x107°7 | 2.0x 1072 3.70x 1077 | 4.8 x 1072
lRi?\Et(%ig&]‘ha 0.641 0.112 29.26 N/A N/A N/A
(i]?i%ﬁl[g}“ 0.705 0.052 48.33 0.533 0.02 8.454
RIDS 0.7573 0.0574 93.28 0.5734 0.0252 62.64

(top 500k) 1.04x1078 | 27 x 1073 1.5x 10719 | 2.38 x 1077

*All values/scores are calculated with the top 100k predictions. Exceptions are the iRafNet, GENIMS and
RIDS (top 500k) in the last three rows, that are based on the top 200k, all, top 500k predictions, respectively.

Table 4.1: GRN recovery result on the two in vivo dataset. Scores for RankSum, GENIE3
and TIGRESS are taken directly from the DREAMS5’s leaderboard. Notice that RankSum
is the community integrated prediction. The lower columns’ scores are the p-value for the
AUROC/AUPR metrics. The RIDS method in the 5th row uses the median optimized
parameters learnt for the two networks, i.e., by = 0.047,b2 = 0.5893 for E. coli and by =
0.5571, by = 0.3749 for S. cerevisiae and we solve (4.20) with the fixed parameters for all

genes; the 6th row tackles (4.20) without using the list of transcription factors.

integrated prediction (RankSum) while using ~ 60% less experimental data. Our method
gives good performance even the list of TFs are not provided when tackling (4.20). Overall,
we have the best prediction score for F. coli, and the score for S. cerevisiae is comparable

to state-of-the-art.

The model parameters learnt using RIDS are plotted in Figure 4.4. We observe that
the parameters learnt are clustered around by ~ 0.05, by ~ 0.6 for the F. coli network and
b1 ~ 0.4, by ~ 0.55 for the S. cerevisiae network. This suggests that the interaction model

for the former is close to a chemical activation process, while the latter is close to being
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Figure 4.4: Model parameters learnt for different gene dynamics. (Left) E. coli network.
(Right) S. cerevisiae network. The top figures show the scatter plot of the parameters.
The bottom figures show the histograms of parameters learnt, where the blue patch is
the saturation rate parameter by and the red patch is parameter b which controls if the

interaction model is more of the chemical activation type or the switching type, cf. (4.27).

a combination. The parameters learnt are also similar across different genes, which seems
to indiciate that the parameter space may be reduced by using a single set of parameters
for all genes. This is corroborated by the AUROC/AUPR performance obtained when the
RIDS method is re-applied with the same model parameter for all genes in Table 4.1. From
the table, we note that the S. cerevisiae shows a higher variance for the by, by values learnt
for each gene, which is due to the fact that the in vivo data available for this network is

scarcer than the one for E. col.

4.7 Chapter Summary

This work proposes the RIDS method for GRN identification using a limited number

of perturbation experiments. The RIDS method is developed through modeling the gene
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expression data as the outcome of perturbing a nonlinear dynamic system. To improve
robustness, the method first applies a subspace projection method for denoising the gene
expression data, then a sparse and robust estimator is applied to recover the network.
The model parameters of the dynamic system will also be inferred simultaneously. Our
theoretical analysis, conducted under the assumption that the dynamic’s parameters are
known, shows that it is possible to recover the GRN even when there are only a few sets
of perturbation experiment data available. This is in contrary to the common belief that it
requires a large number of experiments to apply similar methods. Moreover, our experiments
on empirical data shows that the RIDS method compares favorably to the state-of-the-art
methods while requiring ~ 60% less data. The RIDS method paves the way to study the
dynamics of gene interactions by having the ability to infer the model parameters, which is
important as studied by [Ronen et al.(2002)]. For example, our preliminary result suggests
that the genes in the E. coli and S. cerevisiae networks tend to have a different interaction

model with its neighboring genes.
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Appendix
4.A  Proof of Proposition 4.1

Define

7 — alk] = ([@ — 21)ep + €, (4.28)

such that the kth component of € is zero. Our goal is to find e. We have:

% — alk] = A(h(F) — h(z[k])) + exe; Ah(z[k]) + zres. (4.29)

Notice that ey, is in the null space of (I — eye; ). Left-multiplying with (I —ege; ) to both

sides of the equation yields:

e = (I - epe ) A(h(T) — h(z[K)))
(4.30)
~ (I - epe, ) AVR(2[k])(([Z]r — 2zt)er + €)

where we have taken Taylor’s expansion for h(Z) centered at x[k] and assumed that the

approximation is accurate when the perturbation  — x[k] is small. This gives

e~ (I — epe] )AVh(z[k))e + ([E]r — z) (I — eres )AVh(x[k])er (4.31)

Moreover, we notice that Vh(z[k]) is a diagonal matrix with h'(zy) on its kth entry. There-

fore the latter term can be simplified as

([®]k — ze) (I — exey ) AVR(')ey, = ([®]x — z0)h (2) (I — exey ) @cork
(4.32)

- ([E]k - Zk)h/(zk)acol,k s

where the last equality is due to the fact that the kth element of a  is zero.
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Finally, we observe that

€= (I — (I —ere])AVR([K]) " - (& — 2)P (21) GcoL
= (I + (I —eye,)AVh(z) (433)
+ (I - exe] JAVR(a')? + - ) - ([, — 21) ' (21) @col

~ ([@]r — 2e) (2k) Aok »

where the second equality is due to Taylor’s expansion. Notice that the series expansion

holds when A\q: ((I — exe] JAVA(z')) < 1.

4.B Proof of Theorem 4.1

Using the assumptions stated in the theorem, we first reduce the linear system into a
simple form that involves an underdetermined system with a sparse sensing matrix. The
sensing matrix is then found to have the same structure/support as the bipartite graph
formed by the edges from the perturbed nodes to all other nodes. Finally, the desired perfect

recovery condition is given as a consequence of the expander property of this bipartite graph.

We are ready to begin our proof. Let a; be the ith row of A and define a set of vectors
{yi}?_, such that [y;] := T; — z;[k]. We observe that y; is a collection of the data points

that depend on a;. For simplicity, let us focus on the case when ¢ ¢ [K],
il = al (h(@) - h(z[k))) = (@) — z1) - a] VR(@)(W () acos +ex) . (4.34)

where we have applied Proposition 4.1 and the first order Taylor approximation on h(x) —

h(x[k]) to yield the result above. After some manipulations and applying the assumptions
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stated in the theorem, we can express the equation above as

(Tl — zl)h’(zl) . Vh(i)a—r

col,1
(Tx — zx)h (2K) - VR(Z)a, ;

Z:Ei

where A is an K x K diagonal matrix with the kth element being [A]xx = Tx — zx. The
challenge is that as the non-zero elements of A has a larger magnitude than the matrix E;
in the latter matrix-vector product, the overall sensing matrix (A 0) + E; is dominated by
the diagonal matrix component. That is, (A 0) + E; ~ (A 0). However, this implies that
the elements of a; over the coordinates [n] \ [K] cannot be recovered from y; as the rows of
the sensing matrix supported only on [K]. It is thus necessary to exploit extra information

to recover a;.

In light of this, we note that [a;]; is zero for all j in S;. The first matrix-vector product
is thus an K — |S;|-sparse vector which is supported on the set Sf = [K] — S;. As we are
interested in studying a sufficient condition for perfect recovery, we see that (4.35) implies
the following linear system with the rows corresponding to S§ removed,

vils, = [Eils, .ai- (4.36)

(2N

Compared to the original model (4.35), we can suppress the dominating diagonal component

in E; using the support knowledge on a;.

The remaining task is to verify if the reduced sensing matrix [ENZ] S is a good sensing
matrix. Notice that dense and random matrices are known to exhibit good properties in
which one only requires |S;| > 2||a;||o - logn to achieve perfect recovery. On the other hand,
[EZ] S is a sparse matrix whose support depends on the out-neighbors of the nodes in S;.
In particular, we have supp( [El] Si15) = supp(AISi). An interesting observation is that the

support of the sensing matrix depends on the support of A itself or the network that we

91



wish to recover.

As it turns out, the perfect recovery condition for a; boils down to studying conditions

on the support of [E’Z] In particular, let Gy;(A, B) with |A| = n and |B| = |S;)| < K

Sy’
be the bi-partite graph representation of [E;]s,. such that the adjacency matrix of Gy,

i.e., Ap; € RISiI*" hag the same support as [E]s,

(ZXN

Theorem 4.2 If Gy; is an («,0)-unbalanced expander graph with left degree bounded in
[y, dy] such that 2(dy/dy) -6 > /5 —1 and k < T and E; or —E; is non-negative, then
the set

C={a; : [Eig (a;—a;) =0} (4.37)

(2N

is a singleton for all k-sparse vector a;.

Proof: To prove Theorem 4.2, the following lemma will be instrumental. Denote Null(E)

as the null space of a matrix E, i.e., Null(E) :={y : Ey = 0}.

Lemma 4.1 If (i) the vector T is k-sparse, (ii) the matric E € R™*"™ satisfies 0 # w €
Null(E), |S_(w)| > k + 1 where S_(w) = {i € [n] : w; < 0}, then the set C = {x :

E(x —x) =0, = > 0} is a singleton.

Proof: Suppose |[C| > 1 such that there exists & € C, & # @. It is straightforward to see
that € =  + w, where w € Null(E). The assumption implies that |S_(w)| > k + 1 and

=T+ w # 0 as T is k-sparse. This contradicts € C. Q.E.D.

The next step is to apply a generalization of [Wang et al.(2011a), Theorem 4]:

Lemma 4.2 Letn > m and E € R™*" be a non-negative matriz that has the same support
as the adjacency matriz of an («,d)-unbalanced bipartite expander graph with left degrees
bounded in [d;,dy] and p = di/dy. If p6 > (v/5 —1)/2, then for all k-sparse vector ®, the
set

C={x:E(x—x)=0, >0}, (4.38)
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is a singleton if k < ﬁ"pén.

Proof: Using Lemma 4.1, it suffices to prove that any w € Null(E) with S_(w) C A,
we have |S_(w)| > k + 1. We shall proceed by contradiction. Suppose that there exists
w € Null(E) such that |S_(w)| < k. Since |S_(w)| < k < an, the expander property
implies:

6d; - |S—(w)| < 0|E(S—(w), B)| < [N (S (w))]. (4.39)

The right hand side can be further upper bounded as:

IN(S-(w))| < |E(S—(w), B)| < dy - |S-(w)| (4.40)

Moreover, we know that N(S_(w)) = N(S4(w)) = N(S_(w) U Sy (w)). This is because
Fw = 0 and A is non-negative, thus the neighborhood sets must coincide to enforce
nullity, otherwise this will result in Ew # 0. Note that in [Wang et al.(2011a)], the proof is
achieved by assuming that E is the binary adjacency matrix. We extend the same argument
to the case when FE is non-negative. From the above and applying the inequality (4.39) on
N(S4(w)) = N(S—(w)), we have:

1S (w)| = [N(S4(w)|/du = (di/du)d]|S—(w)] (4.41)

As S_(w) and S, (w) are disjoint, we have |Sy(w) U |S_(w)| > (1 4 pd)|S—(w)|. As such,
we choose an arbitrary subset S C S| (w)US_(w) such that |S| = (14 pd)|S_(w)|. Notice

that |S| < (1 + pd)|S_(w)| < an. Using the expander property again gives:
IN(3)| 2 8BS, B)| > dub(1+ pb)|S_(w)] > dulS_ ()| (1.42)

As p§ > (v/5 — 1)/2, the last inequality is valid as pd(1 + pd) > 1.
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Finally, we reach a contradiction as

IN(S)] < IN(S-(w) USi(w))| = IN(S-(w)| < dulS-(w)], (4.43)

leading to dy|S—(w)| > d,|S—(w)|. The lemma is thus proven. Q.E.D.

Finally, by identifying that Gj; satisfies the conditions in Lemma 4.2, our desirable

results in Theorem 4.2 can be obtained.

Consequently, we observe that all the conditions in Theorem 4.2 hold, therefore solving

(4.8) yields A = A, i.c., we achieve perfect recovery of the network.
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— PART II —

Algorithms on Networks
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5 Consensus-based Projection-free Optimization

This chapter studies optimization algorithms that run on networks. In contrast to
the previous part on modeling and identification of network dynamics, here we design the
dynamics on the networks. The latter leads to solution of optimization problems relevant

applications in signal estimation or machine learning.

5.1 Context and Background

In this chapter, our focus is to devise algorithms to tackle the optimization problem:

N

1

Inin NZﬁ;(Q) st. 8ecC, (5.1)
=1

on a network of N agents. We shall work with a smooth optimization setting where

e the function f;(0) is continuously differentiable (possibly non-convex), it is held by

the 7th agent.

e the set C C R? is closed, bounded and convex.

A common instance of (5.1) is the empirical risk minimization (ERM) problem, where the

private risk function f;(€) models the loss of @ incurred over the private data held by agent

1, €.8.,
£1(0) = 157 S 60, i) 52)

€21 ke,

where ¢;(0,y; ;) quantifies the mismatch between a statistical model parameterized by 8 and
the kth data entry, y; i, held by agent 7. In this instance, C corresponds to a regularization
constraint imposed on @ that promotes desirable properties such as sparsity or a low-rank,
which capture prior knowledge about the solutions that can help overcome the curse of
dimensionality in searching for a solution in R%. Problem (5.1) also covers a number of

applications in control theory and signal processing, including system identification [Liu
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and Vandenberghe(2010)], matrix completion [Candes and Recht(2009)] and sparse learning
[Ravazzi et al.(2016),Patterson et al.(2014)]. While in most instances the inclusion of high-
dimensional constraint is a fundamental ingredient to attain good estimation performance,
the curse of dimensionality returns to haunt us due to the significant computational cost
added when enforcing such constraints through a projection step, aimed at ensuring feasible
iterates. As reviewed in Section 1.4, most of the prior work on decentralized optimization
algorithms for constrained optimizations are projection-based, and may therefore suffer

from the high computational complexity.

This chapter proposes a new decentralized projection-free optimization algorithm, called
the decentralized Frank-Wolfe (DeFW) algorithm, which addresses the computational is-
sues above with high-dimensional constraints. Specifically, we derive the DeFW algorithm
through a careful combination of the average consensus protocol with the efficient Frank-
Wolfe (FW) algorithm. Note that the latter has been applied successfully to a number
of high dimensional problems in machine learning. In fact, the FW algorithm replaces the
costly projection step in projection based algorithms with a constrained linear optimization,
which often admits a computationally efficient solution. Importantly, we provide conver-

gence rates of the DeFW algorithm for both convex and non-convex instances of (5.1).

In the rest of this chapter, after introducing the notations and necessary mathematical
concepts, Section 5.2 reviews on the classical decentralized projected gradient method [Ram
et al.(2012)] and presents the state-of-the-art convergence (rate) results. Section 5.3 gives a
brief introduction to FW algorithm and develops the decentralized FW (DeFW) algorithm
from the former. The convergence guarantees of DeF'W algorithm will then be summa-
rized in Section 5.4. We then present the application examples in Section 5.5 and a faster
DeFW algorithm for low-rank regression in Section 5.6. Finally, we conclude with numerical

experiments in Section 5.7.

Notations. We use the notations introduced in Section 2.1 on networks with the addi-

tional conditions below. In particular, the network’s graph is undirected with N nodes, and
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the weighted adjacency matrix is non-negative doubly stochastic, such that AT1 = A1 = 1.
The second largest singular value, o9(A), is strictly less than one, implying that the graph
is connected. We also define a communication round as the network’s nodes sharing a mes-
sage through the network edges once. We focus on the static network setting where A is

time invariant.

5.2 Review: Decentralized Projected Gradient (DPG) Algorithm

The DPG algorithm emulates the centralized projected gradient descent (PG) [Bert-
sekas(1999)]. In particular, let ¢ € N be the iteration number, the projection can be de-
scribed as:

011 =Pc(0; — v VF(6)), (5.3)

where 7, € (0,1] is a step size and P¢(+) is the projection operator onto C:
Pe(x) = argmin || — x||3 . (5.4)
6cC

To mimic the centralized PG algorithm in the decentralized setting, the agents need to
retrieve information about the global gradient VF(68;). The DPG algorithm achieves this

using the following recursions — let ! be the local iterate held by agent i at iteration t,

(Consensus step) 6% = Zévzl Aijé’z , (5.5a)

(PG step) 01y = Pe(0i =V 1i(8))) . (5.5b)

where 6! is an auxiliary variable that holds a local approximation of the global average
parameter (1/N) Zjvzl 0{ . The consensus step (5.5a) is similar to the average consensus
protocol in [Tsitsiklis(1984)] while the PG step (5.5b) is analogous to the centralized PG
algorithm (5.3), with the exception that the global gradient VF(6;) is replaced by the local
gradient function Vf;(0}), evaluated at the approximate global iterate. Despite using the

local gradient vector in lieu of the global one, the DPG algorithm achieves convergence
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since the evaluation of V£;(0) incorporate information about the local functions held by
the other agents that propagates through the mixing step. More specifically, the algorithm

exhibits sub-linear convergence for convex problems with a diminishing step size ;.

As seen, the iteration steps of the DPG algorithm are conceptually simple to implement.
However, for high-dimensional problems, the projection operation (5.4) can be computation-
ally prohibitive, even when a closed form solution is available for its update. For example,

when C is a trace norm ball for matrices of dimension m; X mo, i.e.,

C={0ecR™* ™ . ||g|,, <R}, (5.6)

the projection operator admits a closed form solution as:

Pe(X) =Umax{0,X — A*}V', where X =UZV ', (5.7)

for some diagonal A* such that ||Pe(X)|s1 < R. Clearly, the projection step amounts
to computing a full singular value decomposition (SVD) of the operand. The associated
complexity of such step grows as O(max{mim3, mam?}) is a cost endured by all the N
agents in all iterations. This is highly undesirable for big-data applications where mq, mo >
0. The DPG has served as a prototype algorithm for a number of sophisticated decentralized
optimization algorithm, e.g., [Jakovetic et al.(2014), Shi et al.(2015), Nedi¢ et al.(2016), Qu
and Li(2016)]. These algorithms require fewer iterations to convergence, but are equally

burdened by the high complexity of the projection step.

Convergence Analysis. The convergence properties of the DPG algorithm are known
for a general setting with time varying mixing matrix (i.e., the matrix A[t] may change at
every iteration) [Ram et al.(2012)]. Specifically, it has been established in [Ram et al.(2012)]
that the algorithm converges almost surely when the step size is chosen such that Y 72, v =
oo and Y %, 47 < oo (and the time varying network is connected in an ergodic sense). How-

ever, the convergence rate of the DPG algorithm has not been studied in [Ram et al.(2012)].
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Here, we describe the convergence rate analysis conducted in [Chen(2012)] for convex prob-

lems, whose result can be summarized as follows:

Theorem 5.1 [Chen(2012)] Consider Problem (5.1) and suppose that each of f; is convex
and L-smooth. If we apply the DPG algorithm to solve (5.46) and choose the step size as
v < 1/L, then it holds for all T > 1 that:

: D1+ Dy S°F 42
min F(6;) — (min F(6)) < 1+ Dad iy

5.8
1<I<T oeC - Zthl Y ’ (5-8)

where D1, Dy are some finite constants that depend on o2(A). If we set v, = C/\/t for some
C < oo, then minj<i<7 F(}) — (mingee F(8)) = O(logT/VT). Moreover, the algorithm

attains consensus, that is limy o ||0: — (1/N) Eé\[:l 9?” =0V i

Theorem 5.1 proves that, in terms of the difference between objective values at itera-
tion T and at an optimal solution (a.k.a. the primal optimality gap), the DPG algorithm
converges sublinearly at a rate of O(logT/v/T). The proof of Theorem 5.1 proceeds first
in showing that the algorithm attains consensus asymptotically, and then in bounding the
optimality gap by the descent lemma in [Bertsekas(1999)] (as f; is assumed to be a smooth

function).

If we relax the assumption that the objective function of Problem (5.1) is convex, little
is known about the convergence (rate) of the DPG algorithm. Recent work [Tatarenko
and Touri(2017)] has shown that a decentralized gradient descent method applied to the
unconstrained version of (5.1) converges at a sublinear rate for non-convex problems,
i.e., ||@i—0|| = O(1/+/t), where @ is a stationary point to (5.1), yet the algorithm considered
therein is different from the DPG algorithm in (5.46). The state of the art in understanding
the convergence of the DPG applied to non-convex problem can be found in [Bianchi and

Jakubowicz(2013)] and is quoted below:

Theorem 5.2 [Bianchi and Jakubowicz(2013)] Consider Problem (5.1) and the DPG al-

gorithm (5.46). Suppose that each of f; is L-smooth. If we choose the step size such that

100



S22 e =00 and Y 52, vF < o0, then the sequence {0 }i>1 satisfies:

1. (Consensus) limy_,o0 |0} — (1/N) 3210, 0] = 0 for all i € [N].

2. (Stationary point) lim;_,o. |0 — || = 0, where 0 is a stationary point of (5.1).

Finally, we remark that in a centralized setting, the PG algorithm is known to converge
at a linear rate for strongly convex objective functions. Such convergence rate is not ob-
served for the DPG algorithm since the latter requires a diminishing step size to guarantee
convergence. An active research area is to develop DPG-like algorithms that achieve linear
convergence using a constant step size, e.g., [Shi et al.(2015), Nedi¢ et al.(2016), Qu and
Li(2016)].

5.3 Decentralized Frank-Wolfe (DeFW) Algorithm

Before we move on, let us describe a few properties of Problem (5.1) that will be useful.
In the following, we shall work with both Euclidean norms and general norms, denoted by
| - ||. Firstly, the constraint set C C R? is convex and bounded with the diameter defined
as:

pi=sup [0-6., 5= sup [0—0]s, (5.9)
rec 0,0'cC

)

where p is defined with respect to (w.r.t.) the dual norm || - |, while p is defined w.r.t.
the Euclidean norm. When the objective function F' is p-strongly convex with p > 0, the

optimal solution to (5.1) is unique and denoted by 6*, we also define
0:= inf ||s — 6" .1
inf s = 6]l (5.10)

where OC is the boundary set of C. If § > 0, the solution 8* is in the interior of C.

We develop the decentralized Frank-Wolfe (DeFW) algorithm from the classical FW
algorithm [Frank and Wolfe(1956)]. Let ¢t € N be the iteration number and let the initial
point 8y € C is feasible. Recalling the definition F'(@) := (1/N) Zf\; 1 fi(0), the centralized
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FW algorithm for problem (5.1) proceeds by:

a;_1 € arg Inelél (VF(0:-1),a) , (5.11a)
0 =011 +y-1(at—1 — 6r-1) , (5.11b)

where v,—1 € (0, 1] is a step size to be determined. Observe that 6; is a convex combination
of 8,1 and a;_1 which are both feasible, therefore 8, € C as C is a convex set. When the
step size is chosen as v, = 2/(¢t + 1), the FW algorithm is known to converge at a rate of
O(1/t) if F is L-smooth and convex [Jaggi(2013)]. A main feature of the FW algorithm is
that the linear optimization! (LO) (5.11a) can be solved more efficiently than computing
a projection, leading to a projection-free algorithm. At the end of this section, we will

illustrate a few examples of C with efficient LO computations.

To this end, one would be tempted to develop a DeFW algorithm in a similar fashion
as the DPG algorithm, i.e., simply modifying the centralized FW algorithm by replacing
(5.11b) with an average consensus update while using the local gradient V f;(-) for the up-
date direction (5.11a). However, as we shall explain later, this procedure may not converge

to a meaningful solution of the problem (5.1).

Instead, we consider extending the FW algorithm to a decentralized setting with a
double-consensus scheme. To do so, we replace both the global gradient and iterate,
i.e., VF(0;), 0, in (5.11) with their respective local approximations in a similar fash-
ion as the strategy developed in [Johansson et al.(2008),Simonetto and Jamali-Rad(2016)].
In particular, let 6 denotes an auxiliary iterate kept by agent i at iteration t. Define the

average iterate:

_ 1 N oo
0=+ 29; . (5.12)

Also, define the local iterate 6! as an approximation of the average iterate above kept

by agent i. We require 6! to track 6; with an increasing accuracy. Let {Ap,}:>1 be a

!Notice that (5.11a) is a convex optimization problem with a linear objective.
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non-negative, decreasing sequence with Ap, — 0, we assume

H5.1 ({Ap;}¢>1) For allt > 1, it holds that:

max 6] — ]2 < Ap, . (5.13)
1E€[N]

To compute (5.11a), ideally each agent has to access the global gradient, VF(0;). However,
just the local function f;(-) is available and agent i can only compute the local gradient

V £;(6}). Therefore, we also need to track the average gradient as

+~ S

N
VF = ;;Wj(é ), (5.14)

by the local approximation ViF. Note that V,F is close to VF(8;) when each of the
function f;(@) is smooth and @ is close to 6;. Let {Ad;}¢>1 be a non-negative, decreasing

sequence with Ady; — 0, we assume:

H5.2 ({Ad¢}i>1) For allt > 1, it holds that:

max |[ViF — V,F|ly < Ad, . (5.15)
1€[N]

Naturally, from the local approximation ViF, the ith agent can compute the update direc-
tion @} = argmingec(ViF,a) and update ), similarly as in (5.11b). To summarize, a

prototype of the DeF'W algorithm can be found in Algorithm 5.1.

Compared to the DPG method (5.46), we note that the DeFW algorithm requires an
additional aggregation step to compute the approximate global gradient, while the global
gradient is not required in the DPG method. The primary reason for this is the fact that

the FW step computation (5.11a) is not smooth in general with respect to the gradient
VF(6;). Concretely, consider C = {# € R? : ||@]|; < 1} and let VF(0) = (1,1 — ¢) and
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Algorithm 5.1 Decentralized Frank-Wolfe (DeFW) — a prototype.

1: Input: Initial point 6} fori =1,..., N.
2: fort=1,2,... do
3: Consensus: obtain the average parameter:
0; < NetAvg,({67}1.)), Vie [N]. (5.16)
4:  Aggregating: obtain the average gradient:

ViF « NetAvg{({Vf;(6))}}L,), Vi€ [N]. (5.17)

5. Frank-Wolfe Step: update

0,1 < (1 —7)0; + via; where aj = arg glég(Vf;F, 0), (5.18)

for all agent i € [N] and v, € (0,1] is a step size.
6: end for

7. Return: Approximate stationary point 6,V i € [N].

VF(0') = (1,1+ ¢€) be two gradient vectors for any € > 0, we observe that

(—-1,0) = argrgleig (VF(0),a), (0,—1)=arg I;lel(rjl (VF(0'),a) . (5.19)

Therefore, a small perturbation to the gradient direction may lead to a huge difference in
the FW direction a; found. On the other hand, the projection operator in the DPG method
is non-expansive such that it tolerates small changes in the gradient direction and retains
the information in the gradient after the projection. Now, if the DeFW algorithm proceeds
by taking ai = argmingec(Vf;(6:),a) in a similar fashion as in the DPG method, the
computed direction ai can be greatly different from that of taking it with respect to the
global gradient VF(6;). Intuitively, this would prevent convergence to a stationary point
of (5.1) since the computed directions are likely to be completely unrelated to the global
gradient which the algorithm is supposed to follow. It is, therefore, necessary to adopt a

two-steps average consensus procedure to implement the DeFW algorithm.
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Algorithm 5.1 requires each agent to solve the LO (5.11a) independently at each itera-
tion. As we have mentioned, this can be done more efficiently than its projection counterpart

for several interesting cases of the constraint set C. For example:

e When C is the ¢1 ball, C = {8 € R?: ||0]; < R},
a.=—R-e;, where k¢ argm%{ HV};F]J‘ . (5.20)
jE

The solution above amounts to finding the coordinate index of ViF with the maximum
magnitude. Importantly, this solution is only 1-sparse. Consequently, the tth iterate
0; will be at most tN-sparse. The worst-case complexity of computing a! is O(d); in

comparison, the worst-case complexity for the projection into an ¢; ball is O(dlog d)?.

e When C is the trace norm ball, C = {6 € R™1*™2 : ||8||,1 < R}, where [|0||,, is the

sum of the singular values of 8. Let w1, v; be the top-1 left/right singular vector of

ViF, we have

al=—-R-uv, . (5.21)

Importantly, at a target solution accuracy of &, the top singular vectors can be

computed with a complexity of O(max{mi, ms}log(1/J)) using the power/Lanczos

method if ||vec(ViF)|o = O(max{mi, ma}). In comparison, the projection onto the
trace norm ball requires a complexity of O(max{mim3, mam?}log(1/§)) for comput-

ing the full SVD of an m; x mgy matrix [Golub and van Loan(2013)].

The examples above are relevant to the two applications described in Section 5.5. More
recently, efficient implementations are found when C admits additional structure such as

being the convex hull of all perfect matchings of a bipartite graph; see [Jaggi(2013)].

In Section 5.4, we show that the two conditions H5.1 and H5.2 are sufficient to show

the convergence of Algorithm 5.1 for a wide class of optimization problems (including non-

2There exists a randomized, accelerated algorithm for projection in [Duchi et al.(2008)] with an expected
complexity of O(d).
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convex optimizations). However, before delving into the details of convergence analysis,
let us demonstrate that these conditions can be satisfied by running a consensus based

implementation of DeFW algorithm.

5.3.1 Implementation: Consensus-based DeF'W

We now design a message exchange protocol such that H5.1 and H5.2 can be enforced by
employing the average consensus (AC) protocol [Tsitsiklis(1984), Dimakis et al.(2010)] with
a fired number of update/communication rounds for the NetAvgi(-) subroutine. Specifically,
the following discussions are based on the static AC; note that it is possible to extend the
protocol to a randomized setting for time-varying networks (e.g., with random link failures),

see [Boyd et al.(2006)].

For each round of the AC update, the agents take a weighted average of the values
from its neighbors according to the weighted adjacency matrix A, e.g., by using an update
equation like [cf. (2.2)]:

N
it =" Ay al, Vs> 1. (5.22)
j=1

As shown in Fact 2.1, the above recursion is non-expansive and computes the average of
{20}, at a geometric rate of 02(A). Now, let us consider the in-network computation of
9% in line 3 of the DeFW algorithm. Here, the NetAvg!(-) subroutine in the consensus step

is implemented by:
N

0, => A0, (5.23)
j=1

i.e., we perform one round of the AC update. Since A;; = 0if (¢,j) ¢ E, the above operation

is implemented using message exchanges among the neighbors of agent .

Now, for some «a € (0, 1], we define to(a) as the smallest integer such that

(5.24)
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Notice that to(a) is upper bounded by:
1 1
to(a) < [(UZ(A) e — 1) ] . (5.25)
The following lemma can be easily proven:

Lemma 5.1 Set the step size v as 1/t* in the DeFW algorithm for some « € (0,1], then

0: in (5.23) satisfies H5.1 with

C
Ap, < tTI‘) , Vt>1, where Cp:= (to(a))* - VNp. (5.26)
The proof is postponed to Appendix 5.A, which relies on using the fact that 6 is a linear
combination of 0_2[_1 and af;_l, i.e., iterates from the previous iteration. In particular, 9_7?_1

is already O(1/(t —1)%)-close to the network average from the last iteration and the update

direction a!_; has to be weighted by the decaying step size ;1.

In comparison to what we were able to establish above, the in-network computation of

ViF in line 4 of the DeFW algorithm is less straightforward. Unlike the computation of
0;, computing N1 Zf\; V£i(6}) to an accuracy of O(1/t*) by communicating the local
gradient Vf;(0}) requires Q(logt) rounds of updates when the AC protocol is employed.
One of the main technical issues is that the local gradient Vf;(0}) computed by the ith
agent is in general different from the local gradient computed at the other agent, even when
6! is close to @ for j # i.

We propose an approach that is inspired by the fast stochastic average gradient (SAGA)

method [Defazio et al.(2014)] which re-uses the gradient approximate Vi_, F' from the last
iteration. Notice that a similar technique is adopted in [Qu and Li(2016),Nedié et al.(2016),
Lorenzo and Scutari(2016)] under the name of ‘gradient tracking’ for various decentralized

methods. Here we provide a rate analysis with non-asymptotic constants. Specifically,
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define the following surrogate of local gradient at iteration ¢:

ViF == Vi \F+Vfi(6;) = Vfi(6;_y), Vi€ [N]. (5.27)

When ¢ = 1, we set ViF = Vf;(8}). Notice that (5.27) computes the incremental update
of the gradient from Vi_| F. Similar to (5.23), the NetAvg:(-) subroutine in the aggregating
step is implemented by:

N
ViF =Y Ay -VIF, (5.28)
j=1

i.e., using just one round of the AC update on Vi F. Below we show that the average gradient

is preserved by the surrogate ViF and ViF achieves an approximation error similar to that

in Lemma 5.1:

Lemma 5.2 Set the step size v as 1/t* in the DeFW algorithm for some o € (0,1].

Suppose that each of f; is L-smooth, 0! is updated according to (5.23), then ViF in (5.28)

satisfies
NN ViF=N1SYN V6, vi>1, (5.29)
and H5.2 with
Ady < Cy/t*, Y E>1, (5.30)
where
C, = (to(@))*-2V/N(2C, + p)L . (5.31)

The proof can be found in Appendix 5.B. Similar intuition as in Lemma 5.1 was used
in the proof. In particular, we observe that Vi_;F is O(1/(t — 1)*)-close to the network
average V, ,F from the previous iteration and V f;(0;) — V fi(0;_,) scales as ||0; —0}_||2 <

Ap,_; = O(1/(t — 1)¥) since f; is L-smooth.

Remark 5.1 [t is possible for the agents to repeat the updates in (5.23), (5.28) for multiple

rounds. Mathematically, this is equivalent to replacing A;; in the above mentioned equations
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Next iteration t <+t + 1

AL
’ /‘ N\~

1. consensus: ¥V i € [N] — [ — —
0 N A..07
§ D i1 Al R
2. aggregating: ¥ i € [N] —

_ , . . x
ViF 350 Ay (VI F = VF(0]) + V66D) | 7

7’
7

3. FW step: ¥V i € [N]

0§+1 +— (1- %)G_Tf + %a% where af; + argmingec(a, V%F>

Figure 5.1: Illustrating the DeFW algorithm as a three-steps recursive procedure.

by [A)ij. Asoa(AY) = 09(A)", the constants to(a), Cy, Cy can be greatly reduced. Moreover,
when p is large, performing multiple rounds of GAC updates within one iteration of DeFW

can be beneficial for speeding up the algorithm in practice.

A summary of the above implementation of the DeFW algorithm can be found in Fig-
ure 5.1. We remark that the DeFW algorithm is not limited to the gossip-based implemen-
tation described above. In fact, any average consensus protocols which produce in-network
averages satisfying H5.1, H5.2 with the desirable rates on Ap,, Ad; can be applied. For
example, when the graph G of the communication network is directed, one may apply the

push-sum average consensus algorithm in [Tsianos et al.(2012)].

5.4 Convergence Analysis for General DeFW

We provide convergence analysis on the DeF'W algorithm under general assumptions
H5.1 and H5.2 for each agent ¢ € [N]. Under the said assumptions, the FW update step,

i.e., line 5, in Algorithm 5.1 can be regarded as performing the (centralized) FW updates
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(5.11) on 6; in an inexact manner. Below we characterize the convergence of the DeFW

algorithm. For convex objective functions, we have:

Theorem 5.3 Set the step size as v, = 2/(t + 1). Suppose that each of f; is convex
and L-smooth. Let Cp, and C, be two positive constants. Under H5.1-5.2 [Ap, = Cp/t,

Ady = Cy/t], we have

8p(Cy + LC,) + 2Lp*

F(8,) ~ F(6") < L

: (5.32)

for all t > 1, where 8* is an optimal solution to (5.1). Furthermore, if F is p-strongly

convez and the optimal solution 8* lies in the interior of C, i.e., § >0 (cf. (5.10)), we have

_ 919
F(O_t) —F(O*) < (4P(Cg +2Légz) + Lp*) . (t_|_91)2 , (5.33)

for allt > 1.

The proof can be found in Appendix 5.C. We remark that 0; is always feasible. For
strongly convex objective functions, the conditions (5.32), (5.33) imply that the sequence
{6:}1>1 converges to an optimal solution of (5.1). Furthermore, as the consensus error,
max;c(n] [|0f — O¢ll2, decay to zero (cf. H5.1), the local iterates {6} }>1 share similar con-

vergence guarantee as {0;}¢>1.

For non-convex objective functions, we study the convergence of the FW /duality gap:
gt = max(VF(0;),0; — 0) . (5.34)
occC

From the definition, when g; = 0, the iterate 8; will be a stationary point to (5.1). Thus
we may regard ¢; as a measure of the stationarity of the iterate ;. Also, define the set of

stationary point to (5.1) as:

C* = {QeC:rggg( (VF(0),0—0) =0} . (5.35)
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We consider the following technical assumption:
H5.3 The set C* is non-empty. Moreover, the function F(0) takes a finite number of values
over C*, i.e., the set F(C*) ={F(0):0 € C*} is finite.

We now have:

Theorem 5.4 Set the step size as v, = 1/t for some a € (0,1]. Suppose each of f; is
L-smooth (possibly non-convez). Let Cp,, Cy be two positive constants and G = max; G,
where G; is a Lipschitz constant for f;. Under H5.1-5.2 [Ap, = Cp/t*, Ady = Cy/t%], it
holds that:

1. for all T > 6 that are even, if a € [0.5,1),

1 1l -«
i < : : Lp*/2+2p LCp))log?2) ;
B S T gy (Ge (/24 25(Cy + 1Cy))log2)
(5.36)
if a € (0,0.5),
, 1 -« (Lp?/2 4 2p(Cy + LCy))(1 — (1/2)'72)
YR — .
erjon 7S Ta (1 (2/3)1-a) (G + 1-2a )
(5.37)
2. if a € [0.5,1), exactly one of the following statement holds:
(a) for some t, € [T/2+ 1,T], the FW/duality gap satisfies:
_ 1 Lp? 1
< 2p L — ) =0(=—). .
te[TI}lle,T] = (t*)a( PCp+LC) + 2 ) O(Ta) (5.38)

(b) the objective value is monotonically decreasing, i.e., F(0;11) < F(0;) for all

te[T/2+1,T).

3. additionally, under H5.3 and o € (0.5, 1], the sequence of objective values {F(0y)}1>1

converges, {ét}tZI has limit points and each limit point is in C*.
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The proof can be found in Appendix 5.D. Note that setting @ = 0.5 gives the quickest
convergence rate of O(1/v/T). Tt is worth mentioning that our results are novel compared
to prior work on non-convex FW even in a centralized setting (N = 1, Ap, = 0, Ad; = 0).
For instance, [Ghosh and Lam(2015)] requires that the local minimizer is unique; [Lacoste-
Julien(2016)] gives the same convergence rate but uses an adaptive step size. We remark

that the local iterates {6:};>1 share similar convergence property as {60;};>1 due to H5.1.

Notice that as Ap, decays to zero as required in the theorems, the local iterates _;’ also
converge to an optimal/stationary solution of (5.1). The above results give the conditions
and the respective rates of convergence for the DeF'W algorithm. Their proofs can be found
in Appendix 5.C and Appendix 5.D. As a remark, the proof of Theorem 5.3 is an extension
of our recent findings in [X2 of Section 1.3] on the convergence of online and stochastic FW
algorithms; while the proof of Theorem 5.4 relies on bounding the duality gap (a.k.a. FW
gap) N~ SN (ViF,6i — a}) defined similarly as in [Jaggi(2013)].

Finally, we also observe that the conditions on Ap,, Ad; required by Theorem 5.3 and
5.4 can be satisfied by the NetAvg!(-) subroutine implemented with the GAC protocol in

(5.23) and (5.28) described in Section 5.3.1. This leads to the following corollary.

Corollary 5.1 The convergence guarantees in Theorem 5.3 & 5./ hold when the NetAvg.(-)
subroutine in line 3, line 4 of the DeFW algorithm are implemented by (5.23), (5.28) re-

spectively.

In other words, the consensus-based DeFW algorithm converges for both convex and non-

convex problems, while using a constant number of communication rounds per iteration.

Remark 5.2 From Theorem 5.4, for non-convex objectives, the best theoretical rate of con-
vergence can be achieved when if we set o = 0.5 as the learning rate. However, from
Lemma 5.1 and 5.2, we notice that the approrimation error also decays the slowest when
a = 0.5. From our numerical experience, we find that the approzimation errors Ap,, Ady in-

deed play an important role in the practical performance of the DeF'W algorithm. Therefore,
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we shall set « to be higher than 0.5 for better performance.

5.5 Applications

In this section, we study two applications of the DeFW algorithm in signal processing
and machine learning problems. Our aim is to demonstrate the advantages of the DeF'W

over conventional distributed algorithms in terms of complexity saving.

5.5.1 Example I: Decentralized Matrix Completion

Consider a setting when the network of agents obtain incomplete observations of a matrix
O:rue of dimension my X me with my,ms > 0. The ith agent has corrupted observations

from the training set §; C [m1] x [mg] that are expressed as:
Yii = [Owruelkg + Zig, V¥ (k1) € Q. (5.39)

To recover a low-rank @,, we consider the following trace-norm constrained matrix com-

pletion (MC) problem:

N

min " " fil[0lks Yeg) st [10]log < R, (5.40)
geRnLl Xmg .
i=1 (k)€
where fl : R? — R is a loss function picked by agent i according to the observations he/she
received. Notice that (5.40) is also related to the low rank subspace system identification
problem described in [Liu and Vandenberghe(2010)], where Y with [Y];; = Yy, Owrue are
modeled as the measured system response and the ground truth low rank response; also

see [Scaglione et al.(2008)] for a related work.

Similar MC problems have been considered in [Ling et al.(2012),Mackey et al.(2015), Yu
et al.(2012), Recht and Ré(2013)], where [Ling et al.(2012)] studied a consensus-based op-
timization method similar to ours and [Mackey et al.(2015), Yu et al.(2012), Recht and
Ré(2013)] studied the parallel computation setting where the agents are working syn-

chronously in a fully connected network. Compared to our approach, these work assume that
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the rank of Oy, is known in advance and solve the MC problem via matrix factorization.
In addition, [Ling et al.(2012),Mackey et al.(2015)] required that each local observation set
2; only have entries taken from a disjoint subset of the columns/rows only. Our approach
does not have any of the said restrictions above.

We consider two different observation models. When Z,; is the i.i.d. Gaussian noise of

variance O‘Z-Q , we choose f;(+,-) to be the square loss function, i.e.,

Fil[O1k0, Yie) = (1/07) - (Yiy — [0]k,)” - (5.41)

This yields the classical MC problem in [Candeés and Recht(2009)]. The next model con-
siders the sparse+low rank matrix completion in [Chandrasekaran et al.(2011)], where the
observations are contaminated with a sparse noise. Here, we model Zj; as a sparse noise
in the sense that there are a few number of entries in €2; where Zj, ; is non-zero. We choose
f'i(-, -) to be the negated Gaussian loss, i.e.,

001V 1= (1= exp( — (et —Yelyy (5.42)

)

where o; > 0 controls the robustness to outliers for the data obtained at the ith agent. Here,
fi(-,-) is a smoothed £y loss [Mohimani et al.(2007)] with enhanced robustness to outliers in

the data. Notice that the resultant MC problem (5.40) is non-convex.

Note that (5.40) is a special case of problem (5.1) with C being the trace-norm ball. The
consensus-based DeFW algorithm can be applied on (5.40) directly. The projection-free
nature of the DeF'W algorithm leads to a low complexity implementation (5.40). Lastly,

several remarks on the communication and storage cost of the DeFW algorithm are in order:

e The SAGA-like gradient surrogate ViF (5.27) is supported only on UY ,€); since for

all i € [N], the local gradient

Vfi(67) = Z (1001, Vi) - ex(e]) T (5.43)
E
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is supported on €2;, where 6} is defined in (5.23). In the above, ey (€]) is the kth (Ith)

canonical basis vector for R™ (R™2) and f/(6,y) is the derivative of f;(6,y) taken

with respect to 6. Consequently, the average ViF is supported only on Ufilﬁi. As
|UN | Q| < myma, the amount of information exchanged during the aggregating step

(Line 3 in DeFW) is low.

The update direction a! is a rank-one matrix composed of the top singular vectors
of ﬁ (cf. (5.21)). Since every iteration in DeFW adds at most N distinct pair
of singular vectors to 6;, the rank of 8; is upper bounded by ¢N if we initialize by
6, = 0. We can reduce the communication cost in Line 3 in DeFW by exchanging
these singular vectors. Note that (£N)-(m1+ms2) entries are stored/exchanged instead

of my1 - mao.

When the agents are only concerned with predicting the entries of @i, in the subset
E C [m] x [mg], instead of propagating the singular vectors as described above,
the consensus step can be carried out by exchanging only the entries of 6 41 in2U
( Ufil Ql) without affecting the operations of the DeF'W algorithm. In this case, the

storage/communication cost is |2 U (UN, Q;)].

5.5.2 Example II: Communication Efficient DeF'W for LASSO

Let (y;, A;) be the available data tuple at agent i € [N] such that A; € R™*¢ and

y; € R™. The data y; is a corrupted measurement of an unknown parameter Oy ye:

Yi = AiBirue + 2, (5.44)

where z; ~ N(0,02I) are independent noise vectors. Furthermore, we assume m < d such

that the matrix AZTAi is rank-deficient. However, the parameter Oy is s-sparse such that

s = [|Btruello < d. This motivates us to consider the following distributed LASSO problem:

N

1
min —ly; — A;0|? st. ||8]l1 <R. 5.45
pin 3l 4013 s 6l < (5.45)
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Notice that equation (5.45) is a special case of (5.1) with f;(0) = (1/2)||y; — A;0]|3 and C
is an £;-ball in R? with radius R. We assume that (5.45) has an optimal solution 6* that
is sparse. The settings above also correspond to identifying a linear system described by
a sparse parameter Oy, where A;, y; are the input, output of the system, respectively;

see [Bako(2011)] for a related formulation on the identification of switched linear systems.

A number of decentralized algorithms are easily applicable to (5.45). For example, we

recall that the DPG algorithm is described by — at iteration ¢,
OpL =Pe( XN, A" — V(XL Ai07 7)) (5.46)

where oy € (0,1] is a diminishing step size. For convex problems, the DPG algorithm is

shown to converge to an optimal solution 8* of (5.45) at a rate of O(1/v/t) [Chen(2012)].

Let us focus on the communication efficiency of the DPG algorithm, which is important
when the network between agents is limited in bandwidth. To this end, we define the
communication cost as the number of non-zero real numbers exchanged per agent. As seen
from (5.46), at each iteration the ith agent exchanges its current iterate Oi’PG with the
neighboring agents. From the computation step shown, O?PG may contain as high as
O(d) non-zeros and the per-iteration communication cost will be O(d). Despite the high
communication cost, the per-iteration computation complexity of (5.46) is also high, i.e., at
O(dlogd) [Duchi et al.(2008)]. We notice that [Ravazzi et al.(2016),Patterson et al.(2014)]
have considered distributed sparse recovery algorithm with focus on the communication
efficiency. However, their algorithms are based on the iterative hard thresholding (IHT)
formulation [Blumensath and Davies(2008)] that requires a-priori knowledge on the sparsity
level of Byye. Our consensus-based DeFW algorithm in Section 5.3.1 may also be applied
directly to (5.45). However, similar issue as the DPG algorithm may arise during the
aggregating step, since the gradient surrogate (5.27) may also have O(d) non-zeros. Lastly,

another related work is [Yildiz and Scaglione(2008)] which applies coding to ‘compress’ the

message exchanged in the consensus-based algorithms.
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This section proposes a sparsified DeF'W algorithm for solving (5.45). The modified
algorithm applies a novel ‘sparsification’ procedure to reduce communication cost during
the iterations, which is enabled by the structure of the DeFW algorithm. To describe the
sparsified DeF'W algorithm, we first argue that the consensus step in the consensus-based
DeFW should remain unchanged as it already has a low communication cost. From (5.20)
and (5.23), we see that 0} is at most (¢t — 1) N + I-sparse since a! is always a 1-sparse vector®

[cf. (5.20)]. As such, the communication cost of this step is bounded by tN.

Our focus is to improve the communication efficiency of aggregating step. Here, the key

idea is that only the largest magnitude coordinate in ViF is sought when computing a!

(cf. (5.20)). As long as the largest magnitude coordinate in ViF' is preserved, the updates
in the DeFW algorithm can remain unaffected. This motivates us to ‘sparsify’ the gradient
information at each iteration before exchanging them with the neighboring agents. Let
2 C [d] be the coordinates of the gradient information to be exchanged at iteration ¢. The

agents exchange the following gradient surrogate in lieu of (5.27):

V/i\F = (Vfl(éz)) ® 1q,, where 1g, = Z ey . (5.47)
ke

Let ¢, = [C) + log(t)/log o2(A)~!|] where C; is some finite constant and o9(A) is

the second largest singular value of the weight matrix A, the sparsified DeFW algorithm

computes the approximate gradient average ViF in line 4 of Algorithm 5.1 by:

iF =) [A"]; VIF. (5.48)

Note that (5.48) requires ¢; rounds of AC updates to be performed at iteration ¢, i.e., a
logarithmically increasing number of rounds of AC updates. The update direction a} can
then be computed by sorting the vector ViF. As ViF is |(|-sparse, this update direction

can be computed in O(|€2|) time.

3 As pointed out by [Jaggi(2013)], this observation also leads to an interesting sparsity-accuracy trade-off
when applying FW on ¢; constrained problems.
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We pick the coordinate set {2; in a decentralized manner. Consider the following de-

composition:

N
O ={J %, (5.49)
=1

where €, ; C [d] is picked by agent i at iteration t. The coordinate set €2; needs to be known
by all agents before (5.48). This can be achieved with low communication overhead, e.g.,
by forming a spanning tree on the graph G and broadcasting the required indices in €2; to
all agents; see [Attiya and Welch(2004)]. Set p; as the maximum desirable cardinality of

25, agent 7 chooses the coordinate set using one of the following two schemes:

e (Random coordinate) Each agent selects € ; by picking p; coordinates uniformly (with

replacement) from [d].

e (Extreme coordinate) Each agent selects € ; as the p; largest magnitude coordinates

of the vector V f;(65).

For the random coordinate selection scheme, the following lemma shows that the gradi-
ent approximation error can be controlled at a desirable rate with an appropriate choice of

pi. Let & := (1 — (1 — 1/d)P*Y), we have:

Lemma 5.3 Sete > 0 and £, = [C;+log(t)/logoa(A)~Y]. Let py > Cot for some Cy < oc.

With probability at least 1 — w2¢/6, the following holds for all @ € C:

o(MEER)

& tviF - Ji,fj V5i(6))
i=1

for allt > 1 and i € [N].

The proof can be found in Appendix 5.E. Note that the above is given in terms of £, 1V§F

instead of ViF. However, the result remains relevant as the LO (5.11a) in the DeFW

algorithm is scale invariant, i.e., arg mingec(ViF, a) = arg mingec(aViF, a) for any a > 0.

In other words, performing the FW step with ViF is equivalent to doing so with &, 1V§F .
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As & 'VIF is an O(1/t) approximation to N~ Zé\;l ij(ég), therefore H5.2 is satisfied

with Ad; = O(1/t). Lastly, we conclude that

Corollary 5.2 The sparsified DeF'W algorithm using random coordinate selection, i.e., with
line 3 and 4 in Algorithm 5.1 replaced by (5.23) and (5.48), respectively, generates iterates
that satisfy the guarantees in Theorem 5.3 (with high probability). Under strong conver-
ity and interior optimal point assumption, the communication complexity is O(N - (1/0) -

log(1/0)) to reach a §-optimal solution to (5.45).

In Corollary 5.2, the first statement is a consequence of Lemma 5.3. The second statement
can be verified by noting that reaching a §-optimal solution requires O(1/ Vo ) iterations and
the communication cost is O(Ntlogt) at iteration ¢, as the agents exchange an O(Nt)-sparse

vector for O(logt) times.

5.6 Faster DeFW for Decentralized Low-rank Regression

This section proposes a tailor-made DeFW algorithm for low rank regression problems,
which we shall call the Fast DeFW (F-DeFW). Specifically, we focus on tackling the following

special case of (5.1):

: (5.51)

v | =

N
min }V;fxé) st 0lloa <
where fz : R™Mx™m2 3 R is a proper and differentiable function with Lipschitz-continuous
gradient and the constraint ||0],; < g is enforced to promote a low rank solution. The
above problem encompasses the case of decentralized matrix completion discussed in the
last section. Obviously, the consensus-based DeFW algorithm discussed in the previous
sections can be applied directly to solve the above problem. While the DeFW algorithm
is projection free and can be used to handle the cases when mi,ms > 1, each iteration
of the algorithm still requires each agent to compute the top singular vector of a large

matrix. The F-DeFW algorithm aims at further reducing the computational complexity of
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the DeFW algorithm. Our main idea is to distribute the computation burden of the top
singular vectors to the agents via a decentralized power method. As we show below, the
convergence of the F-DeFW algorithm can still be analyzed under the framework studied

in Theorem 5.3 and 5.4.

Before we begin, let us introduce an equivalent form of (5.51) that will be easier to work
with. Let 8, € S™, 6, € R™*™2 @3 ¢ S§™ be the sub-matrices of 8 € S¢ such that

d :=m1 +mg and 0 € R be a constant,

6, 6, N
0:= and £i(0) := f;(82) + (5/N)Tr(0) . (5.52)
0, 63

The following problem is equivalent to (5.51):

1 N
min F(0) =+ ;fi(a) st. Tr(@) =R, 6>0. (5.53)

The equivalence follows from the following lemma:

Lemma 5.4 [Jaggi and Sulovsky(2010), Lemma, 1] Consider a non-zero matriz @ € R™*™2,

We have the following equivalence:

36, € §™,03 € S™ such that

16

R
o1 < B} — 0, 0 (5.54)
5 b 0, Tr(91) + Tr(93) = R.
07 65

In particular, for any feasible solution 6 to (5.51), we can find a point € that is feasible to
(5.1) and it satisfies f;(@) = fi() — dR/N, ¥ i € [N]. On the other hand, for any feasible

0 to (5.1), its sub-matrix 6y satisfies ||02]|,,1 < R/2 and is thus feasible to (5.51).

Consider applying the DeFW algorithm [Algorithm 5.1] to problem (5.53). Exploiting
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the structure of the constraint C, the DeF'W algorithm can be be described by the recursion:
0., = (-0 +wR ala})’, aj = TopEV(-VLF) , (5.55)

where 7; is a decreasing step size, TopEV (X)) is the top eigenvector of a symmetric matrix

X and we have the approximations:
6;~N'> 6, VIFxN'> Vf6), (5.56)
j=1 j=1
As explained before, these approximations can be obtained using an average consensus

protocol which involves communications between agents on the network.

We observe that in the second equation of (5.55), one actually wishes to find the following
unit norm vector:

ar = TopEV(— N1 0, V/5(6))) | (5.57)

i.e., the top eigenvector of the eract average gradient. Notice that a; = ai when ViF =
N1 Z;VZI v fj(éf ), i.e., w is exactly equal to the average gradient. Decentralized meth-
ods for estimating the top eigenvector from the sample covariance have been proposed
in [Scaglione et al.(2008),Li et al.(2011a)]. Their convergence were only discussed empir-
ically [Scaglione et al.(2008)] or in the asymptotic case [Li et al.(2011a)]. For us, instead
the objective is to use a decentralized power method to obtain a; in (5.57). To this end, let

v? € R? be an initial random vector and p > 1, we need to compute
1 & : 1
o= (= VLE)) T W= (5.58)
N 2 Ve o7l

It is well known that v? converges to the top eigenvector of a; as p — oo under mild
conditions [Golub and van Loan(1996)]. In the following, we demonstrate how to compute

a; in a decentralized fashion, which will lead to the design of our F-DeFW algorithm.

Decentralized Power Method. An important observation on (5.58) is that evaluating
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Algorithm 5.2 Decentralized Power Method (DePM).
1: Input: Parameters S, P € N, local gradients {V f;(0)} ;.

2: For each i € [N], generate an initial point v? =% 0 as a d-dimensional Gaussian random
vector.

3: forp=1,2,..., P do

4: 0 —V£i(8]) v, Vie [N] .

5: for /=1,2,...,5 do

6: ol S Ay o i e [N]
& end for

s ol oo, Vie N] .

9: end for

10: Return: Approximate top eigenvector v/, Vi € [N].

N
j:17

oP is equivalent to taking the average of the N vectors {—V f; (éf ) - vP ) where each
of these vectors is locally computable. This motivates us to replace each recursion of the
power method (5.58) by an average consensus step, yielding a decentralized power method
(DePM), as summarized in Algorithm 5.2. For ease of presentation, we denote the ith

agent’s output of Algorithm 5.2, v/, as the subroutine DePM;(-) parameterized by S, P:
v} :=DePM;({-Vi(6;)}Ly; P;S), Vi€ [N]. (5.59)

Note that Line 6 is the gossip-based average consensus step repeated for L times [Tsitsik-
lis(1984), Dimakis et al.(2010)] where information exchanges occur with the agents trans-

mitting a d-dimensional vector per round.

The DePM method requires only a matriz-vector product as indicated by Line 4. It is
also privacy preserving as the agents only exchange the product (—V f;(6})v? ~1), therefore
the other agents do not know who holds what portion of the observations and an eavesdrop-

per on the network cannot steal the data. Now, let us denote M := —N ! Zﬁvzl Vf; (é{),
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and state the following assumption:

H5.4 The spectral gap o1(M;) — oo(My) is lower bounded by & > 0 and o1(M) is upper

bounded by B. Also, |[u{ v)| > 0,V i € [N] where uy is the top eigenvector of M.

The DePM method with carefully designed parameters S, P attains a desirable accuracy

with high probability (w.h.p.) in finite time.

Proposition 5.1 Under H5.4, fir 1/2 > € > 0 and ¢ > 0. If the algorithm parameters
satisfy that S = Q(log(1/(€ - €))/log(1/02(A))) and P = Q((B/E) - log(d/c - €)), then with
probability at least 1 — Nc, we have:

(ujv))?2>1-€é and (ujT'vZ-P)2 <é j=2,..,d, (5.60)

for alli € [N], and w; is the jth largest eigenvector of M. Also,

P, P\T P P\T ;o
[of )T ~wf W) T = O(e), Vi.j e N]. (5.61)
The proof can be found in Appendix 5.F. The omitted constants in the (-) notations for
S, P in Proposition 5.1 are logarithmic in the dimension d. The above proposition shows
that by controlling the parameters S, P, the DePM can compute the top eigenvectors of
the symmetric matrix ( - Zf\i Y fz(éi)) at an arbitrary complexity and make the same

eigenvector available at all the N agents in the network.

Fast DeF'W. Equipped with the DePM method, we now summarize the proposed fast
DeFW (F-DeFW) algorithm in Algorithm 5.3, which is a two-stage algorithm with an
FW update in the outer loop and the DePM method in the inner loop. In comparison to
the DeF'W algorithm, Algorithm 5.3 does not require a consensus step for exchanging the
parameter variables {Gz}f\il In fact, all the information exchange required are done within

the DePM subroutine.

We can establish similar convergence guarantees as DeF'W. Let M; = — Zjvzl Vi (0_5 )/N,
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Algorithm 5.3 Fast DeFW (F-DeFW) Algorithm.

1: Input: Initial point 0_6 fori=1,...,N.
2: fort=1,2,... do

3:  DePM Step: apply the decentralized power method:

i (L7 £ (@Y . P, ;
4:  Frank-Wolfe Step:alﬁﬁﬁalggpml({ V(8= B L), Vi € [N] (5.62)

0; 1« (1 —)0; +vR-ai(al)", Viec[N], (5.63)

5. end for

6: Return: An approximate solution 6! 4 fori=1,..,N.

0, = Zf\; 0i/N and C denotes the feasible set of (5.1). We have:

Theorem 5.5 Suppose that H5.4 holds for all t > 1. Fix ¢ > 0 and set the parameter
Sy = Q(log(t/€)/1log(1/02(A))), P, = Q((B/£) -log(dt(Nt2/¢))). Algorithm 5.3 satisfies the

following with probability at least 1 — (w2 /6)é:

o (Convex loss) If each of f; is convex, S-smooth and the step size is v = 2/(t + 1),
then:

F(6;) - F(6")=0(1/t), Vt > 1, (5.64)
where 6* is an optimal solution to (5.1).

e (Non-convez loss) If each of f; is S-smooth and the step size is v = t~% for some

a € [0.5,1), then for all T > 20:

i F(6,),0, — 6) = O(1/T' ). .
P (VF(6:),6, — 0) = O(1/T"") (5.65)

Moreover, for all i,j € [N], we have ||6% — 6} = O(1/t).

The proof can be found in Appendix 5.G. We note that the convergence analysis stems
from Theorem 5.3 and 5.4 as we analyze the F-DeFW algorithm as instances of the FW

algorithm with inexact gradients and iterates.
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As a final remark, we note that due to the structure of V f;(0) in (5.52), setting 6 # 0 is
necessary to ensure that the spectral gap & = o1(My) — 02(M;) is non-zero, since otherwise
the singular values of M; will have multiplicity two. Unfortunately, there is no known
non-trivial lower bound on &. Thus, one has to set the constant terms in P; heuristically

(this is also true for PG methods).

5.7 Numerical Results

We perform numerical experiments to verify our theoretical findings on the DeF'W algo-
rithm. The following discussions will focus on the two applications described in Section 5.5
using synthetic and real data. To simulate the decentralized optimization setting, we artifi-
cially construct a network of N = 50 agents, where the underlying communication network
G is an Erdos-Renyi graph with connectivity of 0.1. For the AC steps (5.23), (5.28) &
(5.48), the doubly stochastic matrix A is calculated according to the Metropolis-Hastings
rule in [Xiao and Boyd(2004)].

5.7.1 Decentralized Matrix Completion

This section considers the decentralized matrix completion problem, where the goal is to

predict the missing entries of an unknown matrix through corrupted partial measurements.

We consider two datasets — the first dataset is synthetically generated where the un-
known matrix @y is rank-K and has dimensions of m; X msg; the matrix is generated
as Oiye = Zfil yzaz;r/K where y;, x; have i.i.d. N/(0,1) entries and different settings of
mq, mg, K will be experimented. The second dataset is the movielens100k dataset [Harper
and Konstan(2015)]. The unknown matrix yrye records the movie ratings of m; = 943 users
on my = 1682 movies; and a total of 10° entries in @y are available as integers ranging
from 1 to 5. We divide the entries in the dataset into the training and testing sets and

evaluate the mean square error (MSE) on the testing set as:

MSE = |Qest| ™' 3 (e | Btruclis — 0] . (5.66)
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Figure 5.2: Performance of DeFW on noiseless synthetic data with m; = 100, my = 250 and
rank K = 5. (Top-Left) Objective value and consensus error of 8 against iteration number ¢,
the objective values are evaluated by F(6;). (Top-Right) Worst-case MSE (among agents)
against iteration number on the testing set. (Bottom) Objective value (sq. loss) against
iteration number ¢ for DeF'W and DPG. The legend ‘Gau.’, ‘Sq.” denote the consensus-based
DeFW algorithm applied to (5.40) with the negated Gaussian and square loss, respectively.

where 6 denotes the estimated 6 produced by the algorithm.

For the synthetic dataset, the training (testing) set contains 20% (80%) entries which are
selected randomly. For movielens100k, the training (testing) set contains 80x 103 (20x 10?)
entries. The training data of the two datasets are equally partitioned into N = 50 parts;
for movielens100k, each agent holds 1600 entries. We evaluate the performance of the

proposed consensus-based DeFW algorithm applied to square loss and negative Gaussian
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loss, as described in Section 5.5.1. Unless otherwise specified, we fix the number of AC
rounds applied at £ = 1 such that the agents only exchange information once per iteration.
As the negated Gaussian loss is non-convex, we set the step size as 3 = t~%7. The
centralized FW algorithm for both losses will also be compared [cf. (5.11)]; as well as
the decentralized algorithm in [Ling et al.(2012)] (labeled as ‘Qing et al.’) and the DPG
algorithm [Ram et al.(2012)] with step size set to ay = 0.1N/(v/t + 1) applied to square

loss.

Our first example considers the noiseless synthetic dataset of problem dimension m; =
100, mg = 250, K = 5. The results are shown in Figure 5.2. Here, for the DeFW/DPG
algorithms, we set the trace-norm radius to R = 1.2||0el|o,1; and the algorithm in [Ling
et al.(2012)] is supplied with the true rank K of 6. Notice that for this set of data, the
minimum of (5.40) can be achieved by @ = Oy, € C with a zero objective value. From the
top-left plot, for the DeFW algorithm applied to the convex square loss function, we observe
an O(1/t?) trend for the objective values, corroborating with our analysis in Theorem 5.3;
for the non-convex negated Gaussian loss function, the objective value and the FW /duality
gap ¢g; also decay with ¢, the latter indicates the convergence to a stationary point. Moreover,
the consensus error of 8; for DeFW applied to the two objective functions decay at the rate
predicted by Lemma 5.1. On the other hand, the top-right plot compares mean square error
(MSE) of the predicted matrix @ for the testing set. Here, we also compare the result with
the algorithm in [Ling et al.(2012)]. We observe that the MSE performance of the DeFW
algorithms approach their centralized counterpart as the iteration number grows, yet the
algorithm in [Ling et al.(2012)] achieves the best performance in this setting. Notice that
the true rank of O, is provided to this algorithm. From the bottom plot, the DPG method
applied to square loss function converges at a relatively fast rate in the beginning, but was
overtaken by DeF'W as the iteration number grows. It is worth mentioning that the DeF'W

algorithms have a consistently better MSE performance than DPG.

The second example considers adding noise to the observations for the same synthetic

data case in Figure 5.2. In particular, we adopt the same setting as the previous example
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Figure 5.3: Performance of DeFW on sparse-noise contaminated synthetic data with m; =
100, mg = 250 and rank K = 5. (Left) Objective value and consensus error of 8! against the
DeFW iteration number ¢. Notice that the consensus error (in purple and yellow) / duality
gap (in black) are plotted in a logarithmic scale (cf. the right y-axis) while the objective
values are plotted in a linear scale; (Right) MSE against DeF'W iteration number ¢ on the

testing set.

but include a sparse noise in the observations — here, each Zj; = py; - Zk,l where py; is
Bernoulli with P(pg; = 1) = 0.2 and Zg; ~ N(0,5) (cf. (5.39)). The convergence results
are compared in Figure 5.3. For the left plot, we observe similar convergence behaviors for
the DeF'W algorithms applied to different objective functions as in the previous example.
On the right plot, we observe that the DeFW algorithm based on negative Gaussian loss
achieves the lowest MSE, demonstrating its robustness to outlier noise. We also see that

the algorithm in [Ling et al.(2012)] performs poorly on this dataset.

Another interesting discovery is that the algorithm in [Ling et al.(2012)] seems to fail
when the rank of Oy is high, even when the true rank is known and the observations
are noiseless. In Figure 5.4, we show the MSE against iteration number of the algorithms

when the synthetic data is noiseless and generated with m; = 100,my = 250, K = 10.
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Figure 5.5: Performance of DeFW on noiseless synthetic data with m; = 200, me = 1000
and rank K = 5. (Left) Objective value against running time. (Right) Worst-case MSE

(among agents) against running time.

As seen, [Ling et al.(2012)] fails to produce a low MSE, while DeFW offers a reasonable

performance.

The next example evaluates the objective value and test MSE on synthetic, noiseless
data against the average runtime per agent. We focus on comparing the DeFW and DPG
algorithms. In Figure 5.5, DeF'W demonstrates a significant advantage over DPG since the
former does not require the projection computation. In fact, the average running time per
iteration of DeF'W is five times faster than DPG. We also expect the complexity advantages

to widen as the problem size grows.
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right figures.

Lastly, we consider the dataset movielens100k. We set R = 10° and focus on the
test MSE evaluated against the iteration number for the proposed DeFW algorithm. The
numerical results are presented in Figure 5.6, where we also compare the case when we apply

multiple (¢ = 1,3) rounds of AC updates per iteration to speed up the algorithm. The left
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plot in Figure 5.6 considers the noiseless scenario. As seen, the proposed DeFW algorithm
applied on different loss functions converge to a reasonable MSE that is attained by the
centralized FW algorithm. We see that the DeFW with negated Gaussian loss has a slower
convergence compared to the square loss which is possibly attributed to the non-convexity
of the loss function. Moreover, the algorithms achieve much faster convergence if we allow
¢ = 3 AC rounds of network information exchange per iteration. The right plot in Figure 5.6
considers when the observations are contaminated with a sparse noise of the same model as
Figure 5.3. We observe that the negated Gaussian loss implementations attain the best MSE
as the non-convex loss is more robust against the sparse noise. Interestingly, the DeF'W
algorithm with ¢ = 3 AC rounds has even outperformed its centralized counterpart. We
suspect that this is caused by the DeFW algorithm converging to a different local minimum

for the non-convex problem.

5.7.2  Decentralized Sparse Learning

This section conducts numerical experiments on the decentralized sparse learning prob-
lem. We focus on the sparsified DeF'W algorithm in Section 5.5.2 that has better commu-
nication efficiency. We evaluate the performance on both synthetic and benchmark data.
For the synthetic data, we randomly generate each A; as a (m = 20) x (d = 10000) matrix
with N(0,1) elements (cf. (5.44)) and Oyne is a random sparse vector with [|@¢rello = 50
such that the non-zero elements are also N'(0,1). The observation noise z; has a variance of
02 = 0.01. For benchmark data, we test our method on sparco7 [Berg et al.(2007)], which
is a commonly used dataset for benchmarking sparse recovery algorithms. For sparco7,
we have A; € R12%2560 a5 the local measurement matrix and Oyue is a sparse vector with

”etrue”O = 20.

The sparsified DeFW algorithm is implemented with p; = [24+acomm t], ¢ = [log(t)+1]
with extreme or random coordinate selection. We compare the algorithms of PG-EXTRA
[Shi et al.(2015)] (with fixed step size @ = 1/d), DPG [Ram et al.(2012)] (with step size
a; = 1/t) and BHT [Ravazzi et al.(2016)]. DeFW, PG-EXTRA and DPG are set to solve the
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Figure 5.7: Convergence of the objective value on LASSO problem with synthetic dataset.
(Left) against the iteration number. (Right) against the communication cost (i.e., total
number of values transmitted/received in the network during AC updates). In the legend,
‘DeFW (extreme)’ refers to the extreme coordinate selection and ‘DeFW (rand)’ refers to

the random coordinate selection scheme.

convex problem (5.45) with R = 1.1||0¢rue|l1. BHT is a communication efficient decentralized

version of IHT and is supplied with the true sparsity level in our simulations.

The first example in Figure 5.7 shows the convergence of the algorithms on the syn-
thetic data, where we compare the objective value against the number of iterations and the
communication cost, i.e., total number of values sent during the distributed optimization.
We set acomm = 0.05 for the DeFW algorithms. From the left plot, we observe that DeF'W
and PG-EXTRA algorithms have similar iteration complexity while ‘DeFW (rand)’ seems
to have the fastest convergence. Meanwhile, BHT demands a high number of iterations
for convergence. On the other hand, in the right plot, the DeF'W algorithms demonstrate
the best communication efficiency at low accuracy, while they lose to BHT at higher ac-
curacy. Lastly, ‘DeFW (extreme)’ achieves a better accuracy at the beginning (i.e., less
communication cost paid) but is overtaken by ‘DeFW (rand)’ as the communication cost

gTows.
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We then compare the performance on sparco7, where we show the convergence of
objective value against the communication cost in Figure 5.8. We set qcomm = 0.025 for
the sparsified DeFW algorithms. At low accuracy, the DeFW algorithms offer the best
communication cost-accuracy trade-off, i.e., it performs the best at an accuracy of above
~ 1072, Moreover, ‘DeFW (extreme)’ seems to be perform better than ‘DeFW (rand)’
in this example. Nevertheless, the BHT algorithm achieves the best performance when
the communication cost paid is above 3 x 10°. Lastly, we comment that although BHT
has the lowest communication cost at high accuracy, its computational complexity is high
as BHT requires a large number of iterations to reach a reasonable accuracy (cf. left plot
of Figure 5.7). The sparsified DeF'W offers a better balance of the communication and

computation complexity.

5.7.3 Fast DeFW Algorithm

We focus on the matrix completion problem and consider the movielens100k dataset
[Harper and Konstan(2015)] using the same setting considered previously. We simulate the
distributed optimization environment by equally dividing the training set into N partitions.
To satisfy the convergence conditions in Theorem 5.5, for the F-DeFW algorithm, we set

Sy = [34 2logt], P = 25; in DePM and § = 10~* in (5.52); for the convex square loss
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Figure 5.9: MSE on movielens100k against the F-DeFW iteration number ¢: (Left) noise-
free observations; (Right) outlier-contaminated observations. We set o; = 5. Note the
CONSENSUS error, maX ey 167 — 8,]|, of F-DeFW are plotted with the logarithmic scale

(observe the different scale on the right y-axis).

(resp. non-convex Gaussian loss), we set the step size as v = 2/(t + 1) (resp. t=7). In
addition to the noise-free setting when Z! = 0 for all s,4, we also consider an outliers-
contaminated setting when Z! = p' - Z! where p% is Bernoulli with P(p, = 1) = 0.2 and
Zt ~ N(0,5). We also compare the performance of the plain DeFW algorithm (with £ = 3

average consensus steps per iteration) and a centralized FW algorithm.

We plot the mean square error (MSE) against the F-DeFW iteration number ¢ on the
testing set in Figure 5.9, where the worst MSE among the agents is evaluated for the
decentralized algorithms. Observe that the MSE resulted from the F-DeFW algorithm
follows closely with that of centralized FW algorithm. It also converges faster than DeF'W

and attains consensus gradually.

In Table 5.1, we compare the computation costs of the algorithms. As seen from the
moderate number of matrix-vector multiplications required, the F-DeFW algorithm requires
less computation time, but it requires more information exchange rounds than the DeF'W

algorithm. It is important to note that the size of the messages exchanged per round
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‘ Runtime ‘ #Matrix-vec. products ‘ #Info. exchanges

Target MSE = 1.4 (Noise-free case, movielens100k)

F-DeFW (Sq. loss) | 5.774 s 11978 167198
F-DeFW (Gau. loss) | 10.548 s 23016 347580
DeFW (Sq., £=3) | 28.377s N/A 4440
DeFW (Gau., ¢ =3) | 160.09 s N/A 18480

Target MSE = 1.25 (Noise-free case, movielens100k)
F-DeFW (Sq. loss) 8.809 s 19018 279838
F-DeFW (Gau. loss) | 18.810 s 43220 700372
DeFW (Sq., £ =3) | 45.742 s N/A 5778
DeFW (Gau., £ = 3) | 455.91 s N/A 20556

Table 5.1: Computation and communication costs at different target MSEs. Notice that
each communication round in F-DeFW requires sending a d = (mj+ms)-dimensional vector,
while DeF'W requires sending an m; X my matrix. The runtime represents the computation
time per agent. It is calculated by dividing the overall time by N for our experiments

performed on a single-threaded MATLAB environment.

for F-DeFW is much smaller (since d = my + mgo < mims). We remark that the original
DeFW algorithm already runs 10 to 20 times faster than a PG algorithm (e.g., D-PG [Nedié

et al.(2010)]) as the latter requires computing a full SVD per iteration.

5.8 Chapter Summary

In this chapter, we have studied a decentralized projection-free algorithm for constrained
optimization, which we called the DeFW algorithm. Importantly, we showed that the
DeFW algorithm converges for both convex and non-convex loss functions and the respective
convergence rates are analyzed. The efficacy of the proposed algorithm is demonstrated
through tackling two problems related to machine learning and signal processing, with the

advantages over previous state-of-the-art demonstrated through numerical experiments.

As an extension, we have also studied a low complexity modification of the DeFW
algorithm, specialized to the low rank regression problems. The proposed Fast DeFW (F-

DeFW) algorithm is also proven to converge at a similar rate as the plain DeFW algorithm
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in terms of the iteration complexity. However, the computation complexity required is
shown to be even lower than the plain DeF'W algorithm as it only requires the network’s

agents to perform elementary computations such as matrix-vector multiplications.
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Appendix
5.A Proof of Lemma 5.1

For simplicity, we shall drop the dependence of « in the constant to(«). It suffices to

show that for all t > 1,

N

o C B
16— 03 < 52, Gy = (t0)* - VNP (5.67)
=1

We observe that for t = 1 to t = o, the above inequality is true since 6%,8; € C and the di-

ameter of C is bounded by p. For the induction step, let us assume that \/ Zf\i 168 — 642 <

Cp/t* for some t > ty. Note that

1= 1—t70 +1 % (5.68)

Denote a; = N~} Zf\;l a! and using Fact 2.1, we observe that,

=

D 16t = 0l < oa(A [(1=t7)(6] — 6,) + 1 *(al — a3, (5.69)

i=1

||M2

where we have used the fact 01 = (1 —t~%)0; +t~“a;. The right hand side in (5.69) can
be bounded by

[(1—t72)(8] — 6,) + 1t (a] — a3

HMZ

N
<" (167 — 6113 + 727 + 25t 6] — 64]|2)
=1 (5.70)

< 172(C2 + NJ) + 25t VN Z 167 - 6,3



where we have used the boundedness of C in the first inequality, the norm equivalence
ij:1 lej] < VN \/Zévzl c? in the second inequality and the induction hypothesis in the

third and fourth inequalities. Consequently, from (5.24), we observe that for all ¢ > ty,

(to)a +1 < 1

UQ(A) : (to)a Lt — (t + 1)04

(5.71)

and the induction step is completed. Finally, Lemma 5.1 is proven by noting that (5.67)

implies (5.26).

5.B  Proof of Lemma 5.2

We prove the first condition (5.29) with a simple induction. This condition is obviously
true for the base step t = 1. For induction step, suppose that (5.29) is true up to some ¢,

then

ZV+1F ZV’F V(0 +Zv,fz i) (5.72)
=1

Note that the first term on the right hand side is zero due to the induction hypothesis. Thus,
the induction step is completed and N~* ZZJL ViF =Nt Zfil V£:(6Y) for all t > 1.

Then, we prove the second condition (5.30). For simplicity, we drop the dependence of

« in the constant to(a). Recall V, F := N~} Zf\il ViF. Tt suffices to prove:

N
Y IViF -V, Fl} <

=1

%, Cy =2V N(to)*(2C, + p) L (5.73)

for all ¢ > 1 using induction. For ¢t = 1 to t = ty, the inequality can be easily proven using

the boundedness of the gradients. For the induction step, suppose \/ sz\il |ViF —V,F|j3 <
C,y/t™ for some ¢t > to. Define the slack variable §f7,, := Vf;(6,,) — V f;(0;). We observe

138



that Vi, F =dfl,, + ViF and Vi | F =Y, W;;V/,, F, thus applying Fact 2.1 yields

N N
D Vi F =V Fl3 < 02(A)2 - Y IVIF +6fi — Vi FI3 - (5.74)
i=1 i=1

Similarly, define 6Fy41 :=V, F —V,F = N~! Zf\;l éf{,, and observe that we can bound

the right hand side of (5.74) as

N
S OIVIF +6fi =V L F 3

=1

N
i v 5 i 5.75
<3 (IVHF = VFI3 + 15 fis — 0Fsal3 (5:75)

1=1

2[0S = 0Fesallz - IVEF = VF2)

where the first inequality is obtained by expanding the squared f5 norm and applying

Cauchy-Schwartz inequality.

Note that for all ¢+ € [N], we have the following chain:

105 lle = 194i(8Lr) = V(O] < L1y, — 61l
< L)| Y Ay (6], — 00) + (6] — 6)] | (5.76)

< LY Ay (1ep+ 26,0 ) = (26, + p)Lt

where the last inequality is due to the convexity of 5 norm, the update rule in line 5 of

Algorithm 5.1 and the results from Lemma 5.1. Using the triangular inequality, we obtain

”5fti+1 - 5Ft+1||2 = H(l - %)‘%H + % Zj;éi 512+1H2

< (L= )10 alle + & 5z 16741 112 (5.77)
1
<2(1- N)(QC” +p)Lt™* < 2(2C, + p) Lt~ .

Finally, applying the induction hypothesis, the right hand side of Eq. (5.75) can be bounded
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N
DIV +6fi = Vi FlI3 < t72%(C; + 4N (2C, + p)*L?)
i=1

L2, + p)V N S IVTF - V3 (5.78)

<172 (Cy 4+ 2LVN(2C, + )’

where we have used the fact that YN | [|[ViF — V,F|; < \/N\/Zfil |ViF —V,F|j3 in
the first inequality. Invoking (5.24), we can upper bound the right hand side of (5.74) by
C? / (t + 1)%® for all t > ty. Taking square root on both sides of the inequality completes

the induction step. Consequently, (5.30) can be deduced from (5.73).

5.C Proof of Theorem 5.3

The proof of Theorem 5.3 follows from our recent analysis on online/stochastic FW

algorithm [X2 of Section 1.3]. Using line 5 of Algorithm 5.1, we obtain:
01 =0+ (NT'N ai - 6,). (5.79)

Define h; := F(0;) — F(6*) where 8* is an optimal solution to (5.1). From the L-smoothness

of F' and the boundedness of C, we have:

N _
L 2
hest < e + Z ~ 6, VF(8) + 772 (5.80)

ZR
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where p was defined in (5.9). We have the following chain of inequalities for the inner

product: for each i € [V],
(ai — 0:,VF(6y)) < (aj — 0y, ViF) + pl|ViF — VF(6))]2

<(a—6,ViF)+p-[|[ViF —=VF(@)|2, VacC (5.81)

<{a—0y,VF(0,))+2p||ViF —VF(0,)l|2, VacC,

where we have added and subtracted ViF in the first inequality; and used the fact ai €

arg mingec(a, ViF) in the second inequality. Recalling that V,F = N~1 SN Vv f,(6}),

IViF — VF(8))]l2
< ||ViF =V Fla + |[V,F — VE(6))|2
< Ady+ N7V (Vi) = YV i00)]l2 (5.82)
<Adi+L-NT'YE 1|6 - 64

SAdt"‘LApta

where the third inequality is due to the L-smoothness of { f;}Y,. Recalling that Ap, = C,/t,

Ady = Cy/t and substituting the results above into the inequality (5.80), we can see that

hir1 < hi +ve(@a: — 6;, VF(6y)) + ’Yt2L2p2 + 25%@ ; (5.83)
where a; € C is the minimizer of the linear optimization (5.11a) using VF(0;), i.e.,
a; € arg gleigm, VF(6)) . (5.84)
Case 1: When F' is convex, we have
(@, — 6, VF(8,)) < (6" —6,VF(8,)) < —hy, (5.85)

where the first inequality is due to the optimality of a; and the last inequality stems from
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the convexity of F'. Plugging (5.85) into (5.83) yields

o Lp?

20(C, + LC.
hepr < (1 —)he + + 7 Py ») .

2 t

(5.86)

As vy =2/(t+1), from a high-level point of view, the preceding inequality behaves similarly
to hyyq < (1 — (1/t))hy + O(1/t2). Consequently, applying [Polyak(1987), Lemma 4] yields
a O(1/t) convergence rate for h. In fact, this is a deterministic version of the case analyzed
by [Theorem 10 in X2 of Section 1.3]. In particular, setting o = 1, K = 2 in [(56) in X2 of

Section 1.3] and using an induction argument yield

hy <2-(4p(Cy + LCy) + Lp?)/(t+ 1), V> 1. (5.87)

Case 2: For the case when F' is p-strongly convex and 6* lies in the interior of C with

distance 6 > 0 (cf. (5.10)). Using [Lemma 6 in X2 of Section 1.3], we have

<0_t - at, VF(O_t)> 2 \ 2/152]115 . (588)

Plugging the preceding inquality into (5.83) gives

Lp* | 2p(Cy+ LC
et < VB~ y/200%) + 92 4 2 T ) (5.89)

Compared to the case analyzed in (5.86), when h; is decreased, the decrement in h;y;
is increased, leading to a faster convergence. This is a deterministic version of the case
analyzed in [Theorem 7 in X2 of Section 1.3]. Setting o = 1, K = 2 in [(48) in X2 of
Section 1.3] and using an induction argument yield

(4p(Cy + LCp) + Lp*)* 9

e 2621 (t+1)2’

IN

Vi>1. (5.90)
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5.D Proof of Theorem 5.4

The first subsection proves the convergence rate condition in (5.36), while the second

subsection proves that the DeFW algorithm converges to a stationary point of (5.1).

5.D.1 Convergence rate

Let us recall the definition of the FW gap:

g1 :=max (VF(0:),0, - 0) = (VF(6:),0, — a) , (5.91)

where we have used the definition of a; in (5.84). For simplicity, we shall assume that T is

an even integer in the following.

From the L-smoothness of F', we have:
_ _ o _ L - -
F(0t11) < F(6) + (VF(0r), 0r1 — 0r) + (10141 — 6e]l - (5.92)

Observe that:
01— 0y = N1 vi(al - 6]) (5.93)

As al, 0} € C, we have |01 — 6:]|2 < 1p. Using (5.81) and (5.82), the inequality (5.92)

can be bounded as:

F(0y+1) < F(8;) — 1 (VF(6,),6; — ay)
+2yp - (Ady + L - Ap,) + 77 Lp* /2 (5.94)
2 Lp?

= F(0:) — vgt + 2vp - (Ady + L - Ap,) "‘%7 .

From the definition, we observe that g; > 0. Now, summing the two sides of (5.94) from
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t=T/2+1tot="1T gives:

T T
Z Yigr < Z (F(e_t) - F(étJrl))
t=T/2+1 t=T/2+1

(5.95)

Lp?
+ Z (2%p (Ady + L - Ap,) + 77 =5 9 )
t=T/2+1

Canceling duplicated terms in the first term of the right hand side of the preceding inequality

gives:
T — —
Z Yg: < F(Orja41) — F(0111)
=T
t=T/2+1 (5.96)
Lp?
+ Z (297 (Adi+ L+ Apy) + 47 =) -
t=T/2+1
As g, v+ > 0, we can lower bound the left hand side as:
T
> g ( min ) ( Z %) ; (5.97)
t=T/2+1 tE[T/2+1.T] t=T/2+1
and observe that for all 7' > 6 and a € (0, 1),
Tlia 2\ 1-a -«
Z wxi—-(1-(5) ) =ea™. (5.98)

t=T/2+1

Define the constant C' := Lp?/2+2p(Cy+LC)). When a > 0.5, using the fact that v = ¢,
Ap, = Cp/t*, Ady = Cy/t®, the right hand side of (5.96) is bounded above by:

G p+C Yyt <G p+C-log2, (5.99)

note that the series is converging as we are summing from ¢ = T7/2+ 1 to t = T. Dividing

the preceding term by the lower bound (5.98) to ZtT:T/2+1 ¢ yields (5.36).
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On the other hand, when a < 0.5, we notice that

T T 1-2a _ 1—2
>, s / et = 21 2 : (%) E
t=T/2+1 T/2 e

Therefore, the right hand side of (5.96) is bounded above by

1—(1/2)12

T
Gp+C > t*ZQg(GerC- o

t=T/2+1

) L pl—2a

(5.100)

(5.101)

Dividing the preceding term by the lower bound (5.98) to Z;‘F:T/2H ¢ yields (5.37).

To prove the second statement in the theorem. Let us consider the inequality (5.94)

again. We observe that

=2

_ _ L
F(6111) — F(6;) < %( — gt +2p(Ady + LAp,) + %TP)’ Vte[T/2+1,T].

Notice that if the right hand side is negative for all ¢t € [T//2 + 1, T, then

F(ét+1) < F(gt) .

Otherwise, for some ¢, € [T'/2+ 1,71, it holds that

=2 1 =2

L L
ge. < 2p(Ady, + LAD,,) + 3, 5 = === (20(C, + LCy) + 5= ) = 0(1/T*).

()

The proof is thus completed.

5.D.2 Convergence to stationary point

Recall that the set of stationary points to (5.1) is defined as:

C* :={0 € C : maxgec(VF(0),0 — ) = 0} .

We state the following Nurminskii’s sufficient condition:
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Theorem 5.6 [Nurminskii(1972), Theorem 1] Consider a sequence {0;};>1 in a compact
set C. Suppose that the following hold*:

A1 llmtﬁoo H9_t+1 - B_t” = 0.

A.2 Let 8 be a limit point of {0;}i>1 and {0s,}1>1 be a subsequence that converges to .
If 0 ¢ C*, then for any t and some sufficiently small e > 0, there exists a finite s such

that ||0s — Os,|| > € and s > s;.
A.8 Let @ be a limit point of {0_15}121 and {0, }+>1 be a subsequence that converges to 6.

If 8 ¢ C*, then for any t and some sufficiently small € > 0, we can define

7 i=min s s.t. ||@s — O] > € (5.106)

S$>S¢

where Ty is finite. Also, there exists a continuous function W (0) that takes a finite

number of values in C* with

limsup W(0;,) < Jim W(6s,) . (5.107)

t—00 —00

Then the sequence {W (0;)}4>1 converges and the limit points of the sequence {0;}y>1 belong

to the set C*.

We apply the above theorem to prove that every limit point of {ét}tzl is in C*. First,

A.1 can be easily verified since
Y WP
161 = 0:ll < =D lla; — 6] < - (5.108)
N P N

and we have 13 — 0 as t — oo.

As C is compact, there exists a convergent subsequence {8s,}+>1 of the sequence of

iterates generated by the DeFW algorithm. Let 8 be the limit point of {0, };>1 and @ ¢ C*.

4To give a clearer presentation, we have rephrased conditions A.2 and A.3 from the original Nurminskii’s
conditions.
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We shall verify A.2 by contradiction. In particular, fix a sufficiently small e > 0 and assume

that the following holds:
10s —0s,|| <€, Vs>s, VE>1. (5.109)

As {0, }+>1 converges to @, the assumption (5.109) implies that for some sufficiently large

t and any s > s;, we have 8, € By (8), i.e., the ball of radius 2¢ centered at 6.

Since 8 ¢ C*, the following holds for some § > 0,
(VF(0,),0 —0,) < —6<0,VOcC, Vs> s. (5.110)

In particular, we have (VF(0,),as—0s) < —6 as we recall that a, = arg mingec(VF(0s), a).

On the other hand, from (5.94) and using H5.1, H5.2, it holds true for all ¢ > 1 that:

F(0i11) — F(6:) <~ - (VF(6:),a; — 0)
(5.111)

e O(t™) + 7 Lp*/2 .

To arrive at a contradiction, we let s > s; and sum up the two sides of (5.111) from ¢ = s;

to t = s. Consider the following chain of inequalities:

F(0s) = F(65,) < Y w(VF(6r), @ — 0r) + O(L™*))

l=s;

(5.112)

where the first inequality is due to the fact that v2Lp?/2 = 4,O((~) and the second

inequality is due to (5.110). Rearranging the terms in (5.112), we have

F(6,) — F(0s,) — Z C- 172> < —§ Z e, (5.113)

{=s¢ {=s¢

for some C < 00. As 1> a > 0.5, we have limg_,o ZjZSt /72% < 0 on the left hand side
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and limg_, o Zz:St (=% — +o00 on the right hand side. Letting s — oo on both sides of
(5.113) implies

lim F(05) — F(0,) < —o0 (5.114)

§—00

This leads to a contradiction to (5.110) since F(@) is bounded over C. We conclude that

A.2 holds for the DeFW algorithm.

The remaining task is to verify A.3. We notice that the indices 7; in (5.106) are well
defined since A.2 holds. Take W (@) = F(0) and observe that the image F'(C*) is a finite
set [cf. H5.3]. By the definition of 7;, we have 8, € B(0s,) for all s; < s < 7, — 1. Again for
some sufficiently large ¢, we have 05 € B,(0s,) C Bac(0) and the inequality (5.112) holds for

s =1y — 1. This gives:

‘I‘tl

F(6,,) — <Y e (=04 0() . (5.115)

(=54

On the other hand, we have 0,, ¢ B.(0,,) and thus

€ <67, — 0, < Z wH Z ~ HeH <p Z Ve - (5.116)

l=s¢ l=s¢

The preceding relation implies that Ze s, v > €¢/p > 0. Considering (5.115) again, we
obtain that O(¢~%) decays to zero, for some sufficiently large ¢, we have —0 + O((~%) <
—0" < 0if £ > s4. Therefore, (5.115) leads to
~ ~ iy 3
F(0:,)— F(0,) <=0’ Y v <—-—<0. (5.117)
{=s¢ P
Taking the limit ¢ — oo on both sides leads to (5.107). The proof for the convergence to

stationary point in Theorem 5.4 is completed by applying Theorem 5.6.
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5.E Proof of Lemma 5.3

We begin the proof by applying the triangle inequality:

N N
J— _ B — 1 _
Hgmianv%F N vaj(eg)Hoo < gmian ’ HV%F N vaj(ag) © 1q, ~
= B (5.118)
+ H va] mealet 1)Hoo ’

where 1 denotes the all-one vector.

For the first term in the right hand side of (5.118), observe that ViF is obtained by
applying the GAC updates on the sparsified local gradients V f;(0}) ® 1q, for £, = [C] +

log(t)/log o2(A)~!] rounds, applying Fact 2.1 yields the following for all i € [N]:

HV’F - ij Jota|

(5.119)

S O'Q(A)Cl . ?

Y

N
< oo(A)" (V8 — 5 SV @ 10,
=1

for some B < oo since the gradients are bounded.

For the second term in (5.118), we first apply the inequality ||(N ™! SN Vi) ®
(Emtanloi—1)lloo < INTEIE, V(0] looll (§mban e, —1) oo from [Horn and Johnson(1994)].

Now, the probability that coordinate k is included is given by:

N 1 peN
PlkeQ)=1-P (ﬂ k ¢ Qt> =1- <1 — d> = Emean » (5.120)
=1

and that E[1g,] = &neanl. Then, observing that each element in &l 1q, is bounded in
[0,¢,,.L..] and applying the Hoefding’s inequality [Massart(2003)], the following holds true
for all z > 0:

P&k, — 1o > @) < 2d - e~ 2" /Smian (5.121)
where we have applied a union bound argument to take care of the {o,-norm.
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Setting z = &;,L,,1/(log(2dt2) — log €) /2 and applying another union bound show that

with probability at least 1 — (72¢/6), the following holds for all ¢ > 1:

log(2dt2 /€)
2 )

(5.122)

vaz et

1 N
| % 956 © (Galanton V| < Ekan
=1

As d > 0, we have &1 ~ d/(p:N). Recalling p; = O(t) yields the desired result in

Lemma 5.3.

5.F Proof of Proposition 5.1

With our choice of S, the error resulting from the gossiping step of Algorithm 5.2

(cf. Line 6) can be upper bounded as:

H’l_)p’ Mt’U p, — LH + H - Mtvf
- N j=1 N
1| .
<0(e)+ > V0] - oh) (5.123)
j=1

N
B
<O + 5 DIl — il <O(e), ¥p =1,
j=1

where the second inequality and the last inequality are due to our choice of L and the
geometric convergence of the gossip-based average consensus [Dimakis et al.(2010)]; the
third inequality is due to the boundedness of V f; (éi ), since f; is smooth and the constraint
set is bounded.

The above shows that the DePM can be analyzed as running N noisy power methods

vil. Consequently, using our choice of P and

in parallel at N agents, each initialized by
applying [Hardt and Price(2014), Corollary 1.1], the following holds with probability at
least 1 — Nc (we can get rid of the (@ term in [Hardt and Price(2014), Corollary 1.1]
due to H5.4; see [Rudelson and Vershynin(2009)]):

I(I = v (@) il < ¢, Vie[N], (5.124)

7
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which taking squares on the both side yields the first inequality in (5.60). The second

inequality in (5.60) is derived from decomposing v} into the orthonormal basis {1, ..., ug}.

Lastly, the consensus condition (5.61) follows from our choice of L such that ||vf — vP | =
O(e) and the identity v! (v]) T — JI«D('UJP)—r = ((vip—vf)(vf%—'vf)—r—k( P—HJ )(vF ) )/2.

5.G  Proof of Theorem 5.5

Let p := maxg grec |0 — 0’| be the diameter of C, which is proportional to R. For both

convex and non-convex cases, using the L-smoothness of f; (and thus F'), we have:

5 5 Al A iinT gy, Lot
F(6i11) < F(8:) + )+ (VF(8:), Rai(ai) " — 6;) + =, (5.125)

i=1
The middle term of the right hand side above can be bounded as follows:
_ o _ _ 1 Y .
(VF(6)), Rai(ai) = 6) < p- | VF(0) = > V£;(0})
j=1 (5.126)

+ = <vaj Ra’t at) _0_15> :

As f; is L-smooth, the first term in (5.126) can be bounded as

| X ;. NN
0 J a7 o' |
VE(0) — ;Vf D <32 g; 167 — (5.127)
Now, for all j, k € [IN], we have
1671 — 6F1 1l < (1 —70) (16! — 671 + Vi Rlai (a) " — af(af) "] (5.128)

Using our choice of S; and Proposition 5.1, we have ||a(al)T — a¥(a¥)T| = O(1/t). Ap-
plying [Polyak(1987), Lemma 4 and 5], we can show that ||/ — 6F|| = O(1/t) regardless of
the choice of step size rule. We thus conclude that |[VF(0;) — E;\le ij(ég)/NH = O(1/t).

For the second term in (5.126), let a; := TopEV(M;) and a; := TopEV(—V F(8;)). Since

(M, a:(a)") > (My,aa’) for all ||la|| = 1, we can show:

151



N
(M;, 6, ~ Rai(a})T) < | VF(B) — - > V/;(6)
j=1 (5.129)

+ R(Mt, dt(dt)—r — ai(ai)T) + <VF(ét), RC_lt(C_lt)T — ét> .

The first term on the right hand side of the preceding relation is bounded by O(1/t) as dis-
cussed before. For the second term, applying the eigendecomposition M; = Zi:l )\kukug
with A\; > Ay > --- > A\ and the fact that @; = w1, we can express (M, a;(a;)" —ai(al)")
as:

(M, ai(@)" —aj(a)) ") = M — Yhoy (] a)?. (5.130)
Using our choice of Ly, P; and Proposition 5.1, the output, al = vip ¢ of the DePM method,
satisfies (5.60) with €2 = O(1/t?) and the right hand side of (5.130) can be upper bounded
by O(1/t?) with probability at least 1 — ¢/t?. Consequently, we can upper bound (5.126)

as:

(VF(0;), Rai(al)"— 6') < (VF(,), Ra,(a;)" — 0;) + O(1/t) . (5.131)

Now, in the convex case where v, = 2/(t+1), (5.125) and (5.131) imply that the following

relation holds with probability at least 1 — (72/6)¢,

F(0i41) < F(6y) +7%(VF(6,),Rai(ay) " — 6,) + O(1/t?) , (5.132)

for all t > 1. Thus, (VF(6,), Ra;(a;)") < (VF(6,),80) for all 8 € C since a' is the top
eigenvector of —VF(6;) and Tr(0) = R if @ € C. Taking = 6* and using the convexity of
F(0) yield

F(Bi41) = F(0%) < (1= ) (F(6:) - F(6") + O(1/%) , (5.133)

for all + > 1, and the O(1/t) convergence of F(6;) — F(8*) follows from [Polyak(1987),

Lemma 4].

In the non-convex case, we have v = ¢t~“. Similarly, we can show that (5.125) and

(5.131) lead to the following inequality which holds with probability at least 1 — (72/6)¢,
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F(0i41) < F(0) — e + O(1/t2), YVt > 1, (5.134)

where g; := maxgec(VF(0;),0; — ) > 0. The relation (5.65) is then derived by summing

the above inequality from t =T/2+1tot =1T.
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6 Consensus-based Alternating Optimization

This chapter continues with our study on algorithms that run on networks. We focus on
extensions of the popular alternating optimization (AO) algorithm and design its consensus-
based counterpart for multi-agent optimization. In particular, we develop two consensus-

based algorithms with applications to signal estimation and dictionary learning.

6.1 Context and Background

We consider the following multi-agent optimization problem:

N
min  F(x,y) := Z (fi(x,y:) + hi(ys)) , (6.1)

xy{yi}ﬁil

i=1

over a connected network of N agents, where y := (yl)l]i 1- We shall work with the following

settings regarding Problem (6.1):

e The function h;(y;) is convex and can possibly be non-smooth.

e The function f;(x,y;) is continuously differentiable (possibly non-convex) with respect

to (w.r.t.) both x and y;.

As we are interested in the multi-agent optimization setting, here both h;(-), fi(+,-) are
private functions that are known to agent ¢ only. In particular, the optimization variables
x € R™ and y; € R™ can be treated as the common variable and the private variable,
respectively. Applications of the formulation (6.1) include the popular matrix factorization
problems, and we shall discuss the applications in latter part of this chapter when the

specific algorithms are developed.

With a slight modification such as constraining x,y; to a compact set (e.g., a ball with
a sufficiently large radius), Problem (6.1) can be viewed as a special case of (5.1) studied

in the preceding chapter. Naturally, one can apply the DeFW or DPG algorithm to tackle
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the problem. However, as (6.1) is non-convez in general, a more commonly used technique
is to apply the alternating optimization (AQO) algorithm. The AO algorithm is motivated
by the separability of the objective function in (6.1). In particular, the basic idea is to
alternate between the optimization of the two variables x and {yi}fil during the successive

iterations, i.e., let t € N be the iteration number, the AO algorithm updates as follows:

t+1 t+1

x™ = argmin F(x,y"), y"™! =argmin F(x'!y). (6.2)
x y

The preceding procedure is attractive when the two sub-problems above can be solved eas-
ily, e.g., when F(-,-) is bi-convex but not convex in both of the variables. Notice that the
exact minimization in (6.2) is often replaced by an inexact optimization step such as gra-
dient step or Newton step; see [Nesterov(2012), Yuan et al.(2012)]. Importantly, as studied
in [Grippo and Sciandrone(2000),Razaviyayn et al.(2013),Hong et al.(2017)], under the cen-
tralized setting, the AO algorithm has often nice convergence properties (i.e., convergence
to a stationary point of (6.1)) and fast practical convergence speed. For example, when
applied to some non-convex matrix factorization problems, the AO algorithm finds the glob-
ally optimal solution when the initial point for the algorithm is chosen judiciously [Arora

et al.(2015)].

To this end, we observe that the ‘y-update’ in (6.2) can be solved in a decentralized
manner since the objective function is decomposable with respect to the y variables, i.e., we
can obtain y't! by tackling yf“ = arg miny, ( fi(x* Ly + hi(yi)) independently at the
ith agent. Instead, our challenge lies on the ‘x-update’ in (6.2), which deals with a common
variable that every agent over the network has to agree on (or reach a consensus about).
In the rest of this chapter, we propose two algorithms for tackling the x update in a de-
centralized manner while ensuring convergence of the resultant AO algorithm. Specifically,
Section 6.2 proposes a consensus-based AO algorithm for least square problems (C-AOLS)
to obtain an inexact solution on the x update using average consensus, and Section 6.3

proposes an EXTRA-AOQO algorithm that applies a decentralized gradient method on x. We
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also discuss their motivating applications. Lastly, Section 6.4 presents result of numerical

experiments to verify the efficacy of the proposed algorithms.

Notations. We use the notations defined in Section 2.1 on networks with additional con-
ditions as follows. In particular, the network which we run our algorithms on is undirected.
It has N nodes and the weighted adjacency matrix is non-negative, doubly stochastic,
i.e., such that AT1 = A1 = 1. Its second largest singular value, o9(A), is strictly less than

one.

6.2 Consensus-based AO Algorithm for Least Square Problems

Our first consensus-based AO algorithm is motivated by the least square estimation

problem with nuisance parameters. We consider objective functions that take the form:

filx,yi) = llgix, ya)ll3, hily:) = I, (vi) , (6.3)

where g; : R™ x R™ — RPi is an affine function in the first argument x, given as:

9i(x,yi) = Hi(y:)x — Ci(yi) (6.4)

and Zp, (-) is an indicator function for the convex set B; such that Zp, (y;) = 0 if y; € B; and
it is oo for otherwise. Observe that when y; are fixed for all ¢, the optimization problem is

conver in x and it admits a closed form solution:

x*(y) = <§N:Hi(Yi)THi(yi)) _1<§:Hi(Yi)TCi(Yi)> - (6.5)
i=1 i=1

Importantly, we observe that for all ¢, the matrix-matrix and matrix-vector products:

Hily:) = H(y:) "Hi(y:), 6i(y:) :== Hi(y:) " ¢ilyi) (6.6)
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can be computed locally at agent i using his/her local variables. Moreover, x*(y) can be

computed using averages of the quantities above, i.e.,

where we have defined H(y) := (1/N) Zf\il H;(y;) and 0(y) := (1/N) Z,fil 0;(y;) as the

wanted averages.

The observation above motivates us to perform the required ‘x-update’ in a decentralized
manner by applying average consensus to approximate H(y) and é(y). In particular, the
proposed C-AOLS algorithm can be summarized in Algorithm 6.1. As seen, Line 3 to 6 in
the psuedo code performs an S-steps average consensus on the given network to compute
the averages H(y') and 0(y'), while the remaining steps simply perform the standard AO
steps based on the approximate averages. Notice that we have applied a projected gradient
update for the ‘y-update’ stage in the AO algorithm, since a closed form solution for the

respective update may not be available.

6.2.1 Convergence Analysis

To analyze the convergence of the C-AOLS algorithm, we first show the following result

regarding the consensus step in the algorithm:

Proposition 6.1 Let B:= By x --- By and suppose that

N N
-1
T T S
ma | H(yo) "H(y) | - ma (;nyi) Hi(y)) |-o24) <1,  (612)
then the iterates computed in Algorithm 6.1 satisfy:
S (') = x| < G- 0a(A)3 (6.13)
Sy I (y') = (1/N) S35, x5 < G- 02(A)F (6.14)
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Algorithm 6.1 Consensus-based AO algorithm for Least Square Problems (C-AOLS).

1: Initialize: {x9}Y  {yV}}¥,, and parameter S;
2: fort=1,2,... do

3: Consensus step: we set

H' =H(y) Hy(y!) and 6% =H,(y)T¢i(y!), Vie[N].  (6.8)

4: for/¢=0,1,....5—1do

E 1,t ~ al N

i ZAU H;' and 6" =3"4;-0, vie[N]. (6.9
6: end for

7. AO step: for all i =1,..., N, agent ¢ updates its own copies of x and y;:

Xt = (ﬁf’t) TSt (6.10)

(2

i = P (vl B Ty St Lyh) (6.11)

where Pg, (-) is the projection operator onto B; and 5 > 0 is a step size.
8: end for

9: Return: an approximate solution to (6.1) — {x!}¥,, {y!}¥

Sy It = (/N S xS < Ca - 0a(A) (6.15)

where x*(y*) was defined in (6.7), and Cy,C,Co are some constants that depend on the
left hand side of (6.12).

The results above show that the approximation errors decay exponentially with S, the
number of consensus exchanges used per iteration. In fact, the analysis simply follows
from standard convergence result for the average consensus protocol, as we present in Ap-
pendix 6.A. However, Proposition 6.1 is crucial to establishing the asymptotic convergence

of Algorithm 6.1.

Theorem 6.1 Let (x*,y*) be a local minimum to (6.1). Suppose that the global function
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F(-,-) is my-strongly convex and M,-smooth in the neighborhood Np«(x*,y*) with radius R*.
Moreover, each of fi(-,) is Lipschitz continuous with the constant L,. Suppose 3 < 1/Mo,,
B :=max; (X', y!) — (x*,y*)|| < R*, then the C-AOLS algorithm generates iterates which
satisfy:

Jim [|(=, ) — 5,y < p(o2(4)) (6.16)

where X° := (1/N) Zfil x! and

p(o2(A)) =

(Co + Co)a(A)S (6.17)
1/(8B2L,M,) | °

9 _ _
—_— (L001 + BMOCO)O'Q(A)S + \/

me

where the constants C’o, C’l, Cy are the same constants used in Proposition 6.1.

Note that the upper bound satisfies p(ca(A)) = O(o2(A)%/2). The proof is provided in
Appendix 6.B, which is based on studying the error dynamics of the C-AOLS algorithm
as a second order dynamical system. In fact, Theorem 6.1 implies that if the iterates of
Algorithm 6.1 stay close enough to a local minimum, then the iterates converge to an ap-
proximate of that local minimum, where the approximation accuracy improves exponentially

with S, i.e., the number of average consensus used per iteration of the algorithm.

Notice that Theorem 6.1 does not assume F’ to be convex. However, the strong convexity
assumption on F'(-,-) around a local minimum may appear restrictive at first. However, our
numerical results indicate that Theorem 6.1 can accurately predict the performance of the

algorithm applied to the problem (6.1).

6.2.2 State Estimation with Asynchronous Measurements

As a motivating example, we observe that Problem (6.1) with the above setting encom-
passes a practical problem pertaining to state estimation with asynchronous measurements.
Our scenario of interest is a sensor network that captures the continuous-time sensor field

x.(t) € R" using N sensors. Assume that the signal is band-limited by 1/(27) Hz. We
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focus on the case when the sensors are taking memoryless, asynchronous and sub-Nyquist

measurements on x.(t). Specifically, the kth sample recorded at the ith sensor is:
Cz[k] = szc((kAz — bi)Ts) + wz[k‘] , (6.18)

where A; > 1, A; € Z is the down-sampling factor of the ith sensor and b; € R is the
time offset in sampling, w;[k] ~ N(0,0%I) is an additive noise and H; € R™*" represents
the measurement matrix for the pth sensor. Examples of sensing systems that can be
modeled by (6.18) include wide area measurement systems (WAMS) for power system state
estimation (PSSE) [Li and Scaglione(2013)]. As x.(¢) is bandlimited, it suffices to estimate
the Nyquist-rate samples of x.(t), i.e., x[k] := x.(kTs), for our task. We assume that
the down-sampling factor A; is known, while the time offset b; is an unknown nuisance

parameter, and we set by = 0 without loss of generality.

Our next endeavor is to show that the regression problem under model (6.18) with
asynchronous and sub-Nyquist sampling can be cast into a special case of the least square

problem with nuisance parameter. Note that from (6.18), it is impossible to infer a single

sample z[k] by taking one snapshot of the measured signal {¢;[k]}Y,, as the latter also
depends on the other samples {x[j]};«x. We resort to an offline processing scheme that
performs a batch regression of the Fourier series of a data stream. In particular, we observe

that the frequency-domain equivalent model to (6.18) admits the following representation:

Observation 6.1 Let x.(t) be bandlimited by 1/(2T5) Hz and define the frequency map:

w a

Q% (w) = (E i 27) mod (—, 7] . (6.19)

The measurement model (6.18) is equivalent to the following:
A—1

A 1 e (o —_— A
Zi(e) = 3 e X (eJQAq-,( >) V(e (6.20)

¢ a=0
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where Z;(e7*), V;(e/*) and X(e¥) are the discrete-time Fourier transform (DTFT) of ;[k],

v;[k] and x[k], respectively.

A key to verifying the above observation is to decompose x[k] into its polyphase components

and study the spectrum of the down-sampled signal; see [Vaidyanathan(1993)].

Observation 6.1 shows that the observation on X(e/*) is subjected to linear transfor-
mation, linear phase shift and aliasing. These effects, when combined, can be viewed as a
linear transformation on X(e/*) with given time offset b;. To see this, we need to ensure
that the measured samples are obtained at the same sampling rate. It can be achieved by

generating the following samples from (;[k]:

¢IK = GlQik —dl, ¢=0,1,..,Qi — 1, (6.21)

where @Q; = A/A; and A := LCM{A;,..., Ax}. These samples are equivalent to those
sampled at 1/A of the Nyquist rate. Next, by noting that Q% ((—m,7]) is disjoint with

Q% ((—m,7]) for a # b, we can define the following extended spectrum:

X(e/) = [X (%) T X (7@ (6.22)
where A := LCM{ Ay, ..., Ax}; and the extended matrix:
= jw Lo pqo (w) — b A" (W)
Hi(b“ej)zz[ejlfl L.oe I ]@Hl (623)
Using Eq. (6.22) and (6.23), the observed spectrum in (6.20) can be simplified as:
Z9(e7%) = H;(b; — qQi, &)X (e7%) + VI(el¥), (6.24)

which is an affine function in X (e/*).

We discuss how the spectrum Z?(e/*) can be obtained from a finite number of measure-

ments. Here, we accrue @);1T samples at sensor 7 and we can approximate Z?(ej“’) by the
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following F-point discrete Fourier transform (DFT) spectrum:

T-1

ZUfl = > Clmle m, f=0,.,F 1, (6.25)

m=0

where wy £ 2n(f — F +1)/F and F > T is required. In this way, the sequence {x[k] ,‘;‘50_1

can be inferred from the collection of spectrum {Z{[f]}; ;. Finally, from (6.24) we can derive

the following regression problem for estimating the desired sequence {x[k] ;?;FO_ .
min fi({xlk] A:Tgl,bi) st. b, € B;, Vie[N], (6.26)
(xR Lo b Z;
where
Qi—1F-1 9
(kAT ) ‘ A(bi — ZJWfXijH 2
fi{=[k]} %fz; Qi ™)X ()| (6.27)

and X(e7“/) is defined in (6.22), where X (e/“r) = Zﬁiﬁl x[m]e /@™ is a linear function
of {z[k]}; AT . We thus observe that the regression problem (6.26) is a special case of the
problem (6.1) considered in this section, and we can apply Algorithm 6.1. Note, however,
that the model is exact only in the limit when F' — oo, thus there is a trade-off between
the complexity of solving (6.26) and the quality of the approximation, that improves when

the number of DFT points F' is large.

6.3 EXTRA-AO Algorithm

The C-AOLS algorithm studied in the last chapter is specialized to the least square
problems with local nuisance parameters. This section considers a consensus-based AO
algorithm suitable for problems given in the general form of (6.1). Our main idea is to

tackle the ‘x-update’ using an iterative scheme similar to the DPG algorithm.

However, we observe that combining the plain DPG algorithm with AO may not lead

162



to a converging algorithm. To see this, let us consider the following algorithm:

N
xt = ZAinE-_l — ¢V fi (Z;VZI Aijxg-_l,yf_1>, Vie[N], (6.28)
=1

J
yf = proxﬂthi(-) (y;?il - 5tvyfi(X§7Y§il))7 Vie [N] ) (629)

where ay, 5; > 0 are the step sizes to be specified later. In (6.29), the proximal operator is

defined as:

1
Prox g, ((y) = argmin [y — 2|3 + Bihi(z) . (6.30)

A popular example is h;(y;) = p - ||lyil[1 with p > 0. In this case, the proximal operator is
equivalent to the soft thresholding operator [Beck and Teboulle(2009)] which can be given
in closed form. Note that the algorithm is simply derived by combining the DPG algorithm
with a proximal gradient update for ‘y-update’. It is known in the literature as the (adapt-

then-combine) ‘ATC-AQO’ algorithm and was studied in [Chainais and Richard(2013)].

However, the recursions (6.28) and (6.29) are not guaranteed to converge to a stationary
point of (6.1) in general. In particular, under a fixed step size rule, i.e., ay = « for all ¢, it can
be shown that the recursion (6.28) and (6.29) may converge to a solution such that x} # xg-,
i.e., consensus is not reached; on the other hand, when the step size a; is diminishing, our
numerical experiments suggest that the algorithm may not converge to a stationary point
of (6.1) at all. An example of lack of convergence is the numerical simulations shown in
Figure 6.4 of Section 6.4.2, which illustrates that the ATC-AO with a fixed step size does

not lead to a solution that reaches consensus.

For this reason we leverage an alternative idea proposed in [Shi et al.(2015)], called the
exact first order algorithm (EXTRA). The algorithm is described by (6.31) together with
the pseudo code of EXTRA-AO in Algorithm 6.2. An important feature of the EXTRA
update is that a fixed step size is used throughout the algorithm, leading to a distributed
algorithm with linear convergence rate. As seen in [Shi et al.(2015)], this strategy achieves

consensus and optimality simultaneously when applied to convex optimization problems.
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Algorithm 6.2 EXTRA-AO algorithm for (6.1).

1: Initialize: {x0}2, {y"}¥;
2: fort=1,2,... do

3: fori=1,2,....,N do

4: Agent i computes the following EXTRA update for x;:
N
D AgxiTh = aVi fi(xThyi Y, ift=1,
j=1
N
xt = { x4 At — eV fi(xl Tyl (6.31)

N
=) AP aVkfilxi TPy ), ift> 1,

where @ > 0 is a fixed step size and A = (I + A)/2. Notice that A can also take
a different form with more relaxed conditions, see [Shi et al.(2015)].

5: Agent i computes the following update for y;:

¥t = proxg, ) (vi™ = BV filxt,yih) - (6.32)

6: end for
7. end for

8: Return: approximate stationary solution to (6.1) — {x¥}¥  {y¥}N .

Note that, in (6.31), A = (I + A)/2 has the same sparsity as A, therefore similar to the
ATC strategy described previously, the EXTRA update can also be computed via local

computations and information exchange with the neighboring agents.

We now discuss about the EXTRA update on the x’s side. The EXTRA step (6.31)
combines both consensus and gradient descent in a single step, where the optimization
variables from the previous two iterations are required. In fact, the latter features a similar
gradient tracking idea used in the consensus based DeFW algorithm [cf. (5.28)] of the

previous chapter; see [Nedi¢ et al.(2016)] for details about the said interpretation.
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6.3.1 Convergence Analysis

Next, we analyze the convergence of the EXTRA-AO algorithm. To facilitate our dis-

cussion, let us introduce the following variables/functions:

e =X xh - xi]T, Y=y yh e v (6.33)
f(z,y) = [fi(x1,y1) -~ fnGxn,yn)]T, (6.34)
Vaf(@,y) = [V fi(x1,y1) -+ Vfn(xn,yn)]" (6.35)
F(z,y) = Y0 filxiyi) = 1TH(z,y) . (6.36)

Notice that both x; and y; are given as column vectors, therefore &t € RV*™ and y* € RV*”?
for all . To this end, a sufficient condition for EXTRA-AO to reach a stationary point of

(6.1) is given as follows:

Proposition 6.2 Let null{I — A} = span{1}. Suppose that the sequence {(x',y')}i>1
generated by EXTRA-AO converges to a point (x>°,y>), then (X°°,y°°) is a stationary

point to problem (6.1), where X := (1/N)1T 2!, and lim;_,oo xt = X> for all i € [N].

Importantly, the proposition above shows that as long as the sequence, {(z!,y")}?°,, pro-
duced by the EXTRA-AQO algorithm is convergent, the limit point is both consensual and

a stationary point to (6.1). The proof can be found in Appendix 6.C.

However, verifying that the sequence converges to a unique limit is non-trivial as the
algorithm uses a constant step size. A partial analysis is presented below which provides

insights regarding the choice of step size required. We have:

Proposition 6.3 Suppose that each of the functions f;(x;,y:) has a Lipschitz continuous
gradient with constants L, L, with respect to x;, y;, respectively, for all i € [N]. If the
step sizes a, B in the EXTRA-AQ algorithm satisfy

0<a< (2\in(A)/Ly), 0< 8 < (1/L,), (6.37)
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then the following inequalities hold at each iteration:

t+1
1 ~
P y) et y) < et —atlf - - <<A )Yttt - a:> G
«
/=0
1
Py = P y') < —lly' -y 7 (6.39)

where we have defined the constant § := (Amin(A) /o — Ly /2) > 0.

Proposition 6.3 provides a guideline for choosing the step size for EXTRA-AO. Moreover,
suppose that we are in a situation where the inner product of (6.38) is non-negative or
vanishing. Then the objective values along the iterates of the EXTRA-AQO algorithm are

non-increasing, i.e.,

S Fhy™t) < Fey') < Fahy') < - (6.40)

Consequently, if the optimal objective value to (6.1) is bounded below, F(x!, y') converges

to a unique value as t — oo and we have
: t oty 1 t_ L)
Jim [l — 2| = lim [y 9 =0, (6.41)

and the sufficient conditions required by Proposition 6.2 are satisfied. Verifying the require-
ment above that the latter inner product in (6.38) is non-negative or vanishing is an open

problem.

6.3.2 Decentralized Dictionary Learning

Our study on the EXTRA-AO algorithm is motivated by the dictionary learning (DL)

problem:
M

1
i 518 = XYI -+ Y+ 3l (6.42)

where [X]., denotes the fth column in matrix X. The regularization terms ||Y||; and

|]X:75H% are introduced respectively to promote sparsity and to ensure that the solution
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X is bounded. In the data model underlying (6.42), the matrix S € R™*M contains M
columns of training data, in which each of them is assumed to be a linear combination of the
column vectors in the dictionary X € R™*" with the coefficients contained in the columns
of Y € R™M_ Tt is assumed that S is sparse such that each column of Y is formed by

combining only a few columns from the dictionary X, i.e., we have S = XY.

As an application for the EXTRA-AO algorithm developed, we consider a decentralized
implementation of (6.42). In particular, each of the N agents collects training data S;
independently while all agents want to learn a common dictionary X. We write S =

[S1 Sy --- Sy]and Y =[Y;1 Y2 -+ Yy|. We can rewrite (6.42) as follows:

N

1 n
min Si — XYi[F + Alvec(Yi)[1) + X035 6.43
N I ( I+ Mfvee(¥o)lh) + 3l el (6.43)

This is a special case of (6.1) with fi(X,Y;) = (1/2)[|S; — XY;[|% + (1/N) >0, vell X ol13
and h;(Y;) = A|vec(Y;)]|1. In particular, the EXTRA-AO update for it can be implemented

by observing that:
Vx fi(X}, YD) = (X{Y[ = Si)(Y) " + (v/N)X (6.44)

Vy fi(X5, Y] = (X)) (X{Y! - S)) . (6.45)

Moreover, Eq. (6.44) can be computed efficiently as Y; is sparse. As for the proximal
operation required in (6.32), since h;(Y;) = |[vec(Y;)||1, it can be replaced by the low

complexity soft shrinkage operator [Beck and Teboulle(2009)].

6.4 Numerical Experiments

We divide this section into two parts — the first part focuses on the consensus based
AO algorithm for least square problems, where we demonstrate its efficacy in handling a
decentralized state estimation problem with asynchronous measurements; the second part

focuses on the EXTRA-AO algorithm and we apply the algorithm to tackle a decentralized
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Figure 6.1: Comparing the MSE performance against the frame size T'. (Left) On estimating
{z[k]}r. (Right) On estimating {b; },.

dictionary learning problem.

6.4.1 Decentralized State Estimation

In the following example, the network G is generated as an Erdos-Renyi (ER) graph
with connectivity 0.5 and N = 12 agents. The weights on the adjacency matrix A are
found with the Metropolis-Hastings rule in [Xiao and Boyd(2004)]. We consider tackling
the asynchronous state estimation problem (6.26) under ‘Rayleigh fading’ with synthetic
data. In particular, the states x[n| and measurement matrices H; are generated as random
vectors/matrices with unit variance i.i.d. complex Gaussian random entries. The DFT size
is set as F' = 192 and o2 = 1072 is the noise variance. As a benchmark, we also compare

the performance of applying a centralized AO for the problem (6.26).

Our first example considers a system with sub-Nyquist and unknown asynchronous
sampling, i.e., we set A; = 2 for all i. The system dimensions are set as m = 4,n = 8 and we
have N = 12 agents. The time offsets are uniformly drawn from B = [—0.5,0.5]. Notice that
under sub-Nyquist sampling, without exploiting the time offsets between the sensors, it is
impossible to estimate the state vector x[k] for all k. Therefore, as a benchmark, we provide

the mean square error (MSE) evaluated by comparing {x[k]}1_, with an interpolated state
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Figure 6.2: Comparing the state estimation error against iteration number of the C-AOLS

algorithm.

sequence estimated from the sub-Nyquist measurements. The simulation result is shown
in Figure 6.1, where we compare the MSE in state and in {b;}}, against the frame size
T. From the figure, we see that the error metrics of the proposed algorithm decrease as
T increases, which is due to the improved approximation to the true DTFT spectrum.
In fact, the MSE in state decays as O(T~1). On the other hand, the C-AOLS algorithm
achieves a similar performance to its centralized counterpart. Especially, as S increases, the
performance of the former approaches that of the latter. This observation is in line with

the results in Theorem 6.1.

The next example, shown in Figure 6.2, examines the convergence rate of the C-AOLS
algorithm, for which we track the state estimation error as C-AOLS algorithm proceeds. In
this example, we set m = 4,n = 8,7 = 120 and consider having N = 12 agents. We consider
solving a randomly generated instance of (6.26) and compare the MSE against iteration
number. We observe that the error is gradually decreasing as the algorithm progresses
and converges in about 30-40 iterations. In particular, the converged MSE improves as S

increases, as predicted by Theorem 6.1.

Lastly, we describe an application of the C-AOLS algorithm to power system state
estimation (PSSE) utilizing asynchronous measurements from PMU devices. Note that the

power system’s states are complex voltages on buses and the PMU devices provide linear
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Figure 6.3: Application of C-AOLS algorithm on PSSE. (Left) Set up of the IEEE 30 bus
system with N = 7 sensing sites (or agents), marked by the colored dashed lines. (Right)

MSE per sample with asynchronous PMUs against the variance in sampling offset in b;.

measurements of the states. To this end, we can formulate a regression problem similar to
(6.26) and apply the C-AOLS algorithm. The setup and the estimation performance for
performing PSSE on an TEEE-30 bus system is illustrated in Fig. 6.3; and the details are
provided in [J4 of Section 1.3]. We observe that the C-AOLS algorithm achieves performance
that is close to the Cramer-Rao Lower Bound (CRLB) and is comparable to the centralized

AQO algorithm.

6.4.2 Decentralized Dictionary Learning

This subsection presents numerical results to demonstrate the efficacy of the proposed
EXTRA-AO algorithm for DL. To prepare the training data, we have randomly extracted
300 overlapping patches, each with size 16 x 16, from the 512 x 512 image of barbara.png,
as shown in Figure 6.7. Each of the extracted patch is vectorized, thereby giving S a size of
256 x 300. We assume that there are n = 64 atoms, thereby giving a compression ratio of
1/4. The size of the common dictionary X is 256 x 64. Notice that our algorithm is scalable

to handle problems of larger scale.

For the decentralized DL problem (6.43), we set A = 0.03 and v = 7, = 0.1 as the

regularization parameters. The columns of the training data matrix Y is divided into
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Figure 6.4: Convergence behavior of the algorithms for decentralized DL (6.43). We com-

pare the ‘consensus error’, (1/N) Zfil |x! — (1/N) Zjvzl x§||%, and the ‘norm of gradient’

w.rt. X, || Zf\il Vxfi(xt, y1)||3, against the iteration number ¢t. In addition, the ‘norm of
difference’ for EXTRA-AO denotes ||z’ — ' ||% + ||y’ — y' 1%

N = 10 equally sized partitions S; € R?56*30 It corresponds to the scenario when 10
sensors are taking samples from the image for dictionary learning. In addition to learning the
dictionary X distributively, each agent is responsible for computing the sparse matrix Y; of
size 64 x 30 only. The network G is generated as an ER graph with N = 10 agents, together
with connection probability of 0.6. The matrix A is constructed using the Metropolis-

Hastings rule [Xiao and Boyd(2004)].

The performance of EXTRA-AQO is compared to the ATC-AO method in [Chainais and
Richard(2013)] and the Method of Optimal Directions (MOD) in [Engan et al.(1999)], where
the latter is a centralized algorithm for DL. We initialized the algorithms with X set as
the 2D discrete cosine transform (DCT) matrix. For EXTRA-AO and ATC-AO with fixed
step size, we set @ = 0.03 and 8 = 0.02, ATC-AO with diminishing step size is set with

_ 3 — 10
We first verify if the EXTRA-AO algorithm achieves convergence to a stationary point

of (6.43). As shown in Figure 6.4, the norm of difference between successive iterations
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Figure 6.5: Objective value against the iteration number for the decentralized DL algo-
rithms. The same step size selection as in Figure 6.4 is used. Notice that the solution of

ATC-AO with fixed step size does not reach consensus and is infeasible to (6.43).

. :::'.”- q,, Jh sﬂ”u} I r ik ":‘::I‘:E
re

Figure 6.6: The dictionary learnt from the image babara: (Left) using the ATC-AO al-
gorithm after 2 x 10* iterations. (Right) using the EXTRA-AO algorithm after 2 x 10*

iterations. Each 8 x 8 patch represents an atom in the dictionary.

decreases to 0 as t — oo, thereby satisfying the sufficient condition in Proposition 6.2.
We also note that the solution X; obtained at ATC-AO (with fixed step size) does not
achieve consensus and is thus infeasible to (6.1). In Figure 6.5, we compare the objective
value against the number of iteration. Asseen, EXTRA-AO achieves a comparable objective
value to the centralized MOD algorithm. The estimated dictionary is depicted in Figure 6.6,
which shows a combination of rotated tiles that correspond to the common features found
in barbara.png. Upon careful observation, we also found that some of the atoms (e.g., the

(3,4)th atom) learnt by EXTRA-AO shows clearer edges than ATC-AO.
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Figure 6.7: Image reconstruction result using the dictionaries learnt: (Left) the orig-
inal image with the 30 shaded masks representing the training samples taken by one
agent. (Right) by sparse coding using the dictionary learnt in EXTRA-AO after 2 x 10%

iterations.

Lastly, Figure 6.7 shows the reconstruction result after sparse decoding using the dic-
tionary learnt before. To promote sparsity, the sparse decoding is performed with A = 0.1,
the resulting sparse code contains only 32.12% of non-zero entries, i.e., there are about 21
non-zero coefficients out of 64 for every 16 x 16 patch. As seen, the image reconstructed

shows only a reasonable amount of artifacts compared to the original image.

6.5 Chapter Summary

This chapter focuses on using the alternating optimization (AO) technique in multi-
agent optimization. In particular, we focus on tackling non-convex optimization problems
with a common variable and a private variable, where it is easy to obtain solution that
optimizes one of them but not both. In many practical applications, the AO technique is
demonstrated to show superior performance compared to general optimization primitives

such as gradient method or the Frank-Wolfe method studied in the previous chapter.

Specifically, we proposed two consensus-based AO algorithms. The first algorithm,
named C-AOLS, is suitable for least square problems with nuisance parameters. Here,

we proposed a consensus-based algorithm to replace the closed form solution used in the
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optimization of the common variable. The second algorithm, named EXTRA-AO, uses
an accelerated consensus-based gradient method to optimize the common variable. For
both algorithms, we provide conditions under which a stationary point of the optimization
problem can be found. Moreover, we provide numerical results to verify their efficacy in
applications such as signal estimation with asynchronous measurements and decentralized

dictionary learning.
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Appendix
6.A Proof of Proposition 6.1

To facilitate our analysis, let us define that Cy := maxy || Zfi (Hi(y:) TH;(y;)|| and

Ci = maxy || (Zf\; H;(y;) "H;(y:))"!||. To begin our proof, we observe that we can rewrite

the variables as:

H' =H(y') +0H, 07 = 0(y") + 60" (6.46)

with the error terms satisfying
[6H| < Co- 02(A), (|66 < C. - 0a(A)7 (6.47)

for some C, < co. The bounds above are obtained as a consequence of the S rounds of
average consensus applied [cf. Fact 2.1]. Under assumption (6.12), the matrix inverse admits

a series expansion [Horn and Johnson(1986)]:

= (Al M) = S (Hy ) R 6

q=0

Consequently, we observe the following chain of inequalities:

I(HIHTL0P — FH(yh) 16! (v

- | 1505t+z (") o) FH) O + 67|

< A - (C- - oa(4) +ZH( O7ten) 1660 +587)  (6ag)
<Cr-(Coroa(A) 4+ Cy i (CoCroa(4))")

<O (C.-oa(A) + — gfggg@s () < 1 Co- 0u(4)°
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In the above, we have assumed that ||@(y?) + 505 || < Cz in the second last inequality.

Note that x/™! = (%f7t)—1ef’t and x*(y') = (H(y')) 10! (y!), we have

SV = x* (v < Cooa(A)S (6.50)

1

i.e., the desired inequality (6.13). The remaining inequalities in the proposition, (6.14) and

(6.15), can be established in a similar fashion.

6.B Proof of Theorem 6.1

Under the assumptions made in Theorem 6.1, for all ¢, (X, y!) stays in the neighborhood
Nps(x*, b*) where the function F(-,-) is strongly convex with modulus m,. Our idea is to

study the dynamics of the following non-negative scalar:
A= F(®,y") - F(x",y") . (6.51)

With a slight abuse of the notations, we shall define F(z!,y?!) := Zfi | fi(xt,yt) such that

x! denotes the concatenation of (x!)N . We observe that:

AP - A= PRy - PRy
= F(z',y") - F(z',y") + F(X',y") - F&" ',y
S LOCQO'Q(A)S + F($t,yt) _ F(it_l,yt_l) (6 52)
< LOC'QUQ(A)S + F(z!,y') — F(E1y™h ‘

+ F(wtaytil) - F(wtvytil)

M, _
2y =y

< Lop(Np) + Fla! y™h) - FETy'h = 5

where the first inequality is due to Lipschitz continuity of each of f;(-,-) and Proposition 6.1;
the second inequality is due to the descent lemma [Bertsekas(1999)] applied on the difference

of function values F(z!,y!) — F(z!,y'~!) and the choice of our step size 3. Moreover, we
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have:

Fa',y"™) < F(x*(y'™1),y'™") + LoCoos(A)*
(6.53)
< F@E 1y + L,Cooa(A),
where the first inequality is again due to the Lipschitz continuity of f; and the second

inequality is due to the optimality of x*(y*~1) with y'~! fixed [cf. (6.7)]. Therefore,

M
—lly"

Al — AT < Lo (Co + Ca) - 02(A)° — 5

-y (6.54)

Our next task is to provide a lower bound for ||y? — y?=!||2. To this end, we proceed by:

A= F(Ey') ~ F(x'y")
=F"(y'" "), y) - Fx(y" )., y) + FE.y") - F(x*,y") (6.55)

S LOGIUQ(A)S + <va(X*(yt71)7yt)7yt - y*> + BMOHyt - ytilH2 )

where in the last inequality, we have used i) f is Lipschitz continuous, ii) f is locally convex
and iii)

(Vi F(x*(y" ), v"), x*(y' ) — x*)

— (VXF(X*(yt_l), yt) _ VXF(X*(yt_l), yt—l)’ X*(yt—l) _ X*) (6_56)

< BMolly' =y '2.

The equality is due to Vi F(x*(y'~1),y*"1) = 0.

Our next endeavor is to upper bound (VyF(x*(ytfl),yt),yt —y*). To this end, we

observe

VyF(X*(ytil)yyt) = va(X*(yFl%yt) - va(wtvytil)‘f‘
1 (6.57)

B((yt‘1 —y)+y -y - BV F(2ly'T)
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together with the following inequality:

(VyF(x*(y'™1),y") = VyF(z! y' 1), y' —y*) <

(6.58)
BM,(Co - 02(A) + [ly" — y"l2),
which is a consequence of Cauchy-Schwarz and Proposition 6.1. Moreover, we have
(y' = (y" ' = BVyF(=',y" 1),y —y) <0, (6.59)

since y! is the projection of y'=! — 8V, F(x!, y'~1) onto the set B := By x--- By and y* € B.

Consequently,

(VyF(x*(y"™"),y"). 5" = ¥*) < BMo(Co - o2(A) + [ly" — 3"~ ||2)

6.60)
B o i (
oy -y e
3 | |

and we obtain a lower bound for ||y’ — y'~!||2 as follows:

Al < L,Cio9(A)° + BM,Cooz(A)° + 3BM,|ly" —y' L2 (6.61)
Plugging the above results back in (6.54) yields the following:

Al — AT < Lo(éo + 62) . O’Q(A)S—
(6.62)

1 ~ ~ 2
m < maX{O, At - (L0010'2(A)S + BMOCOO'Q(A)S)}> .
Since A! is non-negative, we can simplify (6.62) by considering the upper bound &! such

that A? < ¢! for all t:

g — 7 = L,(Co + Cy) - 02(A)° -
(6.63)

M%M(max{o,gt — (LyCioa(A)S + BM,Cors(A)S )})2
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A fixed point ¢ to the preceding dynamic system must satisfy:

Lo(Co + Ca)oa(A)S (max{0,€ ~ (LoC1 + BM,Cy) - o2(A)° })2 O (6.64)

1
- 18B2M,

which implies

g: (Loél + BMOGO) . O'Q(A)S + \/18BQMOLO (éo + OQ)UQ(A)S ( )
6.65

= %p(ag(A)) = 0(02(A)S) :

It can be verified that the above fixed point is stable. In fact, it is the only fixed point for

the system (6.63). Finally, from (6.65) and the local strong convexity of F(-,-), we have:

lim [|(=7, ') — (x", )2 < — lim A" = /0(02(4)9) , (6.66)

t—o00 Mgy t—o0

which completes the proof.

6.C Proof of Proposition 6.2

We observe that the update equation (6.31) can be rewritten as follows. For example,

at k = 2, we have

x? = Ax' — aV,f(z!,y') + ' — (Az® — aV,f(x’,y°))
(6.67)

= Az!' — aV, f(z', y') + (A - A)x’,

where the second equality is due to (6.31) with ¢ = 1. By induction on ¢t = 3,4, ..., we

obtain:
t—1

't = Azt — oV, f(z',y') + (A - A) Z . (6.68)
=0

Since 17(A — A) = 0, multiplying (1/N)1T from the left of both side in (6.68) yields

Xt =xt — (1/N)1TV,f(xt,yt) , (6.69)
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Note that (6.69) is similar to applying a centralized gradient method. Now, if the sequence
{x!, y'}; converges to a unique limit point (>, y>) as t — oo, at the limit the EXTRA
update in (6.31) yields:

(A—A)z>=0. (6.70)

As null{A — A} = null{ A — I} = span{1}, the above implies x> = X for all i, i.c., con-
sensus is achieved as k — oo.

To obtain the convergence to a stationary point, applying the above to (6.69) with
t — oo gives:

0= (1/N)1TVf(x>®,y>®) = (1/N)VF(X*®,y>), (6.71)
where we have used the fact that x° = X°°. This implies that X*° is a stationary point of
(6.1), given y>.

On the other hand, as y' is convergent, its limit y* is a fixed point to Eq. (6.32), given

¥ = proxg, () (yi° — BVy fi(x°,¥{%)), Vi€ [N]. (6.72)

As B > 0, the above guarantees that y° is a stationary point of (6.1) given x{° = X*°.

Combining this observation with (6.71) shows that (X*°,y°) is a stationary point to (6.1).

6.D Proof of Proposition 6.3

We first prove the corresponding inequality pertaining to the ‘x-update’. In particu-
lar, Eq. (6.38) follows by considering the following inequality for functions with Lipschitz

continuous gradient:

Ly

F(.’EtJrl,yt) o F(il?t,’yt) < <me(:1:t,yt),.’13t+l o xt> + 5

="+ — 2% (6.73)

where the Frobenius norm is taken as the inequality is obtained by summing up the function

differences f;(x/t!, yt) — fi(xt,y?) for all i € [N].
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Using the result from (6.68) and the fact that A = (I + A)/2. We can rewrite the

matrix V,f(z!,y') as:

t—1
Vef(z!,y') = = (Amt —zt 4 (A - A) ac€>
£=0
1. ) =
— - (A(a:t — ) — A(z' — 2 + Az’ — 2™ 4 (A — A) :c£> (6.74)
a
{=0
1 t+1
_Lrsor A ¢
—a<A(w )+ (A A)Zm))
(=0
Plugging this back into the equation (6.73) yields:
1 ol
F(a'*,y") - Fa'y") < —((A- 4) > o' 2! —at)
a
=0
B <xt+1 o (lA _ &I> (@t — wt)> (6.75)
"Na 2
1 t+1
< _ 1 2 & i ¢+t
<=3 o '} +~((A-A)Y a2 ~a),
=0
where we have used the fact that:
1 - Lz )\min(A) LZ
CA-Zrp e (Amind ) e g sy .
« 2~ ( « 2 ) oL, (6.76)

in the last inequality. On the other hand, for the ‘y-update’, the inequality follows from

the classical proximal gradient analysis in Lemma 2.1.
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7 Conclusions and Research Plans

As networks continue to infiltrate our everyday life, it is necessary to further our under-
standing of the networks, such as social networks and biological networks, around us and
utilize them for our own good. Concentrated along this line of network science research, this
dissertation has presented new and provable results on the longstanding problem of network
identification and proposed new optimization algorithms to harvest the computation power

distributed across the network.

In this dissertation, we have presented new results on the modeling and identification
of network dynamics. Specifically, we have described some general models for opinion
dynamics in social networks and gene dynamics in gene regulatory networks. Utilizing
these dynamical system models, we proposed new formulations of network identification
for the social networks and gene regulatory networks. Given the size of these networks
and the limits in the amount of data one could collect, thus resulting in a set of low rank
observed data. We noticed that the network identification problem corresponds to solving
an undetermined linear system. Importantly, we analyzed a novel recovery conditions,
proven using mathematical tools from graph theories and sparse recovery. This gives the
theoretical guarantees that allow one to recover a large-scale networks using the proposed

identification problem formulations from a few observations.

We have also developed three new decentralized algorithms for solving optimization
problems over the network. In the first algorithm, we emphasize on the importance of
the projection-free paradigm as it can greatly reduce the per-iteration complexity of the
conventional projection-based algorithms. The new algorithm, named DeFW, was shown
analytically to exhibit low iteration complexities for both convex and non-convex optimiza-
tion problems. As the examples applications, we demonstrated how the new algorithm can
be used to efficiently tackle a robust matrix completion problem and the classical sparse

recovery problem, while requiring low communication complexity. We have also studied the
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alternating optimization (AO) technique for structured problems in a decentralized setting.
We proposed two related algorithms. The first algorithm, called C-AOLS, is specialized
to least square problems with local nuisance parameters. The second algorithm, called
EXTRA-AOQ, is designed for tackling general non-convex optimization with a smooth ob-
jective function. We have shown the convergence of these algorithms and tested them on

applications of asynchronous signal estimation and decentralized dictionary learning.

7.1 Future Research

This dissertation has laid foundations for advancing a few important problems in network

science research. Future research that can be built upon these result and are listed below.

7.1.1 Network Dynamics Modeling and Identification

This dissertation has made advancements towards understanding the theoretical limits
of network identification based on network dynamics. An important challenge that we
have dealt with is the limitations with low-rank observation on the network, which has not
been considered in most of the network identification literature. However, such a feature
is observed in empirical data that may pertain to networks and have been exploited in
various machine learning formulations, e.g., the low rank matrix completion problem studied
in Chapter 5. In particular, general models for explaining the low rank behavior have
been studied in [Udell and Townsend(2017)] at the time of finishing the writing of this
dissertation. To this end, several directions on uncovering network structure from low rank

observed data will be of interest:

Network identifiability condition with lazer restrictions. The theoretical findings in this
dissertation, so far, are limited to the linear opinion dynamics and certain types of nonlinear
gene dynamics, both taking specific forms that are relevant to their respective applications.
There are two possible sub-directions — firstly and most obviously, we would like to relax
the assumptions on the dynamics such as extending the network identifiability result non-

linear opinion dynamics; secondly, the notion of network identifiability may also be relaxed,
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i.e., in some applications, identifying some high-level description of the network will be
sufficient for the task, in lieu of identifying the entire network. The community detection

method suggested in Section 3.5 is an example towards this sub-direction.

Applications on empirical network data. Besides social networks and gene regulatory
networks, our method can also be applied to identifying networks where perturbation data
are prevalent. An interesting example for future exploration is the inter-bank loaning net-
work where the amount of total debts and loans of banks are dependent on the network
structure when shocks happen in the financial market; see the systematic risk model in [Ace-

moglu et al.(2015)].

7.1.2 Large-scale Optimization Utilizing Networks

On the computation aspects utilizing networks, this dissertation has proposed several
consensus-based algorithms for tackling large scale optimization problems. As our goal is
to develop better algorithms for the growing demand of solving optimization problems, e.g.,
those arising from machine learning applications, there are a number of open problems and

future research topics worth investigating.

Asynchronous DeF'W algorithm. The first extension is to develop an asynchronous ver-
sion of the DeF'W algorithm where the agents can communicate on a time varying graph.
This is an important step towards developing a fully decentralized algorithm where the
agents can operate at greater degree of autonomous. In particular, our preliminary nu-
merical result shows that we can employ an asynchronous scheme for choosing step size to

achieve faster convergence.

Projection-free Primal-dual Optimization. We are investigating if the projection-free
advantages of the Frank Wolfe algorithm can be incorporated into the class of primal-
dual algorithms, e.g. [Chambolle and Pock(2015)], which allows one to efficiently handle
constraints of complicated structures with a divide-and-conquer approach. To this end, we
notice that related research along this direction has appeared at the time of submitting the

dissertation [Udell and Townsend(2017)].

184



Convergence Analysis of Consensus-based AO Algorithms. Thus far, we have only pro-
vided a partial analysis on the convergence of the EXTRA-AO algorithm for general non-
convex problems. An obvious next step is to complete the analysis and preferably obtain
the convergence rate of the algorithm. We notice that a few provably convergent AO type
decentralized algorithms have been proposed [Hong(2016), Lorenzo and Scutari(2016),Zhao
et al.(2016)]. That said, it was found that EXTRA-AO still enjoys the fastest convergence

empirically.

Curvature-aided Decentralized Optimization. Utilizing the incremental method’s archi-
tecture for handling large-scale optimization, our recent result [cf. C6 in Section 1.3] have
shown that curvature information can effectively improve the convergence rate of big data
optimization. Here, the idea is to exploit the local Hessian to provide better approximation
of the erroneous gradient information. To this end, an interesting direction is to study the

impact of such technique in decentralized optimization.

7.2 Final Remarks

The problems addressed in this dissertation constitute only a small portion in the field of
network science research. As network science is an interdisciplinary field involving engineers,
mathematicians, physicists, computer scientists, biologists, sociologists, economists, etc.,
there are numerous gaps to be closed by combining the knowledge from different domains,
as well as defining new problems that can be leveraged to solve real life issues. These are

all exciting and impactful new problems to be tackled in the future.
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