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ABSTRACT

A distributed system is composed of independent agents, machines, processing units, etc.,
where interactions between them are usually constrained by a network structure. In contrast
to centralized approaches where all information and computation resources are available at
a single location, agents on a distributed system can only use locally available information.
The particular flexibilities induced by a distributed structure make it suitable for large-
scale problems involving large quantities of data. Specifically, the increasing amount of
data generated by inherently distributed systems such as social media, sensor networks, and
cloud-based databases has brought considerable attention to distributed data processing
techniques on several fronts of applied and theoretical machine learning, robotics, resource
allocation, among many others. As a result, much effort has been put into the design of
efficient distributed algorithms that take into account the communication constraints and
make coordinated decisions in a fully distributed manner.

In this dissertation, we focus on the principled design and analysis of distributed algorithms
for optimization, learning and belief systems over networks. Particularly, we are interested
in the non-asymptotic analysis of various distributed algorithms and the explicit influence
of the topology of the network they ought to be solved over.

Initially, we analyze a recently proposed model for opinion dynamics in belief systems with
logic constraints. Opinion dynamics are a natural model for a distributed system and serve
as an introductory topic for the further study of learning and optimization over networks. We
assume there is an underlying structure of social relations, represented by a social network,
and people in this social group interact by exchanging opinions about a number of truth
statements. We analyze, from a graph-theoretic point of view, this belief system when a set
of logic constraints relate the opinions on the several topics being discussed. We provide
novel graph-theoretic conditions for convergence, explicit estimates of the convergence rate
and the limiting value of the opinions for all agents in the network in terms of the topology
of the social structure of the agents and the topology induced by the set of logic constraints.
We derive explicit dependencies for a number of well-known graph topologies.

We then shift our attention to the distributed learning problem of cooperative inference
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where a group of agents interact over a network and seek to estimate a joint parameter that
best explains a set of network-wide observations using the local information only. Again, we
assume there is an underlying network that defines the communication constraints between
the agents and derive explicit, non-asymptotic, and geometric convergence rates for the
concentration of beliefs on the optimal parameter. For the case of having a finite number of
hypotheses, we propose distributed learning algorithms for time-varying undirected graphs,
time-varying directed graphs and a new acceleration scheme for fixed undirected graphs.
For each of the network structures, we present explicit dependencies for the worst case
network topology. Furthermore, we extend these belief concentration results to hypotheses
sets being a compact subset of the real numbers, for a simplified static undirected network
assumption. Moreover, we present a generic distributed parameter estimation algorithm
for observational models belonging to the exponential family of distributions. We further
extend the distributed mean estimation from Gaussian observations to time-varying directed
networks.

The graph-theoretical analysis of belief systems with logic constraints and the distributed
learning for cooperative inference are specific instances of convex optimization problems
where the objective function is decomposable as the sum of convex functions. Particularly,
these problems assume each of the summands is held by a node on a graph and agents are
oblivious to the network topology. As a final object of interest, we study the optimality of
first-order distributed optimization algorithms for general convex optimization problems. We
focus on understanding the fundamental limits induced by the distributed networked struc-
ture of the problem and how it compares with the hypothetical case of having centralized
computations available. We show that for large classes of convex optimization problems, we
can design optimal algorithms that can be executed over a network in a distributed manner
while matching lower complexity bounds of their centralized counterparts with an additional
iteration cost that depends on the network structure. We design optimal distributed algo-
rithms for various convexity and smoothness properties that can be executed over arbitrary
fixed, connected and undirected graphs. Furthermore, we explore the application of these
distributed algorithms to the problem of distributed computation of Wasserstein barycenters
of finite distributions.

Finally, we discuss some future directions of research for the design and analysis of dis-

tributed algorithms, both from theoretical and applied perspectives.
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CHAPTER 1

INTRODUCTION

Large numbers of interconnected components add to the complexity of engineering systems.
Developing models and tools for the analysis of such distributed systems is necessary, not
only from the engineering point of view but for effective decision-making and policy design.
For example, the control of autonomous vehicles for exploration, rescue, and surveillance
depends on the coordination abilities of fleets of robots; each robot should make decisions
based on local information and limited communications. Power networks (e.g., the electric
grid) need several generating and consuming stations to coordinate offer and demand to
improve efficiency. In traffic control, the goal is to avoid jams distributively and to increase
traffic flow based on limited infrastructure (e.g., roads). Economic systems need modeling,
estimation, and control of markets at the micro and macroeconomic scales. Market dynam-
ics depend on several agents influencing the system, each of which might have conflicting
goals. In telecommunication networks, several stations need to communicate over non-perfect
channels to optimize information transmission. The control of industrial processes requires
communication and coordination between different parts of the process in hazardous envi-
ronments. The modeling and control of ecological systems requires the analysis of several
actors interacting with each other, subject to changing environments.

The increasing amount of data generated by recent applications of distributed systems
such as social media, sensor networks, and cloud-based databases has brought considerable
attention to distributed data processing, in particular the design of distributed algorithms
that take into account the communication constraints and make coordinated decisions in a
distributed manner [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. In a distributed system, interactions
between agents are usually constrained by the network structure and agents can only use lo-
cally available information. This contrasts with centralized approaches where all information
and computation resources are available at a single location [12, 13, 14, 15].

Traditional approaches for the design of distributed inference algorithms, for inherently
distributed systems, assume a fusion center exists. The fusion center gathers all the in-
formation and makes centralized decisions [12, 13, 14, 15]. Nonetheless, communication

constraints, limited memory and lack of physical accessibility to certain measurements hin-



der this task. Therefore, it is necessary to develop algorithmic protocols that take into
account such constraints and use only locally available information.

The adoption of distributed optimization algorithms on several fronts of applied and the-
oretical machine learning, robotics, and resource allocation has increased the attention on
such methods in recent years [16, 17, 18, 19, 20]. The particular flexibilities induced by
the distributed setup make them suitable for large-scale learning problems involving large
quantities of data [21, 22, 23, 24, 25]. Although many results on these themes have appeared
in recent years, the study of distributed decision-making and computation traces back to
classic papers from the 70s and 80s [5, 6, 7, 8, 9, 10, 11].

In [26] the authors defined society as “wise” if the influence of the most influential agents
vanishes with the size of the network. This assumes there exists some balancedness in the
network in terms of the agents’ centrality. Knowledge about the topology of the network
can be used to design algorithms that take the agents’ connectivity into account, but this
introduces additional information requirements and limits the ad-hoc nature of a distributed
solution. Specifically, in evolving networks the connectivity of the agents’ changes with time
and thus so does their influence, introducing variability in the group confidence.

The object of study of this dissertation is twofold: on the one hand we have a convex
optimization problem > 7" fi(z) assumed to be the sum of a finite number n of convex
functions, and on the other hand we have a network, modeled as a graph G(V, F), with
|[V| = n nodes and a set of edges E between them that represent their ability to share
information, see Fig. 1.1. The main property of this object is the assumption that each
node 7 in the network has access to a single f;(z) only. Nonetheless, one seeks to solve the
network-wide optimization problem by local interactions constrained by the network edges.

Now that we have defined the main focus of this theses we can describe the specific

problems we are interested in. We study four specific problems:

1. Graph-theoretic analysis of belief systems with logic constraints.

n n
. 2 .
min E E aijl|z; — x| VieV.

i=1 j=1

2. Distributed learning with finite hypotheses sets.

I@IéléliZIDKL(P | Py) © is finite.
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Figure 1.1: The object of study of this dissertation.

3. Distributed learning on compact hypotheses sets.

n

min ZDKL(PiHPg) © is compact.

0cOCR? 4
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4. Optimal algorithms for distributed optimization.

such that



1.1 Motivation and Past Work

In this section, we introduce each of the problems studied in this dissertation and motivate
the open problems for each case. We provide some classic references and guide the reader

towards a more comprehensive literature review.

1.1.1  Opinion Dynamics in Belief Systems with Logic Constraints

The analysis and modeling of opinion dynamics spans several decades of interdisciplinary
research [27, 28, 29, 30, 31, 32, 33, 34, 35]. Belief systems are modeled as a process where
agents continuously update their beliefs by repeated interactions where opinions are ex-
changed over some social structure (e.g., social network) [10, 36]. New opinions are formed
by aggregating operations weighted by the relative importance assigned by an individual to
others. This simple characterization has provided tools for analyzing the long-term behav-
iors using systems theory. Nevertheless, the characterization has been shown insufficient to
explain the existence of shared beliefs in a population [37].

Opinion formation cannot be described solely as an ideological deduction from a set of
principles about the social world. Repeated social interactions and logic constraints on
truth statements are consequential for the construction of belief systems as well. Recently
proposed generalizations of opinion dynamic models integrate functional interdependencies
among issues that coherently bound ideas and attitudes [38]. Mainly, logic constraints in
belief systems provide a successful model for the evolution of opinions in both large-scale
populations and small groups [37]. Logic constraints build upon the natural idea that be-
lieving a specific statement is true may depend on the belief that other statements are true
as well. Nonetheless, existing algebraic tools can be too complicated to use when facing
large-scale and complex networks [38]. Understanding the role of the networks involved
in the structural features of a belief system is of critical importance and can have direct
implications for better decision-making and policy design [39, 40, 41, 42, 37].

We seek to provide graph-theoretic answers for a model of opinion dynamics of a belief
system with logic constraints. Particularly, we are interested in showing how the belief
system properties depend on the social network where agents interact and the set of logic
constraints that relate beliefs on different truth statements. Moreover, we search for explicit

dependencies for a variety of commonly used large-scale network models.



1.1.2  Distributed (Non-Bayesian) Learning over Networks

Numerous engineered and natural systems can be modeled as a group of agents interacting
(e.g., people, robots, sensors). Distributed non-Bayesian learning studies groups of agents
that try to “learn” a distribution (from a parametrized family) that best explains some
observed data [1, 43, 44, 45, 46, 25, 47]. Specifically, agents seek to learn this parameter in
a distributed manner where each agent accesses local information without the involvement
of any centralized coordination.

One traditional problem in decision-making is that of parameter estimation. Given a
set of noisy observations coming from a joint distribution, one would like to estimate a
parameter or distribution that minimizes a certain loss function. For example, maximum
a posteriori (MAP) or minimum least squared error (MLSE) estimators fit a parameter to
some model of the observations. Both MAP and MLSE estimators require some form of
Bayesian posterior computation based on models that explain the observations for a given
parameter. Computation of such a posteriori distributions depends on having exact models
about the likelihood of the corresponding observations. This is one of the main difficulties of
using Bayesian approaches in a distributed setting. A fully Bayesian approach is not possible
because full knowledge of the network structure, or of other agents’ likelihood models, may
not be available [48, 49, 29].

In [29], the authors describe results on learning in social networks based on computing
posterior distributions using Bayes’ rule. That is, given some assumed prior knowledge
and new observations, an agent computes a posterior based on likelihood models, see [50].
Nevertheless, a fully Bayesian approach might not be possible because full knowledge of the
network structure, or other agents’ likelihood models, need not be available [48, 49]. Other
authors showed that non-Bayesian methods can be used in learning task as well [51, 1, 52, 43].
In this case, agents are assumed to be boundedly rational (i.e., fail to aggregate information
in a fully Bayesian manner [26]). They repeatedly communicate with others and use naive
approaches to aggregate information.

Several groundbreaking papers have described distributed methods to achieve global be-
haviors by repeatedly aggregating local information without complete knowledge of the net-
work [1, 2, 3, 4]. For example, in distributed hypothesis testing using belief propagation,
convergence and its dependence on the communication structure were shown [3]. Later,
extensions to finite capacity channels, packet losses, delayed communications, and tracking
were developed [53, 54]. In [2], the authors proved convergence in probability, the asymptotic
normality of the distributed estimation and provided conditions under which the distributed

estimation is as good as a centralized one. Later in [1], the almost sure convergence of a



non-Bayesian rule based on the arithmetic mean was shown for fixed topology graphs. Ex-
tensions to information heterogeneity and asymptotic convergence rates have been derived
as well [52]. Following [1], other methods to aggregate Bayes estimates in a network have
been explored. In [55], geometric means are used for fixed topologies as well. However,
the consensus and learning steps are separated. The work in [56] extends the results of [1]
to time-varying undirected graphs. In [43], local exponential rates of convergence for undi-
rected gossip-like graphs are studied. The authors in [46, 45, 57, 56] proposed a non-Bayesian
learning algorithm where a local Bayes’ update is followed by a consensus step. In [46], con-
vergence result for fixed graphs is provided, and large deviation convergence rates are given,
proving the existence of a random time after which the beliefs will concentrate exponen-
tially fast. In [45], similar probabilistic bounds for the rate of convergence are derived for
fixed graphs, and comparisons with the centralized version of the learning rule are provided.
Other variations of the non-Bayesian approach have been proposed for continuum set of
hypotheses [58], weakly connected graphs [59], bisection search algorithms [60], transmission
node failures [61, 62, 63] and time-varying graphs [64, 65, 66]. See [67, 68] for an extended

literature review.

1.1.3 Optimal Convergence Rates in Distributed Optimization over
Networks

Early algorithms for distributed optimization, such as distributed subgradient methods, were
shown successful for solving optimization problems in a distributed manner over networks
(69, 70, 71, 72]. Nevertheless, these algorithms are particularly slow compared with their cen-
tralized counterparts. Recently, distributed methods that achieve linear convergence rates
for minimizing a sum of strongly convex and smooth (network) objective functions have been
proposed. One can identify three main approaches to the study of distributed algorithms.
In [73], a new method was proposed where it was shown that O((n? 4+ \/L/un)loge™1) it-
erations are required to find an ¢ solution to the optimization problem when the function
is p-strongly convex and L-smooth, and m is the number of nodes in the network. In [74],
a new analysis technique for the convergence rate of distributed optimization algorithms
via a semidefinite programming characterization was proposed. This approach provides an
innovative procedure to numerically certify worst-case rates of a plethora of distributed
algorithms, which can be useful to fine-tune parameters in existing algorithms based on
feasibility conditions of a semidefinite program. In [75], a unifying approach was proposed,

that recovers rate results from several existing algorithms such as those in [76, 77]. This



newly proposed general method is able to recover existing rates and achieves an ¢ precision in
O(\/m loge™!) iterations, where Ay is the second largest eigenvalue of the interaction
matrix. These results require some minimal information about the topology of the network
and provide explicit statements about the dependency of the convergence rate on the prob-
lem parameters. Specifically, polynomial scalability is shown with the network parameter
for particular choices of small enough step-sizes, and even uncoordinated step-sizes are al-
lowed [78]. One particular advantage of this approach is that it can handle time-varying and
directed graphs. Nevertheless, optimal dependencies on the problem parameters and tight
convergence rate bounds are far less understood. A third approach was recently introduced
in [79], where the first optimal algorithm for distributed optimization problems was pro-
posed. This new method achieves an € precision in O(\/L_/u(l + 7/4/7)loge™!) iterations
for p-strongly convex and L-smooth problems, where 7 is the diameter of the network and ~
is the normalized eigengap of the interaction matrix. Even though extra information about
the topology of the network is required, the work in [79] provides a coherent understanding
of the optimal convergence rates and its dependencies on the communication network.

One particular area of interest is the large-scale optimal transport problems. Optimal
transport distances (also known as earth mover’s distances or Wasserstein distances) de-
sign an optimal plan to move “mass” from one probability distribution to another. This
problem can be traced back to the early work of Monge [80] and Kantorovich [81] and has
been of constant interest for allowing natural formulations to the problems of comparing,
interpolating, and measuring distances of functions [82]. On the other hand, computational
optimal transport has gained popularity for its applications in learning theory [83], com-
puter vision [84], computer graphics [85], statistical inference [86], information fusion [87],
and its relative complexity advantages with respect to classical methods [88]. Particularly,
large-scale optimal transport has been of recent interest for the latest applications where
large quantities of data are available and efficient algorithms are required [89, 90, 91]. Com-
prehensive accounts of the optimal transport problem and its computational aspects can be

found in [92, 93, 94, 82].

1.2 Dissertation Structure and Contributions

As indicated earlier, this dissertation is devoted to the study of the relation between op-
timization problems in the form of a sum of convex functions and distributed networks.
Moreover, we are particularly interested in the design of distributed algorithms that can

be executed over a network where each node only requires local information and yet global



performance goals are achieved. For each of the studied problems and algorithms, we fo-
cused on non-asymptotic performance analysis by looking into their efficiency and scalability
concerning the structural properties of the problem and the topology of the network where
the problem needs to be solved. Next, we provide a summary of the main contributions of
this dissertation.

In Chapter 2, we study how the structural properties of the social network of agents and the
set of logic constraints influence the dynamics of a belief system from a graph-theoretic point
of view. We describe this influence for the convergence of beliefs, the expected convergence
time and the stationary value of the belief system. Informally, we answer the following three
questions with graph-theoretic conditions that are easily accessible for a number of commonly
used topologies in large-scale complex networks: When does a belief system converge? How
long does it take converge? What does it converge to?

In Chapter 3, we consider the problem of distributed learning, where a network of agents
collectively aims to agree on a hypothesis that best explains a set of distributed observations
of conditionally independent random processes. We focus on the case where the number of
hypotheses is finite and propose a distributed algorithm and establish consistency, as well
as a nonasymptotic, explicit, and geometric convergence rate for the concentration of the
beliefs around the set of optimal hypotheses. Additionally, if the agents interact over static
networks, we provide an improved learning protocol with better scalability with respect to
the number of nodes in the network. Also, we propose a novel belief update algorithm for
distributed learning over time-varying directed graphs. Our main results state that, after a
transient time, all agents will concentrate their beliefs at a network independent rate.

In Chapter 4, we revisit the problem of distributed (non-Bayesian) learning. In contrast
with Chapter 3, we focus on the problem of having compact hypothesis sets. We explore a
variational interpretation of the Bayesian posterior and its relation to the stochastic mirror
descent algorithm to propose a new distributed learning algorithm. We show that, under ap-
propriate assumptions, the beliefs generated by the proposed algorithm concentrate around
the true parameter exponentially fast. We provide explicit non-asymptotic bounds for the
convergence rate. Moreover, we develop explicit and computationally efficient algorithms for
observation models in the exponential families. The algorithm is expressed as explicit up-
dates on the parameters of the conjugate distribution of the observational model (i.e., means
and precision for Gaussian beliefs). As an application example, we present a distributed al-
gorithm for the problem of parameter estimation with Gaussian noise for the general case
of time-varying directed graphs. We show a convergence rate of O(1/k) with the constant
term depending on the number of agents and the topology of the network.

In Chapter 5, we study the optimal convergence rates for distributed convex optimization



problems over networks, where the objective is to minimize the sum ., fi(z) of local func-
tions of the nodes in the network. We provide optimal complexity bounds for four different
cases: the case when each function f; is strongly convex and smooth, the cases when it is
either strongly convex or smooth, and the case when it is convex but neither strongly convex
nor smooth. Our approach is based on the dual of an appropriately formulated primal prob-
lem, which includes the underlying static graph that models the communication restrictions.
Our results show distributed algorithms that achieve the same optimal rates as their central-
ized counterparts (up to constant and logarithmic factors), with an additional cost related
to the spectral gap of the interaction matrix that captures the local communications of the
nodes in the network. As an application example, we propose a new class-optimal algorithm
for the distributed computation of Wasserstein barycenters over networks. Assuming that
each node in a graph has a probability distribution, we prove that every node is able to
reach the barycenter of all distributions held in the network by using local interactions com-
pliant with the topology of the graph. We show the minimum number of communication
rounds required for the proposed method to achieve arbitrary relative precision both in the

optimality of the solution and the consensus among all agents for undirected fixed networks.

1.3  Mathematical Preliminaries

1.3.1 Networks and Graph Theory

We model the communication structure that defines the ability of the group of agents to
exchange information between them as a graph. Particularly, throughout this dissertation
we will assume the number of agents n remains fized, and the interactions between them
are enabled by the edges of a graph G(V, E), where V = {1,2,--- 'n}and E€V xV isa
set of directed edges such that an ordered pair (j,7) € E if an agent j can communicate or
share information to agent 7. In the general case, we will denote this as a directed graph. A
path P of G is a finite sequence {p;}!_, such that (p;, p;11) € F for 0 < i <[ — 1. Moreover,
define n(P) as the number of edges in the path P. A cycle C of a graph G is a path P such
that po = py, i.e., the start and end nodes of the path are the same. We denote the period
of a directed graph as d(G), and define it as the greatest common divisor of the length of all
cycles in the graph G. If all edges in the network are bidirectional, we will refer to the graph

as undirected. Figure 1.2 shows some examples of common undirected graph topologies.



Complete Graph Complete Graph

() () ()

Figure 1.2: Examples of common graphs. (a) Dumbbell graph, two complete graphs
connected by an edge. (b) Bolas graph, two complete graphs connected by a path. (c)
Complete binary tree. (d) 2-d grid or lattice. (e) Star graph. (f) 3-d grid. (g) Two star
graph connected on their centers.

Even though we assume the set of nodes in the graph remains constant, we might allow for
the edges to change with time. In this scenario, we will refer to the graph as a time-varying
graph and we will define a particular graph at an instant k as Gi(V, Ey). Moreover, we
denote the graph sequence a {Gy}.

Next, we provide three useful definitions regarding the connectivity of a graph, or a se-
quence of graphs, for the cases when the edges are directed, undirected, or changing with

time.

Definition 1. An undirected and static graph is called connected, if there is a path between

any pair of nodes or vertices.

Definition 2. A directed and static graph is called:

10



o Weakly connected if by replacing all directed edges by undirected ones creates a con-

nected graph.

e Connected if it contains a directed path, for any two pair of nodes i,5 € V', from 1 to

j or from j to 1.

e Strongly connected if it contains a directed path, for any two pair of nodes i,j € V,
from i to 5 and from j to i.
Definition 3. A sequence of directed and time-varying graph is called B-strongly connected
if there is an integer B > 1 such that the graph {V, UEZJ,Z}B)BA EZ} is strongly connected for
all k > 0.

We define the Laplacian matrix Le R™ ™ of the static directed graph G as a squared

matrix whose elements are defined as

“1, (i) € E,
[L]ij = < deg(i), ifi=j,

0, otherwise,

where deg(7).

In addition, we will define weighted adjacency matrix A € R"*" associated with a graph
G as a squared matrix such that [A];; # 0 if (j,7) € E and [A];; =0 if (j,7) ¢ £E. That
is, we assume each of the edges in the graph gets assigned a weight. Particularly, we will
use positive matrices A where every element is nonnegative. We will say a matrix A is row
stochastic or simply stochastic if [A];; > 0 and > 7 [A];; = 1 for all i € V. Moreover, we
will say a matrix A is column stochastic if [A];; > 0 and > [A];; = 1 for all j € V. Finally,
a matrix A is doubly stochastic if it is row stochastic and column stochastic.

There are several ways to construct a set of stochastic weight matrices. If the graph
is undirected one can construct row stochastic or doubly stochastic weight matrices from
undirected local interactions. For example, one can construct doubly stochastic weight
matrices by considering a lazy Metropolis (stochastic) matrix of the form A, = %]n + %flk,
where [, is the identity matrix and Ay, is a stochastic matrix whose off-diagonal entries

satisfy

1 . . .
Ay = 4 ma{dnagy if (i,5) € Ek,
iy

11



where d; is the degree (the number of neighbors) of node i at time k. Note that the lazy
Metropolis weights require undirected communications since each weight [flk]w depends on
the degree of both agent i and agent j.

Next, we present a series of assumptions for different cases of the network connectivity
and directedness. We will use different assumptions for time-varying directed graphs, time-

varying undirected graphs and fixed graphs.
Assumption 1. The graph sequence {Gy} and the matriz sequence { Ay} are such that:
(a) Ay is doubly-stochastic with [Ax]i; > 0 if (i,7) € Ek.
(b) If (i,7) ¢ Ey for some i # j then A;; = 0.
(¢) Ag has positive diagonal entries, [Ax)i; > 0 for alli=1,... n.
(d) If [Axli; > 0, then [Ag];; > n for some positive constant 7).
(e) {Gx} is B-strongly connected.

Assumption 1(a) and Assumption 1(b) characterize the communication between agents.
If two agents can exchange information at a certain time instant k, the underlying com-
munication graph will have an edge between the corresponding nodes. This also implies
a positive weighting of the information shared. The graph sequence {G;} and the matrix
sequence {A;} define a corresponding inhomogeneous Markov chain with transition proba-
bilities Aj. Assumption 1(c) guarantees the aperiodicity of this Markov chain. Additionally,
Assumptions 1(d) and 1(e) guarantee that this Markov chain is ergodic by ensuring there is
sufficient connectivity and that the entries of A; do not vanish. Assumption 1 is common in
distributed optimization and consensus literature [69, 72]. It guarantees convergence of the
associated Markov chain and defines bounds on relevant eigenvalues in terms of the number

of agents.

Assumption 2. The graph G and matrix A are such that:
(a) A is doubly-stochastic with [Al];; = a;; > 0 for i # j if and only if (i, j) € E.
(b) A has positive diagonal entries, a; > 0 for alli € V.
(¢c) The graph G is connected.

Analogous to Assumption 1, we use the following assumption when the interaction between

the agents happens over static graphs.
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Assumption 3. The graph sequence {Gy} is static (i.e. G, = G for all k) and undirected
and the weight matriz A is a lazy Metropolis matriz, defined by
_ 1 1 .
A==I,+ =A,
2 + 2

where A is the Metropolis matrix, which is the unique stochastic matriz whose off-diagonal

entries satisfy

1 . . .
Aij _ max{deg(i)+1,deg(5)+1} Zf (27]) = E’
0 if (i,9) ¢ E.

1.3.2 Lemmas for Left Product of Weighted Adjacency Matrices

One of the main theoretical tools we are going to exploit in the analysis of distributed
algorithms over networks is the left product of stochastic matrices. Next, we present a
number of auxiliary lemmas that will allow us to analyze the convergence and convergence
rate of distributed algorithms. For a more comprehensive account of this results see [95].
First, we recall few results from [72] about the convergence of a product of doubly stochas-

tic matrices.

Lemma 1. [72, 69] Under Assumption 1 on a matriz sequence { Ay}, we have
1
‘[Ak:t]ij — —' <V Y E>t >0,
n
where A € (0,1) is given by:

n\B
)\:(1——> .
4n?

If each Ay, is the lazy Metropolis matrixz associated with G, and B = 1, then

Proof. The proof may be found in [72], except the bounds on A for the lazy Metropolis chains
which may be found in [96]. O

13



Lemma 2. [Corollary 2.a in [72]] Let the graph sequence {Gy}, with G, = (Ex, V) be uni-

formly strongly connected. Then, there is a sequence {¢.} of stochastic vectors such that
| [Ak:t]ij - ¢§g| < O\t forall k>1t>0.

The constants C, 6 and A satisfy the following relations:
(1) For general B-strongly-connected graph sequences {Gy},

1
1 \? 1
C:4, A:(l_nn3> y 52@

(2) If every graph Gy is reqular with B = 1,

1\ 7
C =02, A:(l——) . 0=1,

4n3

and { Ay} is a sequence of matrices where Ay is a stochastic matriz such that

" L if (i) € By,

0 otherwise.

Lemma 3. [Corollary 2.b in [72]] Let the graph sequence {Gy} satisfy the B-strong connec-

tivity assumption. Define

§ £ inf (min [Ak:01n]i) : (1.1)

k>0 \ 1<i<n

Then, § > 1/n"B, and if all G, with B = 1 are regqular, then § = 1. Furthermore, the
sequence @y, from Lemma 2 satisfies (ﬁi >d/n forallk >0,7=1,...,n.

The next lemma is an extension of Lemma 2 in [45] to the case of time-varying graphs. It
provides a technical result that will help us later in the computation of the non-asymptotic

convergence rate for the distributed learning algorithms.

Lemma 4. Let Assumption 1 hold for a matriz sequence {Ay}. Then for all i,

4logn
1—X7

[Apilij — g' <

where A\ = 1 —n/4n?, and if every Ay, is a lazy Metropolis matriz then X =1 — 1/0O(n?).
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Proof. In [45], the authors assume the weight matrix is static and diagonalizable, then they

use the following inequality from [97]:
e[ A" — 7|1 < nAg(A)F,

where e; is a vector with its j-th entry equal to one and zero otherwise, 7 is the stationary
distribution of the Markov chain with transition matrix A and Ay(A) is the second largest
eigenvalue of the matrix A.

For time-varying graphs, one can use the inequality in Lemma 1 instead. The remainder

of the proof remains the same as in [45]. O

Finally, we will state an enabling theorem presented in [96], which presents a distributed

consensus protocol that achieves a consensus with linear growth in the number of agents.

Theorem 5. [96] Suppose each node i in a fized undirected connected graph updates its

variable xi, at each time instant k > 2 as follows:

. 1 xfc —
f =2 = - . 1.2
Y1 xk+22max{dz+17d]+1}7 (1.2a)
JEN;
i i 2 i i
Thy1 = Yp1 T <1 - —9U T 1) (yk-l—l - yk) ) (1-2b)

where Nj is the set of neighbors of agent i and d* is its corresponding degree. Then, if U > n

we have that

. L\ ,
- el <2(1-g55) v o1 vz (13

n
where [y,]; = yi and T = L 3"zt and the process is initialized with y} = x%.
i=1

1.3.3 Random Walks, Mixing and Markov chains

Consider a finite graph G = (V, E') composed of V nodes with a set of edges F and a compliant
associated row-stochastic matrix A. A random walk on the graph G is the event of a token
moving from one node to another according to some probability distribution. These dynamics
are captured by a Markov chain X = (Xj)3° such that P{X; 1 = y|Xix = 2} = P(z,y).
This Markov chain is called ergodic if it is irreducible and aperiodic. For an ergodic Markov

chain, there exists a unique stationary distribution 7, which describes the probability that
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a random walk visits a particular node in the graph as the time goes to infinity, that is
P{X; = j} — 7 as k — oo. The stationary distribution is invariant to the transition
matrix, that is 7' P = «’. It follows immediately that its convergence reduces to analyzing
powers of P (Theorem 4.9 in Levin et al.[98]).

Now, define the distance to stationarity as
p— k . p—
d(k) = max||P*(z,-) = 7.
Moreover, define the mixing time of the Markov chain as
tmix(€) = mk}n{k: cd(k) <€},

and we say the Markov chain is rapid mixing if ¢yix(e) = poly(logn,log ). Finally, it holds
that

Ao 1 logn + log(1/¢)
. < . < .
2(1 — /\2) log (26) - tle(e) - 1-— )\2 ’ (1 4>

where Ay is the second largest left-eigenvalue of the transition matrix P [99].
Table 1.1 shows estimates for the dependency of the mixing time of a random walk on a

graph for several common well-studied topologies and the number of nodes in the network.

1.3.4 The Coupling Method

Consider two independent Markov chains X = (X)) and Y = (Y;)7°, with the same
transition matrix P. Then, define the coupling time K as the smallest k such that X, = Y},
that is, K = ming>o{Xx = Yi}. Note that K is a random variable and it depends on P as
well as the initial distributions of the processes X and Yj. Finally, define the quantity Lp
as the maximum expected coupling time of a Markov chain with transition matrix P over

all possible initial distributions of the processes X, and Y}, then

Lp = max E[K] where Xo=wuand Yy = .

U,

In words, this Lp is the maximum expected time it takes for two random walks, with the
same transition matrix and arbitrary initial states, to intersect. If we assume X starts from

a distribution 7, and Y from some other arbitrary stochastic vector v and we couple the
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Table 1.1: Maximum expected convergence time for a random walk on networks with n
nodes.

Network Topology

Mixing Time

Complete
Cycle
Path [100]

Dumbbell Graph [101]
Complete Binary Tree [102, 103, 98]-Section 5.3.4
k-d Cube with Loops [104]

k-d Hypercube {0, 1}* [98]-Section 5.3.3
Lovasz Graph C¥ [104]

2-d Grid [105, 106]

Star Graph [107]

3-d Grid [105, 106]

Two Joined Star Graphs
k-d Grid [105, 106]

2-d Torus [108]

3-d Torus [108]

k-d Torus [108]

Lollipop [109]

Barbell [109]

Eulerian: d-degree and expansion [110]

Lazy Eulerian with degree d-degree [111]
Eulerian: d-degree, max-degree weights and expansion [110]
Lamplighter on k-Hypercube [108]
Lamplighter on (k, n)-Torus [108]

Bolas Graph [112]

Geometric Random Graph: G¢(n,r) [113]
Geometric Random Graph: G?(n, Q(polylog(n))) [114]
Erdés-Rényi: G(n,c/n), ¢ > 1 [115, 116]
Erdés-Rényi: G(n, (1+46)/n), 6°n — oo [117, 118]
Erdés-Rényi: G(n,1/n) [119]
Newman-Watts (small-world) Graph [120]
Expander Graph [121]

Exponential Random Graph: High temperature [122]
Exponential Random Graph: Low temperature [122]
Any Connected Undirected Graph [96]

Any Connected Graph

O(nlog1/e)
O(n*log1/e)
O(n?log1/e)
O(n?*log1/e)
O(nlog1/e)
O((1 —1/k)log1/e)
O(klogklog1/e)
O((1 —1/(kn?))log1/e)
O(nlognlog1/e)
O(nlog1/e)
O(n*3lognlog1/e)
O(nlog1/e)
O(k*n?/*lognlog1/e)
O(n?*log1/e)
O(n?*log1/e)
O(n*klogk)log1/e)
O(n3 log1/€)
O(n?log1/e)
O(1EP 105 1/¢)
O(n|E|log1/e)
O(n?*dlog1/e)
O(k2*log1/e)
O(kn*log1/e)
O(n?log1/e)
O(r—?lognlog1/e)
O(polylog(n)log 1/e)
O(log® nlog 1/€)

O((1/6%) log?(6°n) log 1/€)

O(nlog1/e)
O(log® nlog 1/€)
O(n?log1/e)
O(n?*lognlog1/e)
O(exp(n)log1/e)
O(n*log1/e)
O(|E|diam(G) log 1/¢)

processes Y and X by defining a new process W such that

Yk, 1fk'<K,
X, ifk> K,

Wy =

17




then
|v'P* — 7|y < maxP, {K >k}

and by the Markov inequality

max, E[K]

[o' P — x|y < A

Thus, after T'= O(Lplog1/e) steps, ||[vT PT — 7||; < ¢, for any v.

1.3.5  Some Basic Notions on Convex Analysis

In this subsection, we will present a sequence of basic definitions from convex analysis. For

a comprehensive account of definitions and results of convex analysis see [123].

Definition 4 (Definition 1.2.1 in [123]). A subset C' of R? is called convex if
ar + (1 —a)y € C, Ve, y € C\Va € [0, 1].

Definition 5 (Definition 1.2.2 in [123]). Let C be a convex subset of R A function
f:C — R is called convez if

flaz+ (1 —a)y) <af(x)+ (1 —a)f(y), Va,yeC Vaecl0l]

Definition 6. Let f : R? — R be a convex function and X be a bounded set in R, We say

f s Lipschitz continuous over X with constant L, or simply L-Lipschitz over X, if

If(x) = fWll < Lllz —yll,  Ve,yeX.

Definition 7. We will refer to a function f(-) as u-strongly convex with p > 0, if for any
x,y it holds that

f) = @)+ (VH@).y =)+ Sl -yl

where V f(x) is any subgradient of f(-) at x.

Definition 8. We will refer to a function f(-) as having L-Lipschitz continuous gradients
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(or L-smooth), if it is differentiable and for any x and y it holds that

IV () = V)l < Lllz = ylla.

1.3.6 Additional Definitions

McDiarmid’s Inequality

In the proof of some of the non-asymptotic converge rates bounds we will use McDiarmid’s
inequality [124], which provides bounds for the concentration of functions of random vari-
ables. This inequality allows us to show bounds on the probability that the beliefs exceed a

given value e. For completeness, next, we state the McDiarmid’s inequality.

Theorem 6. (McDiarmid’s inequality [124]) Let X1, ..., Xy be a sequence of independent
random variables with X, € X for 1 < t < k. Further, let g : X* — R be a function of
bounded differences, i.e., for all1 <t <k,

sup g (- xy...)— inf g(... 2y, ...) < ¢,
rieEX TreX

then for any € > 0 and all k > 1,

P (9({X}) ~Elg({X )] > €) < exp (‘ Zig g) '

Distances between Probability Distributions

Next, we provide three definitions of the most common “distance” functions between prob-

ability distributions.

Definition 9. The squared Hellinger distance between two probability distributions P and

wea=y | (Vi -VE) »

where P and @) are dominated by A\. Moreover, the Hellinger distance satisfies the property
that 0 < h(P,Q) < 1.

Q is given by
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Definition 10. If P and Q) are probability measures over a set X, and P is absolutely
continuous with respect to @), then the Kullback-Leibler divergence from Q) to P is defined as

P
Dicr(PQ) = /X log P,

where dP/dQ is the Radon-Nikodym derivative of P with respect to Q.

Definition 11. The total variation distance between two probability measures P and Q) on

a sigma-algebra F of subsets of the sample space €2 is defined as

|P — Q||lrv = sup |[P(A) — Q(A)].
AcF

The Kronecker Product

In the next definition, we recall some basic properties of the Kronecker product and the

corresponding Kronecker product of two graphs.

Definition 12. [125] Let A be a m x n matriz, and C' be a p X q matriz, the Kronecker
product A ® C' is the mp X nq matriz defined as:

allC Ce alnC
A C = :
amC ... amnC
or explicitly
Ci1 ... Ciq €11 ... Ciq
ay C e cee Q1
Cp1 ... Cpq Cp1 --. Cpq
ARC =
€11 ... Ciq €11 ... Ciq
Am1 T coe Umn
i Cp1 Cpq Cp1 “pa | |
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a11€11 ... Aa11€iqg ... QA1p€i1 ... Q1pCiq
a11Cp1 ... A11Cpq ... A1pCp1r ... QA1pCpq
miCi1 ... GmiCig -+ GmnCi1 ... (mnClyg

L Am1Cp1  --- AmiCpg -+ QmnCpl ... AmnCpq ]

Moreover, the following properties hold:

1. Bilinearity and associativity: for matrices A, B and C, and a scalar k, it holds:
A (B+C)=AxB+A®C
(A+B)xC=AC+BxC

(kA)® C = A® (kB) = k(A® B)
(A®B)®C=A® (B ().

2. Non-Commutative: In general A x B # B ® A. Howewver, there exists commutation
matrices P and () such that:

A®B=P(B®A)Q,

and if A and B are square matrices then P = ()'.

3. Mized-product property: for matrices A, B, C'" and D:

(A® B)(C ® D) = (AC) ® (BD).

Additionally, we will define the Kronecker product of graphs as follows. The Kronecker
(also known as categorical, direct, cardinal, relational, tensor, weak direct or conjunction)
product G = G; ® Gy of two graphs Gy = (V1, E1) and Go = (V1, E1) is a graph G = (V, E)
where V- =V) x Vo and |V| = |Vi||Va|; and (u,u') — (v,v") € E if and only if u — v € F;
and v — v' € Ey. Moreover, the adjacency matriz of the graph G is the Kronecker product
of the adjacency matrices of Gy and Gs.
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CHAPTER 2

GRAPH-THEORETIC ANALYSIS OF BELIEF
SYSTEMS UNDER LOGIC CONSTRAINTS

In this chapter, we study how the structural properties of the social network of agents and the
set of logic constraints influence the dynamics of a belief system from a graph-theoretic point
of view. We describe this influence for the convergence of beliefs, the expected convergence
time and the stationary value of the belief system. Informally, we answer the following
three questions with graph-theoretic conditions that are easily accessible for a number of

commonly used topologies in large-scale complex networks:
1. When does a belief system converge?
2. How long does it take for a belief system to converge?

3. Where does a belief system converge?

2.1 Problem Formulation

Friedkin et al.[37, 38] describe a belief system with logic constraints as a group of n agents
that periodically exchange and update their opinions about a set of m different truth state-
ments with logical dependencies among them. After each social interaction, the agents use
shared opinions as well as underlying logical dependencies among the opinions to update
their beliefs. The agents exchange their opinions by interacting over a social network cap-
tured by a graph G = (V, E), where V is the set of agents, and F is a set of edges. A
directed edge towards an agent indicates that it receives the opinion of another agent, i.e.,
the directed flow of information. Analogously, the logical dependencies among the truth
statements are modeled by a graph 7 = (W, D), where an edge between two statements
exists if the belief in one statement affects belief in the other.

The generalized dynamics of a belief system are defined as follows. First, every agent
aggregates its opinions on every truth statement according to the imposed logic constraints
(i.e., modifying the opinions to take into account the dependencies on the other truth state-

ments). Second, the agents share their opinions over a social network, where the opinions

22



are aggregated again to take into account those coming from the neighboring agents (i.e.,
social interactions). Finally, a new opinion is formed as a combination of the most recent
aggregation and the initial opinion, which models adversity to deviate from the initial beliefs
or stubbornness. The opinion of an agent on a specific statement being true or false is mod-
eled by a scalar value between zero and one. A value of zero indicates that the given agent
strongly believes a specific statement is false, whereas a value of one indicates that the agent
believes the statement is true. Similarly, a value of 0.5 indicates the maximal uncertainty
about a statement. The aggregation steps consist of weighted (convex) combinations of the
available values, where the weights represent the relative influence. This model is described
in the following equations (2.1) for an arbitrary agent i € V and an arbitrary statement
ueW:

2 (u) = Z Cuoh(v) (Aggregation by logic constraints) (2.1a)
v=1

T (u) = Z Amﬁg(u) (Aggregation by social network) (2.1b)
j=1

21 (u) = Nz (u) + (1 — Nz (u) (Influence of initial beliefs) (2.1¢)

where 0 < z% (u) < 1 represents the opinion of an agent i at time k on a certain statement u,
while #¢(u) and 7% (u) are the intermediate aggregation steps. Specifically, the intermediate
aggregated opinion #i(u) of agent ¢ on statement u is formed by using the opinions of the
same agent about the other statements v. The parameters 0 < C,, < 1 are compliant
with the graph T that models the logic constraints in the sense that C,, is nonzero if the
statement v depends on statement v, and otherwise C,,, = 0. These parameters represent
the strength of the logic constraints, i.e., the influence that an opinion on a statement has
on the opinion on other statements.

Subsequently, the intermediate aggregated opinion Z%(u) of agent ¢ on statement u is
formed by combining all the intermediate opinions 7% (u) of neighboring agents j. In this
update, the parameters 0 < A;; < 1 represent the weights that an agent ¢ assigns to the
information coming from its neighbor j, for example A3 is how agent 1 weights the opinions
shared by agent 3. These parameters are compliant with the network G in the sense that
if there is an incoming edge to agent ¢ from agent j in the graph, then the corresponding
weight A;; is nonzero.

The last update in Eq. (2.1) indicates that, at time k41, the new opinion },,, (u) of agent
on statement w is obtained as a weighted combination of its intermediate aggregated opinion

7t (u) at time k and its initial opinion z{(u) on statement u. The parameter 0 < A" < 1 that

23



agent i uses models its stubbornness. If \* < 1 we say an agent is stubborn, where A = 0
indicates that the agent i is maximally closed to the influence of others. If \* = 1, agent i is
said to be mazximally open to the influence of others, and oblivious if additionally it is not
influenced by stubborn agents.

We can group the parameters {4;;} into an n-by-n matrix A, known as the social influence
structure, and the parameters {Cy,} into an m-by-m matrix C, known as the multi-issues
dependent structure [38]. These matrices are nonnegative. Furthermore, the weights A;;
assigned by an agent ¢ to its neighbors 7 sum up to one, i.e., the sum of the entries in each
row of the matrix A is 1; likewise, the sum of the entries in each row of the matrix C' is 1.
Thus, the matrices A and C' are row-stochastic

Figure 2.1(c) shows the belief system generated by the network of agents in Fig. 2.1(a)
and the set of logic constraints in Fig. 2.1(b). This new graph depicted in Fig. 2.1(c) is much
larger than the network of agents or the network of statements taken separately; effectively,
it has 2nm nodes. The belief of each agent on each truth statement is a separate node; also,
the initial beliefs are separate nodes.

The model of this larger graph of the belief system can be compactly restated as
Thy1 = P.l’k, (22)

where z;, € [0, 1]*"™ is a state that stacks the current beliefs of all agents on all topics along

side with the initial beliefs, i.e.,

Ty = \x,lf(l), . ,x,ﬁ(m),\xi(l), . ,a:i(mz, o xp(1), xR (m),
Beliefs o‘frAgent 1 Beliefs o‘f,Agent 2 Beliefs o}rAgent n
/
33(1)(1), . ,x(l)(mz c2a(1),.. ., 2a(m) .., \.7:8(1), e ,xg(mz
Initial Belie}; of Agent 1 Initial Belie}g of Agent 2 Initial Belie}g of Agent n

and

A& C| (T, - NI,
O | Tum

P =

where 0,,,, is a zero matrix of size n x m, I, is an identity matrix of size n x m, ® indicates
the Kronecker product, A is a diagonal matrix with the i-th diagonal entry being A, and
2’ denotes the transpose of a vector or matrix z. This allows for the definition of the belief
system graph P, which is compliant with the matrix P, where an edge from /¢ to r exists if

P,; > 0. Equation (2.3) shows an example of a matrix P for the belief system in Fig. 2.1(c)

24



(3)

0010

11 g 1 110
Azééoi C=10 01

0001 0 01

Figure 2.1: A belief system with 4 agents and 3 truth statements. (a) Agents are
represented as nodes/circles, numbered from 1 to 4, and the network of influences among
them is shown as edges between nodes. The truth statements or topics are color-coded,
e.g., the truth statement 1 is represented as a red square. Agent 2 is influenced by its own
opinion and agents 4 and 1, agent 1 follows the opinion of agent 3 which in turn follows the
opinion of agent 4, agent 4 follows its own opinion only. A possible matrix A for this social
network is shown below the graph. This indicates that agent 2 assigns a higher weight of %
to the opinion of agent 1 than the weight it assigns to the opinion of communicated by
agent 4. (b) The truth statement 1 is influenced by the belief that statement 2 is true,
statement 2 directly follows the belief in statement 3. A possible matrix C' for this set of
logic constraints is shown below the graph. The belief that the truth statement 1 is true is
influenced (with a weight of 1) by the opinion that the truth statement 2 is true. (c) The
beliefs system, see equation 2.2, composed by the agent’s interaction graph and the logic
constraints.
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assuming that \* = 0.5 for all agents.

0000 0O0ZX3100 00
0000 0O0O0O0EZLXO0 00
0000 0O0OO0O0OZLO0 00
Lo 00004 &0
00+ 0 050000 0 3
0030050000 0 5|,
P=|]0000 000001 1 gf2"" (2.3)
0000 0O0OO0O0OOTO 0 3
0000 0O0DO0DODOT 0 0 3
0000 0O0OO0O0OODT11 10
0000 0O0OO0O0OOTO O 0 3
0000 0O0OOOOT 0 0 3
i 012 I, |

Figure 2.2 shows an example where a network of 5 agents forms a cycle graph, given in
Fig. 2.2(a), a set of 4 logic constraints forms a directed path, given in Fig. 2.2(b), and \* = 1
for all i. The belief system graph is shown in Fig. 2.2(c). Figure 2.2(d) shows dynamics of
the belief vector as the number of social interactions increases. The opinion on all 4 topics
converges to a single value for all agents. Figure 2.2(e) shows the dynamics of the belief vector
when no logic constraints are considered. In this case, the agents reach some agreement on
the final value, but this consensual value is different for each of the statements. See Fig. 2.3
for an additional example of the influence of the logic constraints on the resulting belief
system and Fig. 2.4 for a variation of the example discussed in Fig. 2.2 when the network of

agents is a complete graph.

2.2 Convergence, Convergence Time and Convergence Value

In this section, we provide graph-theoretic answers to the questions of convergence, conver-
gence time and convergence value of a belief system with logic constraints. Particularly, we
are interested in how the topology of the graph of agent interactions and the graph of topic
relations, as well as the number of agents and the number of truth statements, affect the

dynamics of a belief system.
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Figure 2.2: A belief system with agents on a cycle graph and logic constraints on a path
graph. (a) A network of 5 oblivious agents forming a cycle graph. (b) A set of 4 truth
statements with logic constraints forming a path graph. (c¢) The belief system graph P. (d)
The belief dynamics with logic constraints. (e) The belief dynamics with no logic
constraints. The beliefs of all agents have been color coded per truth statement. The
agents reach an agreement on each of the truth statements.
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Figure 2.3: The influence of the logic constraints in the resulting aggregated belief system.
(a) The network of agents, where agent 1 follows the opinion of agent 2, agent 2 is
influenced by agent 1 and 3, agent 3 is influenced by its own opinion, and the opinion of
agent 4 and agent 4 is influenced by agent 3 as well as its own. (b) The opinion on
statement 1 is influenced by the belief on statement 2. (¢) The opinion on statements 2
and 1 follow each other. (d) The opinion on statements 2 and 1 influence each other (e-g)
The belief systems with the network of agents in (a) and logic constraints in (b-d).

2.2.1 Does it converge?

The convergence of the belief system can be stated as a question of the existence of a limit
of the beliefs in time, as the social interactions continue with time. That is, whether or not

there exists a vector of opinions z,, such that

lim z; = lim P*zg = 24
k—o0 k—o00

for any initial value z.

Friedkin et al. [37, 38] showed that a belief system with logic constraints will converge
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Figure 2.4: Two examples of graph product between a complete graph/cycle graph with 5
nodes and a path graph of 4 logical belief constraints. (a) A complete graph with 5 agents.
(b) A path graph with 5 nodes. (c) A cycle graph with 5 agents. (d) The resulting belief

system graph from the network of agents in (a) and the network of logic constraints in (b).

to equilibrium if and only if either limy_ ;o (AA)* = 0, or limy_,o (AA)* # 0 and limy,_,, C*

exists. Moreover, if we represent the matrices A and A with a block structure as

All A12
0 A22

A0
0 I

where A?? is the subgraph of oblivious agents, then the belief system is convergent if and
only if limg .o C* and limy_,(A%?)* exists. We next consider how these conditions may
be interpreted in terms of the the topology of the network of agents and the set of logic
constraints.

The belief system in Eq. (2.2) converges to equilibrium if and only if every closed strongly
connected component of the graph P is aperiodic [30, 126]. Recall that a strongly connected
component is closed if it has no incoming links from other agents; otherwise it is called

open, see Fig. 2.5. In general, the set of strongly connected components can be computed
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efficiently for large-complex networks[127].

Closed Strongly

Connected Component
Open Strongly ST ) \p\

Connected Component g "

Open Strongly
Connected Component

Figure 2.5: Open and closed strongly connected components of a graph. A graph with 12
nodes and 3 strongly connected components. The strongly connected component composed
of nodes 5, 6, 7 and 8 is closed since it has no incoming edges from other components.

We can now recall an auxiliary result that will help us later in the convergence analysis
of the belief system. Namely, the next theorem relates the connectedness of the Kronecker

product of directed graphs with the connectedness of the factor graphs.

Theorem 7 (Theorem 1 in [128]). Let G and H be strongly connected directed graphs.
Let dy = d(G), dy = d(H), d3 = gcd(dy,dy) and D = lem(dl,d2). Then, the number of
components in G ® H is dg. Moreover, for any component B of G @ H, d(B) = D.

Theorem 7 allows us to state our main result in this section. Namely, we relate the
connectivity properties of the strongly connected components of the product of two graphs
with the connectivity properties of the strongly connected components of the each of the

factor graphs.

Lemma 8. Every strongly connected component of the Kronecker product graph Gy ® Gy is
the result of the Kronecker product of a strongly connected component of Gy and a strongly

connected component of Gs.

Proof. Let A; and A, denote the adjacency matrices for the graphs G; and G, respectively.
We can construct a condensation og the graph G by contracting every strongly connected

component to a single vertex, resulting in a directed acyclic graph. Thus, a topological
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ordering is possible (see Cormen et al. [129] Section 22.4) and there always exists two per-
mutation matrices P; and P, such that we can rearrange the matrices A; and A, into a block

upper triangular form where each of the blocks is a strongly connected component, that is

A} * * * A% * * *
A2 % % A2 x *
P{Alpl = and P2/A2P2 =
00 " % 0 0 . o«
o 0 ... A" 0 0 ... A}

Moreover, define P = P; ® P, and by properties of the Kronecker product, cf. Definition
12, it follows that

(P{A1P)) @ (PyAyPy) = P'(A; @ As) P,

where P is also a permutation matrix and

A%@AQ k k
P/(A1®A2)P: 0 *
0 A?1®A2

Finally, by property 2 in Definition 12 there exists a permutation matrix ) such that

[ A, @Al « *
Q'(P'(A ® A2)P)Q = 0 * :

0 Ay AP

[ Al@ Al % * * * * * ]
0 * * * * *
0 Ay @ A}« * * *

= 0 0 * *

0 0 Al AP x *
0 0 *

i 0 0 AP A"

Therefore, every block in the block diagonal form of the product of two adjacency matrices

is the product of two strongly connected components, one from each graph. O]

The matrix P has two diagonal blocks, one corresponding to the initial beliefs and one in-
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volving the product AA® C. The initial belief nodes are aperiodic closed strongly connected
components, each consisting of a single node. Therefore, the diagonal block in P corre-
sponding to the initial beliefs induces an aperiodic graph. Moreover, strongly connected
components with stubborn agents do not affect the convergence of the belief system. Thus,
one can focus on the closed strongly connected components of the graph induced by A??® C.

The product A?2® C can be written in its block upper triangular form, where each of the
blocks in the diagonal is the product of one strongly connected component from the graph
induced by A%? and one from 7 (see Supplementary Lemma 8).Theorem 7 shows that the
period of a product graph is the lowest common multiple of the periods of the two factor
graphs. If the factor graphs are not coprime the resulting product graph is a disconnected
set of components. Nevertheless, each of the resulting components will have the same period
as defined above. Therefore, in order for a product graph to be aperiodic we require the
factors to be aperiodic as well. An immediate conclusion drawn from this fact is that
the process (2.2) converges to an equilibrium if an only if every closed strongly connected
component of the graph 7T is aperiodic and every closed strongly connected component
of the graph G composed by oblivious agents only is aperiodic. This is a graph-theoretic
interpretation of the algebraic criteria derived in [37, 38].

In Fig. 2.1, the network of agents has a single closed strongly connected component which
consists of the node 4. The network of truth statements also has a single closed strongly
connected component, consisting of the node 3. Thus, the belief system will converge to a set
of final beliefs. In Fig. 2.2, the belief system has one closed strongly connected component
shown in green with the topology of a cycle graph. This strongly connected component
corresponds to the product of the cycle graph and the green node of the logic constraints.
The cycle graph is aperiodic if and only if the number of nodes is odd. Thus, if the cycle

network of agents has an even number of nodes, the belief system will not converge.

2.2.2 How long does a belief system take to converge?

We seek to characterize the time required by the process in Eq. (2.2) to be arbitrarily close
to its limiting value in terms of properties of the graphs G and T, such as the number of
agents and truth statements, and the topology of the graphs. We will provide an estimate on
the number of iterations required for the beliefs to be at a distance of at most € from their

final value (assuming they converge). We will express this estimate in terms of the total
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variation distance, denoted by || - ||7v. For this we define the convergence time as follows:

T(e) = min {—ka — TeollTv < 6} ,

k20 | [lzo = Zoollrv

where zj evolves according to Eq. (2.2). Informally, the value T'(¢) shows the minimum
number of social interactions required for the belief system to be arbitrarily close to their
final value as a function of the initial disagreement.

The dynamics of the belief system in Eq. (2.2) are closely related to the dynamics of a
Markov chain with a transition matrix P. Convergence to a stationary distribution of a
random walk with the transition probability P on the graph P implies convergence of the
dynamics in Eq. (2.2). Therefore, bounds on the convergence time based on the mixing
properties of this Markov chain provide rates of convergence for the belief system. Notably,
the convergence time is proportional to the maximum time required for the random walk
to get absorbed into a closed strongly connected component plus the time needed for such
component to mix sufficiently. Figure 2.6 illustrates this by considering two random walks

X and Y with the same transition matrix P.

Xo)

Figure 2.6: Hitting and absorbing time of a random walk. A random walk starts at X, in a
transient state and evolves according to some transition matrix P; after O(H) time steps
(the absorbing time), it gets absorbed into a closed connected component. Then, after
O(L) time steps (the mixing time) it crosses paths with another random walk Y} starting
at 7 the stationary distribution of P. Then after O((L + H)log(1/¢)) time steps, the
random walk X is arbitrarily close to its limit value.

If we denote by L the maximum expected mixing time among all closed strongly connected
components, and by H the maximum expected time to get absorbed into a closed component,
then if the graph P has no bipartite closed strongly connected components, the belief system
will be € close to its limiting distribution after O((L + H)log(1/¢)) steps. Therefore, not
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only do we have an estimate of the convergence time of the belief system in terms of the
topology of the graph P, but we also know this convergence happens exponentially fast. We

formalize this statement in Theorem 9.

Theorem 9. Assume that there exists at least one closed strongly connected component
in the graph P, and that all closed strongly connected components are aperiodic. Let L
be the maximum expected coupling time of a random walk in a closed strongly connected
component of P. Moreover, let H be maximum expected time for a random walk, starting
at an arbitrary node, to get absorbed into a closed strongly connected component. Then,
for k > 4(L + H)log(1/e€), it holds for the belief system described in equation (2.2) that

|z — Tool|Tv < €.

Proof. We use the coupling method to bound the convergence time of the belief system [130].
The main conceptual idea of the proof is relation between the convergence time of the belief
system described in equation (2.2) and the ergodic properties of a random walk over on the
graph P. Particularly, consider a random walk on the state space {1,...,2nm} which, at
time k jumps to a random neighbor of its current state. The relation between a random
walk on a graph and the convergence properties of systems of the form of the belief system
in (2.2) has been previously explored in [131].

Initially, we show that all opinions z%, such that i lies in a closed strongly connected
component, will converge to some stationary point. Thus, in what follows we will find the
required time to reach some e-consensus via coupling arguments, which in turn will provide
the required time for a belief system to be € close to its stationary distribution.

Let ¢ be a node belonging to a closed strongly connected component S and let Ps be the
matrix obtained by looking at the minor of P corresponding to entries in S. If S is closed
then Pg is row-stochastic, and Perron-Frobenius theory tells us there exists some vector 7g
such that

ngpg = 7ng.

Now, define two independent random walks X = (X;)5° and Y = (Y,,)5° with the same
transition matrix Pg. X starts from a distribution 7g, and Y from some other arbitrary
stochastic vector v. Moreover, couple the processes Y and X by defining a new process W
such that

Yk, 1fk'<K,
X, ifk> K,

Wy =
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where K = min{k > 0:Y}, = X} is called the coupling time. Each random walk moves
according to Pg, so if we correlate them by moving them together after they intersect,
we have not changed the fact that, individually, they move according to Pg. With this

construction of the coupling (Theorem 5.2 in Levin et. al.[98]), we have that
|v'PE — 7g|lpy < maxP{K > k},

and by the Markov inequality

max, E[K]

p (2.4)

[v' P§ — msllrv <
Therefore, to be at a distance of at most 1/4 we require k¥ = 4 max, E[K]. We say the mixing
time of the random walk is 4L where we have that L = max, E[K] is the maximum expected
time it takes for the random walks X and Y in the source S to intersect. Then, it follows
from Eq. 4.36 in Levin et. al.[98] that in order to be € close to the stationary distribution
we require at least k > 4L log(1/¢) steps, for any v. Therefore, we have shown that z} for
i in a closed strongly connected component S converges to mgxs at a geometric rate. Here
x5 stacks those x that belong to S.
Now, consider the case where ¢ belongs to an open strongly connected component. Let
M be the set of states in such connected component. Stacking up z% over ¢ in M into the

vector x| observe that
Tp = Zay' + Ry, (2.5)

where Z is strongly connected and substochastic, meaning some rows add up to less than 1.
The entries of y; come from nodes in other strongly connected components and the matrix
R represents how they influence the nodes in M.

Initially, assume that g, converges and call its limit y.,. Now, consider a random walk
that moves around M according to Z; the moment it steps out of M into another strongly
connected component we say it is absorbed by it since it can not return to M.

Let ¢i be the probability the walk is at state ¢ in M at time k. Then

QI/H-l = Qk/Z7

and let H; be the expected time to get absorbed into any other strongly connected compo-
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nent, the set of nodes in M is connected to, starting from node 7 and let

H' = max H,.
ieM
If the absorbing strongly connected component is closed, then H = H'. On the other
hand, the absorbing strongly connected component will have some other absorbing time H?,
i.e., the time to get absorbed into another strongly connected component. Thus, the total
absorbing time H is the sum of the absorbing times of the strongly connected components
on the longest path on the condensation of the graph G from an open strongly connected
component to a closed strongly connected component. The condensation of the graph G is
a directed acyclic graph and such path always exist.
By Markov inequality, regardless of where the random walk starts, the probability that it
takes more than 4H iterations to get absorbed is at most 1/4. Thus, for all £ > 4H log(1/¢)
steps we have that ||gx||; < e.

Now, let z,, be the vector that satisfies
Zoo = LZoo + RYso, (2.6)

which we know exists since every eigenvalue of Z must be strictly less than 1 (since Z¥ — 0).

If we define
Ay = x]k\/[ — Zoo,
then subtracting the updates of x,; and z.,
Ap1 = ZAk + Ry — Yoo)- (2.7)

It follows that Ay goes to zero since we have assumed that y, — Yo, and Z¥ — 0.
In conclusion, this argument shows that for all & > 4(L + H)log(1/e¢) steps every node is

within e of its limiting value. O

The next lemma states the relation of the coupling and absorbing time for random walks
on product graphs. Specifically, it shows a maximum-type behavior where the coupling
and absorbing time of the product system is the maximum of coupling and aborning of the

factors.

Lemma 10. Consider two aperiodic strongly connected directed graphs G and Go. The

expected coupling time of two random walks on the graph Gy ® Gs is L = max{Ly, Ly},
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where Ly and Lo are the expected coupling times for random walks on the graphs G and
Gy respectively. Similarly, a random walk on an open strongly connected component of a
graph Gy ® Go has an expected absorbing time (into another strongly connected component)
of H =max{Hy, Hy}, where Hy and Hy are the expected absorbing times for random walks
on the graphs Gy and Gy respectively.

Proof. Given that both graphs are aperiodic and strongly connected, their product is also
aperiodic and strongly connected, and there exists a limiting distribution 7 for a random
walk moving on the Kronecker product graph G; ® G,.

Consider a random walk X = (Xj)i°, on the graph G; ® Gy, with transition matrix
A; ® A, starting with some arbitrary distribution v, where A; is the transition probability
on a random walk on the graph G; and A, is the transition probability on a random walk
on the graph G,. Moreover, from the definition of the Kronecker product of graphs, we have
that the state space of G; ® G, is the Cartesian product V' = V; x V5, composed by the
ordered pairs (7,7) for i € V; and j € V5. Thus, the probability that the random walk X
jumps from the node (7, 7) to the node (i, j) is [Ai];3[As2]; ;-

Following the coupling method, define another random walk Y = (Y;)® with the same
transition matrix A; ® A, but starting at the stationary distribution 7. Now, construct an

new random walk as follows:

Y., ifk<K,
Xy, ifk>K,

Wi =

where K = min{k > 0:Y; = X;}. Clearly, if the state of the random walk X at time
kis Xp = (ix,jr) and the state of the random walk Y at time k is Yy = (i, ji), then
the condition Y, = X}, implies that i, = i; and j, = ji. Thus, the coupling time K can
alternatively be expressed in terms of the two separate conditions i, = i), and j, = ji, which
in turn represents the coupling conditions for two separate random walks on each individual
coordinate where each coordinate represents one of the factor graphs. Therefore, we write
the coupling time between the random walks X and Y as K = min{k >0:Y, = X;} =

min {k > 0 : i = i, jr = jr} which is equivalent to

K =min{k >0:Y;, = X}
=min{k > 0: iy = ix, jr = Jr}
= max {min{k > 0: iy =4}, min{k > 0: jx = jr}}
= max{ K, Ky},
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where K7 and K, are the coupling times for the graphs G; and G, respectively. Thus,

P{K > k} = P{max{Ky, K»} > k}
=1—-P{max{K;, Ko} < k}
=1-P{K; <k}P{K, <k}
<P{K) <k}+P{K,<k}.

Note that given that the initial state of the random walk X is v, the random walks

on each of its coordinates have some well defined initial state, vi(i) = > v((¢,7)) and
JEV
ve(j) = > v((4,7)), where vy(7) is the probability of staring in node i € Vi, vy(j) is the

i€Vo
probability of starting in node j € V5, and v((4, 7)) is the probability of the random walk X

to start in the node (i, 7).
It follows from Theorem 5.2 in Levin et. al.[98] that
[v'(A1 @ Ag)s — 7||l7v < maxP{K > k}

<maxP{K; >k} + maxP{K, > k}

E|K
< max [ 1] + max E[Kﬂ
v1 k v2 kf
Ly n Lo
= max — -+ max —.
v1 kf v2 kf

Thus, in order to be at a distance at most 1/4 from the stationary distribution we require
k > 8max{Ly, Ly}. Moreover, in order to be € close to the stationary distribution we require
at least k > 8 max{Li, Lo} log(1/e) steps in the random walk for any initial state v. Finally,
the coupling time of X is L = max{L1, Lo}.

A similar argument follows for the absorbing time of a random walk on a transient com-
ponent defined by a product graph requires both coordinates be absorbed individually, thus
H = max{H, Hs}. O

We have shown that each of the strongly connected components of the graph P is the
product of two such components, one from the graph G and the other from the graph 7.
Moreover, the expected mixing and absorbing times for a random walk on a product graph
are the maximum of the expected mixing and absorbing times of the individual factor graphs
(see Lemma 10). Thus, we have an explicit characterization of the convergence time in terms
of the components of the network of agents and the network of logic constraints. For example,

in Fig. 2.2, the expected absorbing time is of the order of the number of nodes in the path,
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that is m, while the expected mixing time of cycle [133, 134, 98| graphs is of the order of the
number of the nodes squared, which is n? in this example. Thus, the expected convergence
time for the belief system is O(max(n?, m)log(1/¢)). Figure 2.7 depicts simulation results for
this bound that demonstrate its validity. In particular, Fig. 2.7(a) shows how the convergence
time changes when the number of nodes in the cycle graph increases, while Fig. 2.7(b) shows
how the convergence time changes when the number of truth statements in the directed
path graph increases. Moreover, Fig. 2.7(c) shows that the convergence to the final beliefs

is exponentially fast.
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Figure 2.7: Convergence time for a belief system with an undirected cycle as a social
network and a directed path as a network for the logic constraints. (a) Varying the number

of the agents in the social graph. (b) Varying the number of the truth statements for a
directed path. (c) The exponential convergence rate of the belief system.

Table 2.1 presents the estimates for the expected convergence time for belief systems

composed of well-known classic graphs. We use the existing results about the mixing time
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for these graphs to provide an estimate of the convergence time of the resulting belief system
when all agents are oblivious. Table 1.1 shows a detailed list of references on each of the
studied graphs. Particularly, our method allows the direct estimation of the dynamics of
a belief system when large-scale complex networks are involved. For example, we provide
convergence time bounds for the case where networks follow random graph models, namely:
the geometric random graphs, the Erdés-Rényi model, and the Newman-Watts small-world
networks. These graphs are usually considered for their ability to represent the behavior of
complex networks encountered in a variety of fields [135, 136, 137, 138] (see Fig. 2.8).
Figure 2.9 shows experimental results for the convergence time of a belief system for
a subset of the graphs given in Table 2.1. For every pair of graphs, we show how the
convergence time increases as the number of agents or the number of truth statements change.
One can particularly observe that the maximum type behavior on the convergence time as
predicted by the theoretical bounds. See Fig. 2.10 and Fig. 2.11 for additional numerical
results on other combinations of graphs from Table 2.1, and Fig. 2.12 and Fig. 2.13 for their

linear convergence rates, respectively.

2.2.3 What does it converge to?

So far we have discussed the conditions for convergence of belief system dynamics and the
corresponding convergence time. Convergence implies the existence of a vector x,, where
the set of beliefs settles as the number of interactions increases. Particularly, Proskurnikov

and Tempo [126] characterize the limiting distribution as a solution of
Xoo = NAXC'+ (I — M) X,

which can be intractable to compute when the matrices A and C' are large. We are interested
in a characterization of this limit vector that admits a rapid computation of its value.
Lemma 8 shows that one can always group the nodes in the graph P into open and
closed strongly connected components. In order to guarantee convergence we assume that
every closed strongly connected component is aperiodic. For example, assume there is a
closed strongly connected component S and let Py be the minor of the matrix P obtained
by taking into account only the nodes in the set S. Then, Pg corresponds to the transition
matrix of an irreducible and aperiodic Markov chain with a stationary distribution 7g, where
mePs = my. The vector mg is effectively the left-eigenvector of the matrix Ps corresponding

to the eigenvalue 1. Let x7 be the vector obtained from the state vector x; by taking only
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Table 2.1: Maximum expected convergence time for the belief system with Logic
constraints for different networks of agents with n nodes and networks of truth statements
with m nodes. The approximated maximum expected convergence time identified as =
should be understood in terms of the order O(-), that is, an estimate up to constant terms.
Additionally, all the estimates provided should be multiplied by the accuracy term log(1/e).

Network of Agents Logic Constraints Maximum Expe.cted
Convergence Time =
Complete Directed Path m
Cycle Directed Path max(n?,m)
Cycle Path max(n?, m?)
Dumbbell Graph Complete Binary Tree max(n?, m)
k-d Cube with Loops Complete Binary Tree max((1—1/k),m
k-d Hypercube {0, 1}* Complete Binary Tree max(k log k, m)
Lovasz Graph Ck Dumbbell max (1 — 1/(kn?), m?)
2-d Grid Star max(nlogn,m)
3-d Grid Two Joined Star max(n?3logn, m)
k-d Grid Star max(k*n**logn, m)
2-d Torus 2-d Grid max(n?, mlogm)
3-d Torus Star max(n?, m)
k-d Torus k-d Grid max(n’k log k, k?m?/* log m)
Lollipop Star max(n3, m)
Barbell Star max(n3, m)
Eulerian: d-degree and expansion Dumbbell max(|E|?, m?)
Eulerian: d-degree, max-degree weights Dumbbell max(n®d, m?)
Lazy Eulerian with degree d-degree Dumbbell max(n|E|, m?)
Lamplighter on k-Hypercube Bolas max(k2F, m?)
Lamplighter on (k, n)-Torus Bolas max (kn®, m3)
Geometric Random: G%(n,r) Bolas max(r—?logn, m?)
Geometric Random: r = Q(polylog(n)) Bolas max(polylog(n), m?)
Erdés-Rényi: G(n,c/n), ¢ > 1 Dumbbell max(log? n, m?)
Erdés-Rényi: G(n,c/n), ¢ > 1 Newman-Watts max(log® n, log® m)
Erdés-Rényi: G(n, (1 +6)/n), $n — oo Dumbbell max((1/6) log®(6°n), m?))
Erdés-Rényi: G(n,1/n) Dumbbell max(n, m?)
Newman-Watts : G(n, k,c/n), ¢ >0 Path max(log® n, m?)
Expander Path m?
Exponential Random: High temperature Path max(n?logn, m?)
Exponential Random: Low temperature Path max(exp(n), m?)
Any Connected Undirected Graph 9
. . . Expander n
with Metropolis Weights
Any Connected Undirected Graph Expander |E|diam(G)
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Figure 2.8: (a~c) Geometric random graphs with 200, 400 and 2000 nodes respectively. A
geometric random graph is the result of randomly placing n nodes in a metric space and
adding an edge between two nodes if and only if their distance is smaller than a certain
radius r [139]. (d-f) Erdés-Rényi random graphs with 200, 400 and 1000 nodes
respectively. An G, , Erd6s-Rényi graph is the result of adding edges independently with
probability p to a set of n nodes [140]. (g-i) Small-World Random Graphs with 200, 400
and 1000 nodes respectively. The Newman-Watts graph H,, ;, is the random graph
obtained from a (n, k)-ring graph by independently adding edges with probability p [141].
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Figure 2.9: Convergence time of various belief systems. (a) Varying the number of agents
on a 2d-grid with fixed the number of truth statements on a star graph. (b) Varying the
number of truth statements on a star graph with fixed number of agents on a 2d-grid. (c)
Varying the number of agents on a Erdés-Rényi graph with fixed the number of truth
statements on a dumbbell graph. (d) Varying the number of truth statements on a
dumbbell graph with fixed number of agents on a Erdés-Rényi graph. (e) Varying the
number of agents on a Newman-Watts small-world graph with fixed the number of truth
statements on a path graph. (f) Varying the number of truth statements on a path graph
with fixed number of agents on a Newman-Watts small-world graph.
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Figure 2.10: Convergence time for different examples of networks of agents and network of
truth statements in a belief system. Varying the number of agents for a: (a) complete
graph, (c) undirected cycle, (¢) dumbbell graph, (e) 2-d grid and (g) 3-d grid. Varying the
number of truth statements for a: (b) directed path, (d) complete binary tree, (f) star
graph and (h) two joined star graphs.
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Figure 2.11: Convergence time dependency for random graphs. (a) Varying the number of
agents in a geometric random graph with a fixed number of truth statements in a Bolas
graph. (b) Varying the number of truth statements in a Bolas graph with a fixed number
of agents in a geometric random graph. (c¢) Varying the number of agents in a Erdés-Rényi
random graph with a fixed number of truth statements in a dumbbell graph. (d) Varying
the number of truth statements in a dumbbell graph with a fixed number of agents in an
Erdés-Rényi random graph. (e) Varying the number of agents in an Newman-Watts
random graph with a fixed number of truth statements in an undirected path graph.

(f) Varying the number of truth statements in an undirected path graph with a fixed
number of agents in a Newman-Watts random graph random graph.
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Figure 2.12: Exponentially fast convergence of the belief system. Distance to the final
value of a belief system with: (a) a directed cycle network of agents and a directed path of
truth statements, (b) a dumbbell network of agents and a complete binary tree of truth

statements, (c) a 2-d grid of agents and a star network of truth statements, (d) a 3-d grid
of agents and a two-joined star network of truth statements.

the components of x; corresponding to the nodes in the set S. Then,

Jim af = i,
where |S] is the cardinality of the set S, and 1, is the vector of size p with all entries equal to
1 [126, 98]. Additionally, recall that every strongly connected component of P is the product
of two strongly connected components, one from the network of agents and one from the logic
constraint network. Thus, Ps = Ag ® Cs for some matrices Ag and Cg (sub-matrices of A
and C, respectively), which implies that 7 = 74 ® 75, i.e., the vectors 74 and 7§ are the
corresponding left eigenvalues of the factor components of Py associated with the eigenvalue
1. Therefore, the final beliefs of those nodes in the closed strongly connected component .S
are a weighted average of their initial beliefs, and the weights (sometimes referred to as the

social power) are determined by the product of the left-eigenvectors of the factors Ag and
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Figure 2.13: Geometric convergence of the belief system with random networks of agents.
(a) Distance to the stationary distribution for a network of 200 agents modeled as a
geometric random graph and a network of 150 truth statements modeled as a Bolas graph.
(b) Distance to the stationary distribution for a network of 500 agents modeled as a
Erdés-Rényi random graph and a network of 100 truth statements modeled as a dumbbell
graph. (c) Distance to the stationary distribution for a network of 500 agents modeled as a

small-world random graph and a network of 100 truth statements modeled as a undirected
path graph.

Cs. Particularly, the value 7g indicates the limit distribution of a random walk in S, that
is, it tells the probability that a random walk visits a particular node in S after a long time.
On the other hand, now consider an open strongly connected component M with incoming

edges from nodes grouped into a set SM| in this case, the belief zi, for i € M, will converge
to

i {— ed
Jim ok = 3
jesl\/f

where p;; is the probability of absorption of a random walk starting at node ¢ into a node

j € SM with limiting value z_. Therefore, the limiting value of nodes in an open strongly
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connected components is a convex combination of the limiting values of the nodes it is
connected to.

In order to compute the limiting values of the belief system consider a random walk starting
in an open strongly connected component M of a graph G. Moreover, assume the open
strongly connected component M has incoming edges from nodes in other strongly connected
components, and group those nodes in a set defined as S™ = {j | (j,i) € E,i € M}.

The dynamics of the nodes in M are described in equation (2.5). Similarly as in Theorem 9,
we can assume that y, converges to some value y.,. Therefore, we can analyze the dynamics

in the strongly connected component M as follows: Initially define the following two systems

j%—l = Zjli‘:/[ + Ryoo

kaH = Z:ka + Ry,

where Z is the set of weights assigned to nodes inside the component M and R is the set of
weights assigned to each of the incoming edges from other components.
It follows that

. _M M : —M M :
klg{.lo(xkﬂ — Thy) = Zklggo@k -y )+ Rklggo@oo — k)

= 7 lim (22 — 2.
k—o00
Moreover, given that Z is substochastic, the magnitude of its eigenvalues are strictly less
than 1 and 1 — Z is invertible. Thus, we can conclude that limj_, fﬁﬁl = limp_y00 :v,ﬁl.

Stacking the vector i/ and y,, into a single vector we obtain the following recursion:

Tt _ pM ! (2.8)
Yoo Yo
where
| Z R
M7 o1 |

Thus, in order to find the limit value of the set of beliefs in the component M we can
focus in the analysis of the powers of the matrix PM.
We have that

0 NR
0 I

. Eo_
lim Py, =
k—o00
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where N = I+ Z+ Z?+--- = (1 — Z)~'. The matrix NR is the absorbing probability
matrix, where p;; = [NR];; is the probability of being absorbed by into the node j € SM

starting from node ¢ € M. Moreover, it follows that for any node i € M

i i ]
fim o= 3 pige
jESJ\/I

where z7_ is the limiting value of the components in the closed strongly connected component
jesM,

Therefore, the limiting value of nodes in an open strongly connected component is a
convex combination of the limiting values of the closed strongly connected components it is

connected to.

2.3 Numerical Analysis

Next, we provide a numerical analysis of three large-scale networks from the Stanford Net-
work Analysis Project (SNAP)[142], see Fig. 2.14. Table 2.2 shows the description of the
networks used. In the three cases, we select the largest strongly connected component of the
graph and use it as a representative of the network structure and the mixing properties of the

graph. Furthermore, we assume that the agents use equal weights for all their (in)neighbors.

Table 2.2: Datasets of large-scale networks. Description, the number of nodes, the number
of edges, simulated mixing time and an upper bound on the mixing time of the three
datasets used in the numerical analysis. The upper bound on the mixing time is computed
from the second largest eigenvalue bound in Eq. (1.4)

Graph Nodes Edges Type Upp.e r BOIlI.ld on Description
Mixing Time
wiki-Vote [143] 1300 103663  Directed 145 Wikipedia who-votes-
on-whom network
ca-GrQc [144] 4158 13428 Undirected 12308 Collaboration network
of arXiv General Rel-
ativity
ego-Facebook[145] 3927 88234 Undirected 53546 Social circles from
Facebook

Random graph generating models, such at the Erdds-Rényi graphs, the Newman-Watts
graph, and the geometric random graphs, have been proposed to model the dynamics and

the properties of real large-scale complex networks, for example, rapid mixing or linear

49



(b) ()

Figure 2.14: Large-scale complex networks from the Stanford Network Analysis Project
(SNAP). (a) The ego-Facebook, nodes are anonymized users from Facebook and edges
indicate friendship status between them. (b) The wiki-Vote graph, each node represents a
Wikipedia administrator and an directed edge represents a vote used for promoting a user
to admin status. (c) The ca-GrQc graph is a collaboration network from arXiv authors
with papers submitted to the General Relativity and Quantum Cosmology category, edges
indicate co-authorship of a manuscript. The gray scale in the node colors shows the
relative social power according to the left-eigenvector corresponding to the eigenvalue 1.

convergence of the beliefs. The existing approaches for the computation of such properties
in real-world social networks are mainly simulation-based or require extensive computations
for the approximation of the spectral properties of the graphs [146, 147]. Our analysis
based on the graph-theoretical properties of the networks provides a structural explanation
of the exhibited behavior. Specifically, we can explain fast mixing or equivalently linear
convergence of beliefs from the existence of highly influential cliques that drive the dynamics

of the complete belief system. In particular, suppose we want to study whether a specific
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graph has a rapid mixing and, for example, there is a subset of V of M nodes that affect
the 20% of the final opinion. Then, it is enough to check if there is a finite number K such
that after K time steps, a random walk in the graph has a probability of 1/5 to be in V,
resulting in the probability of being at any of these particularly influential nodes of 5LM The
next theorem describes how the existence of a clique of a well-connected subset of nodes can

guarantee fast mixing of a random walk on a graph.

Theorem 11. Consider a random walk on a connected undirected and static graph G =
(V, E) with |V| = n nodes, and assume there is a subset V. C V with M nodes such that
after K steps, the probability of being in V is at least é and the probability of being on a
specific node in 'V is at least ﬁ Then the mizing time of the corresponding Markov chain
is of the order O(M K log(1/¢)).

Proof. The proof follows immediately since any two random walks will intersect with prob-

ability % every K steps. O

Figure 2.15 shows the cumulative influence of the nodes in each of the graphs, that is, the
weight an ordered subset of the nodes has on the final value of the beliefs. In this case, since
we are considering a single strongly connected component, the weights are determined by
the left-eigenvalue of the weight matrix corresponding to the eigenvector 1. Table 2.3 shows
the values for K and M of the graphs studied in this section.

Figure 2.16 shows the convergence time of a belief system when the network of agents
is the three large-scale complex networks described in Table 2.2. Results show that the
predicted maximum type behavior holds; that is, the convergence time of the belief system
is upper bounded by the maximum mixing time of a random walk on the graph of agents and
the graph of logic constraints. The convergence time remains constant and of the order of
the convergence time of the network of agents, until the mixing time of the network formed
by the logic constraints is larger. Then, the total convergence time increases based on the

specific topology of the graph of logic constraints.

Table 2.3: Size of the highly influential cliques and the number of iterations required for
them to drive the fast mixing of a random walk on the three examples of large scale graphs.

Graph K % of Nodes M
wiki-Vote [143] 121 10% 25
ca-GrQc [144] 365 11% 1700
ego-Facebook|[145] 365 11% 1829
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Figure 2.15: Cumulative social power of the agents. Each of the nodes in the graphs
considered has some weight in the final value achieved by the belief system. In all three
cases, the 20% most important nodes account for 50% of the final value.

Figure 2.17 shows the exponential convergence rate of the belief system. It shows a linear
convergence rate of the total variation distance between the beliefs and its limiting value as

the number of iteration increases.

2.4  Conclusions

Friedkin et al. [37] proposed a new model that integrates logic constraints into the evolution
opinions of a group of agents in a belief system. Logic constraints among truth statements
have a significant impact on the evolution of opinion dynamics. Such restrictions can be
modeled as graphs that represent the positive or negative influence the beliefs on specific
topics have on others. Starting from this context, we have here approached this model from
its extended representation of a belief system, where opinions of all agents on all topics as
well as their corresponding initial values are nodes in a larger graph. This larger graph is
composed of the Kronecker product of the graphs corresponding to the network of agents
and the network of logical constraints respectively.

In this chapter, we have provided graph-theoretic arguments for the characterization of
the convergence properties of such opinion dynamic models based on extensive existing
knowledge of convergence and mixing time of random walks on graphs using the theory
of Markov chains. We have shown that convergence occurs if every strongly connected
component of the network of logic constraints is non-bipartite and every strongly connected

component of oblivious agents is non-bipartite as well. Moreover, to be arbitrarily close
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Figure 2.16: Convergence time of belief system with large-scale complex networks. (a) The
social network is the ego-Facebook graph, and the logic constraints form a complete
binary tree with an increasing number of topics. (b) The social network is the wiki-Vote
graph and the logic constraints form Newman-Watts small-world graph with an increasing
number of topics. (c¢) The social network is the ca-GrQc arXiv collaboration graph, and
the logic constraints form an Erdds-Rényi graph with an increasing number of topics.

to their limiting value we require O((L + H)log(1/¢)) time steps. The parameter L is the
maximum coupling time for a random walk among the closed strongly connected components
of the product graph, and H is the maximum time required for a random walk, that starts
on an open component, to get absorbed by a closed component. Our analysis applies to
broad classes of networks of agents and logic constraints for which we have provided bounds
regarding the number of nodes in the graphs. Finally, we show that the limiting opinion
value is a convex combination of the nodes in the closed strongly connected components and
this convergence happens exponentially fast.

Our framework offers analytical tools that deepen our abilities for modeling, control and

53



—
(e
L

|l7x — ool 7V
—
(e}
&
T
|

—_

=
ot
T

|
0 0.5 1 1.5 2 2.5
[terations 104

Figure 2.17: Total variation distance between the beliefs and its limiting value as the
number of iteration increases. Results are shown for a particular subset of randomly
selected agents.

synthesis of complex network systems, particularly man-made, and can inspire further re-
search in domains where opinion formation and networks interact naturally, such as neuro-
science and social sciences. Finally, extending this analysis to other opinion formation models
that use different aggregating strategies may require further study of Markov processes and

random walks.
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CHAPTER 3

DISTRIBUTED (NON-BAYESIAN) LEARNING
WITH FINITE HYPOTHESES SETS

In this chapter, we begin with a variational analysis of Bayesian posterior and derive an op-
timization problem for which the posterior is a step of the stochastic mirror descent method.
We then use this interpretation to propose a distributed stochastic mirror descent method
for distributed learning. We show that this distributed learning algorithm concentrates the
beliefs of all agents around the true parameter at an exponential rate. We derive high

probability non-asymptotic bounds for the convergence rate.

3.1 Problem Formulation

Initially, we introduce the learning problem from a centralized perspective, where all infor-
mation is available at a single location. Later, we will generalize the setup to the distributed

setting where only partial and distributed information is available.

3.1.1 The Bayesian Approach to Statistical Inference

Consider a probability space (2, F,P), where Q is a sample space, F is a o-algebra and IP a
probability measure. Assume that we observe a sequence of independent random variables
X1, Xo, ..., all taking values in some measurable space (X,.A) and identically distributed
with a common wunknown distribution P on X, i.e. X, ~ P for all k. In addition, we
have a statistical model & = {F, : § € ©} composed by a parametrized family of probability
measures on the sample space (X, A), where the map © — & from parameter to distribution
is injective. Moreover, all distributions in the model are dominated! by a o-finite measure
A, with corresponding densities pg = dPy/d\. Assume also that the model &2 is well-
specified, thus there exists a 6* such that Py~ = P. The objective is to estimate 6* based

on the sequence of received observations i, xs,.... For example, the maximum likelihood

LA measure p is dominated by (or absolutely continuous with respect to) a measure \ if A(B) = 0 implies
w(B) = 0 for every measurable set B.
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estimator (MLE) can be defined as

0(X) = argsup py(X) = arg sup p(X).
e PeP
Following a Bayesian approach, the parameter is represented as a random variable ¥ on
the set © that is equipped with a g-algebra 7 and a prior probability measure g on the
measurable space (0, 7). Moreover, we assume the existence of a probability measure 1T on
the product space (X x O) with o-algebra (A x T). Therefore one can pair the elements
of the parametric model with the conditional distributions IIxy. Furthermore, the densities
po(x) are measurable functions of 6 for any x € X. We then define the belief yy as the

posterior distribution given the sequence of observations up to time k, i.e.,

_ I5 Hf:l Po(X¢)dpo(0)

Mk(B):H(ﬁEB|X1,...,Xk)—f Hk po(X)dpo(6)
o 1 li—1 Po(Xt)dpio

, (3.1)

for all B € T (note that we used the independence of the observations at each time step).
Assuming that all observations, up to time k, are readily available at a centralized location,
under appropriate conditions, the recursive Bayesian posterior in Eq. (3.1) will be consistent
in the sense that the beliefs p, will concentrate around 6*; see [148, 149] and [150] for a formal
statement. Furthermore, several authors have studied the rate at which this concentration

occurs, in both asymptotic and non-asymptotic regimes [151, 152, 153].

3.1.2 The Distributed Statistical Inference Problem

Now, consider the case where there is a network of n agents observing the process X, Xs, .. .,
where X is now a random vector belonging to the product space [[, X" and X; =
(X} X2, ..., X", Specifically, agent i observes the sequence X}, X& ..., where X! is now
distributed according to an unknown distributions P*, effectively making X, ~ P =[]}, P".
The statistical model is now distributed, where each agent i has a private family of distribu-
tions £' = {P} : € ©} it would like to fit to the observations. However, the goal is for all
agents to agree on a single 6 that best explains the complete set of observations instead of
their local observations only. In other words, the agents collaboratively seek to find #* such
that Po- =[], Pj. =[]\, P' = P.

Agents interact over a network defined by an undirected graph G = (V, E), where V =
{1,2,...,n} is the set of agents and F is a set of undirected edges, i.e., (i,j) € E if and

only if agents ¢ and j can communicate with each other. We study a simple interaction
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model where, at each step, agents exchange their beliefs with their neighbors in the graph.
Thus at every time step k, agent i will receive the sample i from X as well as the beliefs
of its neighboring agents, i.e., it will receive ,ui_l for all j such that (i,7) € E. Applying a
fully Bayesian approach runs into some obstacles in this setting, as agents know neither the
network topology nor the private family of distributions of other agents. Our goal is to design
a learning procedure which is both distributed and consistent. That is, we are interested
in a belief update algorithm that aggregates information in a non-Bayesian manner and

guarantees that the beliefs of all agents will concentrate around 6*.

3.2 Bayesian Posterior as Stochastic Mirror Descent

In this section, we observe that the posterior in Eq. (3.1) corresponds to an iteration of
a first-order optimization algorithm, namely stochastic mirror descent [154, 155, 156, 157].
Closely related variational interpretations of Bayes’ rule are well-known, and in particular
have been given in [158, 159, 160]. The specific connection to stochastic mirror descent has
not been noted, as far as we are aware. This connection will serve to motivate a distributed

learning method which will be the main focus of this chapter.

3.2.1 Bayes’ Rule as Stochastic Mirror Descent

Suppose we want to solve the following optimization problem:

- 2

min F(0) 2 Dy, (P|[P)), (3.2)
where P is an unknown distribution and &2 = {F; : § € ©} is a parametrized family of dis-
tributions. Here, D (P||Q) is the Kullback-Leibler (KL) divergence? between distributions
P and Q.

First note that we can rewrite the optimization problem in Eq. (3.2) as

min Dk (P||Py) = 7{2&; E,Dkr(P| Py) where ¥ ~ 7
dPy(X
= min E.Ep {— log #(X))] where ¥ ~ 7, X ~ P,

Dir(P||Q) between distributions P and @ (with P dominated by Q) is defined to be Dgr(P|Q) =
—Ep [logdQ/dP].
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where Ag is the set of all possible distributions on the parameter space ©. Since the
distribution P does not depend on 4, it follows that

. dPﬂ(X)] .
argminlE,Ep |—lo =argminE, Ep [—lo X
g in BBy | o G| =g B - o )
= argmin EpE, [—logpy(X)]. (3.3)
TEAg

The equality in Eq. (3.3), where we exchange the order of the expectations, follows from
the Fubini-Tonelli theorem. Clearly, if #* minimizes Eq. (3.2), then a distribution 7* which
puts all the mass on 6* (i.e. 7*(¢ = 6*) = 1) minimizes Eq. (3.3).

The difficulty in evaluating the objective function in Eq. (3.3) lies in the fact that the
distribution P is unknown. A generic approach to solving such problems is using algorithms
from stochastic approximation methods, where the objective is minimized by constructing a
sequence of gradient-based iterates whereby the true gradient of the objective (which is not
available) is replaced with a gradient sample that is available at a given time.

A particular method that is relevant for the solution of stochastic programs as in Eq. (3.3)
is the stochastic mirror descent method [161, 155, 154, 162]. The stochastic mirror descent

approach constructs a sequence of densities {duy}, as follows:

. 1
s = avgmin { (=10 (o). 1)+ Doty | (3.4)

TEAQ

where aj, > 0 is the step-size, the inner product is defined as (p,q) = [ p(#)q(f)do, and
D, (x,xy) is a Bregman distance function associated with a distance-generating function w,

Dy(z,2) = w(z) —w(x) — dwlz;x — 2],

where dw(z;z — 2| is the Fréchet derivative of w at z in the direction of z — z. If we
choose w(z) = [ xlogx as the distance-generating function, then the corresponding Bregman
distance is the Kullback-Leibler (KL) divergence Dg. Additionally, by selecting ay = 1,
the solution to the optimization problem in Eq. (3.4) can be computed explicitly, where for
each 0 € O,

dptye+1(0) o< po(wpr1)dp(0),

which is the particular definition for the posterior distribution according to Eq. (3.1) (a
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formal proof of this assertion is a special case of Proposition 12 shown later in this chapter).

3.2.2  Entropic Distributed Stochastic Mirror Descent

Now, consider the distributed problem where the network of agents want to collectively solve

the following optimization problem:

{ggng) = Dir (P||Py) = EDKL(PiHPQi)- (3.5)
Recall that the distribution P is unknown (though, of course, agents gain information
about it by observing samples from X}, X%, ... and interacting with other agents) and that
2" containing all the distributions P} is a private family of distributions and is only available
to agent 1.
We propose the following algorithm as a distributed version of the stochastic mirror descent

for the solution of problem Eq. (3.5):

duj,,; = argmin {( log py(Thyq), ) + Z aZ]DKL(WHd,uk)} where 0 ~ T, (3.6)

TE€EAg

with a;; > 0 denoting the weight that agent i assigns to beliefs coming from its neighbor
J. Specifically, a;; > 0 if (i,j) € E or j =i, and a;; = 0 if (i,5) ¢ E. The optimization
problem in Eq. (3.6) has a closed form solution. In particular, the posterior density at each

0 € © is given by
dpti1(0) o pp()y H ),
7=1

or equivalently, the belief on a measurable set B of an agent ¢ at time k£ + 1 is

n

fi1(B) o /pe Tt H ). (3.7)
7=1

We state the correctness of this claim in the following proposition.

Proposition 12. The probability measure HZH over the set © defined by the update protocol
Eq. (3.7) coincides, almost everywhere, with the update the distributed stochastic mirror

descent algorithm applied to the optimization problem in Eq. (3.5).
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Proof. We need to show that the density dp, , associated with the probability measure i}, ,
defined by Eq. (3.7) minimizes the problem in Eq. (3.6). To do so, let G(7) be the objective
function for the problem in Eq. (3.6), i.e

G(m) = (- 10gp9<xk+1 +ZaUDKL( Hdluk)
J=1
Next, we add and subtract the KL divergence between 7 and the density du} 41 to obtain

G(r) = <_10gp6($k+1 )+ ZGUDKL( Hdﬂk>

7=1
— DKL (7THd,U2+1) + DKL (ﬂ-Hduz’—i-l)

. . dlll
= (- logpze(xﬁﬁ_l)ﬂT) + Dgp, ( Hd:uk—&-l +ZGUE log dk;rl'
7j=1

Now, from Eq. (3.7) it follows that

G(r) = (—log py(@jyy), ™) + D, (ml|dpsy) +

n 1 1 £ an
ZaZ]E log( 7 H(dﬂi) lpe(xk—&-l))

=1 d#k k+1 74

= <_ 1nglé($i+1>»7r> + Dk (7T||d,u§€+1)

— log Zk+1 + (log p( xk+1 )+ ZaUE log (

H dﬂk all)

=1

prQ

d

—10g Ziy1 + Drcr (7lldpjsr) — Z a;jEr log dpuj, + Z ayEr log dyu,
j=1 1=1

—log Zli+1 + Dkr (WHduiﬂ) ) (3.8)

where Z; = [, pj(x} 1) H;;l(dui(é))aii is the corresponding normalizing constant.

The first term in Eq. (3.8) does not depend on the distribution 7. Thus, we conclude that
the solution to the problem in Eq. (3.6) is the density m* = duj_, as defined in Eq. (3.7)
(almost everywhere).

]

We remark that the update in Eq. (3.7) can be viewed as a two-step process: first, every
agent constructs an aggregate belief using a weighted geometric average of its own belief

and the beliefs of its neighbors, and then each agent performs a Bayes’ update using the
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aggregated belief as a prior. We note that similar arguments in the context of distributed
optimization have been proposed in [157, 163] for general Bregman distances. In the case
when the number of hypotheses is finite, variations on this update rule were previously
analyzed in [45, 25, 46].

Example 1 (Distributed Bernoulli Filter). Consider a group of 4 agents, connected over a
network as shown in Fig. 3.1. A set of metropolis weights for this network is given by the

following matriz:

[ 2/3 1/6 0 1/6
1/6 2/3 1/6 0
0 1/6 2/3 1/6
16 0 1/6 2/3

Figure 3.1: A network of 4 agents.

Furthermore, assume that each agent is observing a Bernoulli random variable such that
X} ~ Bern(0.2), X? ~ Bern(0.4), X3} ~ Bern(0.6) and X} ~ Bern(0.8). In this case, the
parameter space is © = [0,1]. Thus, the objective is to collectively find a parameter 0* that

best explains the joint observations in the sense of the problem in Eq. (3.5), i.e.

min F(0) =

J
Jnin, Dy (Bern(¢’)||Bern(0))

. <.
I el W~
— —

0 1-0
<610gw+(1—9)10g1_0j>,

where 01 = 0.2, 02 = 0.4, 03 = 0.6 and 6* = 0.8. We can see that the optimal solution is
0* = 0.5 by determining it explicitly via the first-order optimality conditions or by exploiting

the symmetry in the objective function.

To summarize, we have given an interpretation of Bayes’ rule as an instance of stochastic

mirror descent. We have shown how this interpretation motivates a distributed update rule.
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In the next section, we discuss explicit forms of this update rule for parametric models
coming from exponential families.
Distribution P%’s are unknown. Therefore agents try to “learn” the solution to this opti-

mization problem based on local observations and interactions, see Fig. 3.2.

Figure 3.2: Geometric interpretation of the learning objective. The triangle represents the
probability simplex; observations of the agents are generated according to a joint
probability distribution P.

Moreover, agents interact over a sequence of graphs {Gy} where G = {V, Ei}, with V =
{1,2,--- ,n} being the set of agents where each agent is denoted as a node, and FE} being
the set of edges where (j,7) € E) if agent j can communicate with node i at time instant
k. Specifically, agents communicate with each other by sharing their beliefs about the
hypotheses set, denoted as i, which is a probability distribution over ©.

Next, we introduce three algorithms. The first is a version of Eq. (3.7) for finite ran-
dom variables with beliefs dominated by the counting measure and agents interacting over
undirected time-varying graphs. Then, for fized graphs we develop an additional algorithm
that scales better with respect to the number of agents. Finally, we propose an algorithm
that works on time-varying directed graphs. For the first algorithm, we show consistency.
Then for the three proposed algorithms, we show explicit, non-asymptotic, and geometric

concentration rates of the beliefs on the correct hypotheses.
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3.3 Distributed Learning over Time-Varying Undirected Graphs

For agents interacting over undirected time-varying graphs, we consider the following rule
which is a specific version of Eq. (3.7) when © = {6,,...,6,,} is a finite set:
For each 6 € O,

n

Hui () (i), (3.9)

Lj=1

Nk+1

where 7} 1 is a normalization factor to make the beliefs a probability distribution, i.e.,

i A i i :
Ly = Z H Nk; Al ’p (xkﬂ)Bk,

r=1 j=1

where the Ay is a non-negative matrix of “weights”, which is compliant with the connectivity
structure of the underlying communication network. The network at each time instant £ is
modeled as a graph Gy composed by a node set V' = {1,2,...,n} and a set Ej, of undirected
links. The variable 3} is a stationary Bernoulli random process with mean ¢‘, which indicates
if an agent obtained a new realization of X} . Specifically, 3; = 1 indicates that agent

obtained a new observation, while 8; = 0 indicates that it did not.

3.3.1 Preliminaries

Next, we provide three important definitions that we use in the sequel to describe some

learning-related quantities.
Definition 13. The group confidence of a nonempty subset W C V' of agents is given by
C(0)=-> q'Dxy (P'|P})  foralldc®,

iew
where q' is the mean-value of the i.i.d. Bernoulli variable Bi characterizing the availability
of measurements for agent i. If W =V, we simply write Cg.

The group confidence provides a way to quantify the quality of a hypothesis from the
perspective of a subset of the agents. The quality of a hypothesis for individual agents is

weighted by the mean of the i.i.d. Bernoulli process governing the availability of observations.

Definition 14. Two distinct hypotheses 8; and 8; are said to be W-observationally equivalent
if C (6:) = Cq (6).
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This definition extends the idea of observational equivalence introduced in [1]. Group
observational equivalence provides a general definition where a group of agents cannot dif-
ferentiate between two hypotheses even if their corresponding likelihood models are not the
same.

Finally, we introduce the optimal set of hypotheses as the set with the maximum group

confidence.

Definition 15. The optimal hypothesis set is defined as ©* = arg max C4(0), and the confi-
0co
dence of the optimal hypothesis set is denoted as Cg, i.e., C; = Cq(0%) for 6* € ©F.

The optimal set is always non-empty, and we assume it is a strict subset of © to avoid
the trivial case where all hypotheses are observationally equivalent. This holds if there is a
unique true state, 6 e O, such that each agent ¢ sees distributions generated according to
Pt = Pg, and © contains other hypotheses besides 6.

Informally, we will refer to our assumptions above as describing a setup with conflicting
models; by this, we mean that the hypothesis which best describes the observations of agent
i (i.e., the hypothesis 6 which minimizes Dxy,(P|| F;)) may not be the hypothesis which best
describes the observations of a different agent, and may in fact not belong to the optimal
set ©F.

We will further require the following assumption on the agents’ prior distributions and

likelihood functions. The first of these is sometimes referred to as the zero probability

property [8].
Assumption 4. For all agents i =1,...,n,

(a) The set O* = " 0% is nonempty, where ©* C ©* is the subset of optimal hypotheses
with positive initial beliefs for agent i, i.e., uh(0) > 0 for all 6 € ©* and pi(0) =0 for
all 6 € ©*\ O,

(b) The support of the true distribution of the observations is contained in the support of
the likelihood models for all hypothesis, i.e., there exists an o > 0 such that if P* (x) > 0
then P} (x) > « for all 6 € ©.

Uniform prior beliefs satisfy the Assumption 4(a), which is a reasonable assumption if
there is no initial information about the hypotheses quality. In Eq. (3.9), if ui(f) = 0 for
some hypothesis 6 and for some agent i, at some instance k, then all beliefs of all agents
will eventually become zero at that hypothesis. Assumption 4(a) removes the undesired
effects of this property which could lead to the inability to learn. Also, Assumption 4(b)

guarantees the sub-Gaussian behavior of the observed random variables. Specifically, the
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derived convergence rates use results from the measure concentration of random variables. In
the most common setting, the random variables must have a sub-Gaussian or sub-exponential
behavior [164].

3.3.2 Consistency

The next theorem shows that the dynamics in Eq. (3.9) concentrate the beliefs on the optimal

set ©*, which is precisely the set that best describes the observations.
Theorem 13. Under Assumptions 1 and 4, the update rule of Eq. (3.9) has the following
property:
klim pi(0) =0 as. foralld¢©* i=1,...n.
—00
Next, we present a result regarding the weighted average of random variables with a finite
variance.

Lemma 14. Assume that the graph sequence {Gy} satisfies Assumption 1. Also, let As-
sumption 4 hold. Then, for 0, ¢ ©* and 0,, € o,

k
(1 000w | 11 1
lim (E ; At Ly + ElnlnH(QU, 0w)> =0a.s. (3.10)

k—o00

0.0 . . .
where L7 is a random vector with coordinates given by

. Po, (X})
po, (X})

L0 = i lo Vi=1,...,n,

while the vector H(0,,0,) has coordinates given by
Hi<8v,9w) = qi (DKL(PlHPQZU) — DKL (PZHPéw)) .

Proof. Adding and subtracting th 1% 11,1 EG v to the expression under the limit in
Eq. (3.10) yields

—_

W1 H(6,,0,) =

3IH

1 k - k
E;Ak:tct @

k
1 ]‘ / 0U7€1U 1 1 / evﬂw
> (Ak;t nl”ln) e "“;:1 ~1,1, (,ct +H(9v,9w)>. (3.11)

t=1
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By Lemma 1, limy_,o Ay = %1711; for all ¢ > 0. Moreover, by Assumption 4(b), we have
that log v < [£2%]; < log 1. Thus, the first term on the right-hand side of Eq. (3.11) goes
to zero a.s. as we take the limit over £ — oc.

Regarding the second term on the right side of Eq. (3.11), by the definition of the KL

divergence, and the assumption of each 3! being independent, we have that
Py, (x1)

. . . Py ()
E {51 log ——— } =q ) p'(x)log =
=t pew(xt) ;Z pew(x)

5 g (B0

reX?

=i (2; p(@)log (mw 2) = 3 oo (p(< )>)>

zeX?

=4 (Dxr (P'llF,) — Drc (P'I153,))

or equivalently
E[L)%] = —H (6,,0,).

Kolmogorov’s strong law of large numbers states that if {X;} is a sequence of independent
0o Var(Xk)

random variables with variances such that )~ < 00, then
Iy Xe— 2> E[Xy] — 0 as. Let Xy = %1;5? % then by Assumption 4(b), it can
be seen that sup,;, Var (X;) < co. The final result follows by Lemma 1 and Kolmogorov’s

strong law of large numbers. O]
Lemma 14 provides the necessary results to complete the proof of Theorem 13.

Proof. (Theorem 13) Initially, define the following quantities: for all: =1,... ,n and k > 0,

i i (60)

(0,.0.) & log HECEL (3.12)
defined for any 6, ¢ ©* and 0, € ©*. We also use these quantities later in the proof of
Theorem 17.

Let agent i be arbitrary and consider the update rule of Eq. (3.9). We will show that
wi(0,) — 0as k — oo for all i =1,...,n. Note that if 6, € ©* \ ©*, then as a consequence
of Assumption 4(a) we have that u4(6,) = 0 for all 7 and large enough k. Thus, we consider

the case when 6, ¢ ©* in the remainder of this proof.
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Using the definition of ¢} (6,,0,,), it follows from Eq. (3.9) that

i M2+1(9v)
©Opr1(0y,0,) = log —
i Mk+1(0w)
17y 1, (0,) 441l (X

IZchl)
H?:l /dg(ew)[Ak}”pew (Xlzf+1>6
Ph,

= [Adijl (00, 0,) + B log 2L o

By,

= log

(Xis1)

j=1 Dy, ( k+1)
Stacking up the values ¢} _,(6,,60,) for i = 1,...,n, into a single vector ¢, (6,,0,), we
can compactly write the preceding relations, as follows:
¢k+1(6v7 Qw) = Ak’sok(gva gw) + ['Z:iw7 (313)

where Lk ‘1" is defined in the statement of Lemma 14. Now, the relation in Eq. (3.13) implies
that for all £ > 0,

k
Pry1 (0, 0u) = Aro@o(Bu, 0) + Y Apa L8 + L35 (3.14)

The, if we add and subtract Zle 11,1, H(0,,0,) in Eq. (3.14), where H(0,,0,,) is as in
Lemma 14, it follows that

ke~ .
(Pk+1(0v7 ew) - Ak:0900<0v; ew) - E Z HZ((gm Hw)]-n

=1

k
1
9’07611) 91}7911)
+ E (Ak:tﬁt + ElnI;H(QU, Hw)) + EkJrl .

t=1

By the definition of group confidence (cf. Definition 13), we have
Z Hi(QU, 0u) = Cq(0u) — Cq(bo) = CZ — Cq(0), (3.15)

where the last equality follows from 6,, € ©* and the definition of the optimal value Cy
(Definition 15). Therefore,

koo
90k+1(9va Hw) = Ak:0§00<0v7 Hw) - E (Cq - Cq<9v)) 1,
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k
1
+) (Ak:t,cgu,ew + LU H(,, ew)) + Ly
t=1

By dividing both sides of the preceding equation by k and taking the limit as k goes to

infinity, almost surely we have

k
.1 .1 1 o, 1
Sim =@y (00,0,) = lim - Ago@o (0, b) + lim §_: (Ak:tﬁf Aoy ﬁlnlgﬂwv,ew))

1
+ lim ckﬂ =~ (G = Cal6)) 1
(3.16)

The limit on the left-hand side of Eq. (3.16) is justified since all the limits on the right-
hand side exist. Specifically, the first term on the right-hand side of Eq. (3.16) converges to
zero deterministically. The second term converges to zero almost surely by Lemma 14, while
the third term goes to zero since £9*? is bounded almost surely (cf. Assumption 4(b)).

Consequently,

1 1
kh_)rgo Ecpkﬂ(ev,ew) = (C; —Cq(0)) 1, as.
Since C} is the maximum value and 0, ¢ ©*, it follows that C} — Cy(6,) > 0, implying
that ¢, (6,,0,) — —oo almost surely. Also, by i (6,) < exp (¢k(6,,0.,)) for all i, we have
wi(6,) = 0 a.s. O

One specific instance of our setup is when there exists a unique hypothesis that matches
the distribution of the observations of all agents. This case relates to the previously proposed
approaches for distributed learning. Specifically, in [46, 43, 1], the authors assume that there
is a “true state” of the world, i.e., there is a unique hypothesis such that the distance between
such hypothesis and the true distribution of the data is zero for all agents. This case could

be expressed, as a consequence of Theorem 13, as follows:

Corollary 15. Under assumptions of Theorem 13, if there is a unique hypothesis 6* with
C; =0, then
lim p(0*) =1 as Vi€V

k—o00

Proof. By Theorem 13 for every 6 # 6* we have that klim pi(0) =0 as. O
—00
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In general, one can consider several closed social cliques where the same hypothesis can
represent different distributions for different groups. For example, in a social network, what
one community might consider as a good hypothesis, need not be good for other communi-
ties. Each disconnected social clique could have a different optimal hypothesis, even if all
observations come from the same distribution, see Fig. 3.3. If such social cliques interact,
Theorem 13 provides the conditions for which all agents will agree on the hypothesis that is
the closest to the best one considering the models of all agents in the network and not only

those in a specific clique.

Figure 3.3: Conflicting social groups interacting. Initially, on the left, there are three
isolated social cliques, each with a different optimal hypothesis. Once such groups interact
(on the right), others might influence the local decision, and a clique changes its beliefs to
the optimal with respect to the complete set of agents. In this case, one of the groups was
convinced that #; was a better solution than 6,.

The previous statement is formally stated in the next corollary.

Corollary 16. Let the agent set V' be partitioned into p disjoint sets V;,j =1,...,p. Under
assumptions of Theorem 13 where each agent updates its beliefs according to Eq. (3.9), if
there exists a hypothesis 60* such that

00+ £

P P
> CY(67) > max > CYi(0),
j=1 J=1

then limy_,oo pt(0%) = 1 a.s. for alli.

Proof. If the hypothesis 0* exists, then the group confidence on 6* is larger than the group
confidence for any other hypothesis. Thus, ©* = {6*} and the result follows by Theorem
13. O
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3.3.3 Convergence Rate for Time-Varying Undirected Graphs

This subsection presents our result regarding the non-asymptotic explicit convergence rate
of the update rules in Eq. (3.9).

Theorem 17. Let Assumptions 1 and 4 hold and let p € (0,1). The update rule of Eq. (3.9)
has the following property: There is an integer N (p) such that, with probability 1 — p, for
all k > N(p) and for all 0, ¢ O*, we have

e (0,) < exp (—572 —I—ﬂ) foralli=1,....n

where
1 1
N(p) = [ (log a)* log ——‘
7 P
N, { axclo wh(6,) } 1210gn10 1
£ max { max —,
n 0,c0° | 1 & i (0.) 1—x B4,
0.g0"
1 .
o = - 0%1(;1* (Ci — Cq(6,))

with o from Assumption 4(b), n from Assumption 1(d) and X\ given by:

1
n\&
(o)
4n?

If each Ay, is the lazy Metropolis matriz associated with G, and B =1, then

In words, the belief of each agent on any hypothesis outside the optimal set decays at a
network-independent rate which scales with the constant ~,, which is the average Kullback-
Leibler divergence to the next best hypothesis. However, there is a transient due to the ~
term (since the bound of Theorem 17 is not below 1 until & > 2+{/72), and the size of this
transient depends on the network and the number of nodes through the constant A.

Observe that the term 7 represents the influence of the initial beliefs as well as the mixing
properties of the graph. If all agents use uniform initial beliefs, i.e., uy = 1/|0|, then the
effect of the initial beliefs is zero and +} reduces to

i

T =

12logn 1
log =
1-x 8o
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where the constant A may be thought of as the “time to ergodicity” of the inhomogeneous
Markov chain associated with the matrix sequence Ag. On the other hand, if one can start
with an informative prior where pf(6*) > i (6), the influence of the initial beliefs will be a
negative term, effectively reducing the transient time.

Before proving Theorem 17, we will provide an auxiliary result regarding bounds on the

expectation of the random variables ¢ (6,,6,,) as defined in Eq. (3.12).

Lemma 18. Consider ¢.(8,,60,) as defined in Eq. (3.12), with 6, € ©*. Then, for any
0, ¢ ©F we have

ElpL (B, 00)] < 7 — ks,  for alli and k > 0,

with i and vy as defined in Theorem 17.

Proof. Taking the expected value in Eq. (3.14) we can see that for all £ > 0,

n k n
E[Qp;g.g.l(evaew)] = Z[Ak 0]1]900 91}79 ZZ Akt z] 91}79 ) Hi<9v79w)-
Jj=1 t=1 j=1
k+1 n )
By adding and subtracting > Y +H7(6,,0,,), we obtain
t=1j=1

n

E[@Z—&-l(eva Qw)] = Z[Ak: 0]2]900 91), 0 Z (Akt - _) Hj(em Qw)

j=1 t=1 j=

) — (Hi(ev,ew) — %iﬂj(ev,ew)> . (317

j=1

k41

vy

j=1
For the first term in Eq. (3.17), since Ay, is stochastic matrix, we have that
n

Z[Ak;o]ijcpg)(ev, 0,) < maxlog 1 (00) :
= i 15 (6w)

The second term in Eq. (3.17) can be bounded using Lemma 4, thus

- 1 , 4logn 1
Z 1 <[Ak:t]z'j - ﬁ) H7(0,,0.,) < T log —,

- (0%
t=1 j=

since log o < HI(6,,0,) < logé.
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The last term in Eq. (3.17) is bounded as

1 & . ' 1
— HZ - J L
n Z ( (00, 0u) — H (Qv,ew)) < 2log ”

< 8logn10gl

— 1= o

where the last inequality follows from 2 < 8logn forn > 2 and 1 — X\ < 1.
Finally we have that

; Ho(6) | 12logn
Ely;. 1(6,,0,)] < maxlog — + 1(0,0,)
[ k+1< )] i ,U%)(ew) 1— )\ Zl
from which the desired result follows by using the definitions of vi, 7o, H’(6,,60,,) and taking
the appropriate maximum values over 6, and 6, on the right hand side of the preceding

inequality. O]
Now, we are ready to prove Theorem 17.

Proof. (Theorem 17) First, we will express the belief pf ., (6,) in terms of the variable
©411(00,0,). This will allow us to use McDiarmid’s inequality to obtain the concentra-
tion bounds. By the dynamics of the beliefs in Eq. (3.9) and Assumption 4(a), since
11 (6,) € (0,1] for 6, € ©*, we have

147, (6,)
i (0u)

,LLZ(HU) < = exp (@2(0% 911))) .

=

Therefore,

P <M2(9v) > exp (—572 + %)) <P (exp (¢5.(6,0,)) > exp (—572 + %))
. k ,
=P (502:(9117 ew) 2 _572 -+ ’Y;)
< P (1000 00) — Elph60)] 2 )

where the last inequality follows from Lemma 18.

We now view ¢} (0., 0,,) as a function of the random vectors S1,..., Sy (see Eq. (3.14)),
where Sy = (S},...,S;") for t > 1, and the random variable S;, ;. Next, we will establish
that this function has bounded differences in order to apply McDiarmid’s inequality.
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For all t with 1 <t <k and 7 with 1 < j < n, we have

max ¢k+1(9v70 ) — min 90k+1(9v7‘9 )

stGSJ stESJ
I (1) p] (7)
= max|[Ay.);j log ]9” — min [Ag.];; log Oy
st€SI pg (xk) 5¢€ESI péw (xk)
1 1
< [Aptijlog o + [Ag.t)ij log >
1

= 2[Ak::t]ij log a
Similarly, from Eq. (3.14) we can see that

1
max on—i-l(@vﬂe )_ min §0k+1(0v70 )< 210g—.
(6%

sk+1683 3k+163]

It follows that ¢ (6., 0,,) has bounded variations, with

t=1 j=1 t=1 j=1

1\2
<4 (log —) (k+1),
o

where the last inequality follows from the fact that Ay.; is row stochastic.
Thus,

P <902(‘9v, Ou) — Elp}, (00, 0.)] > %2) = exp (—fﬂ) '

(log 1)*

Therefore, for a given confidence level p, in order to have

. 1 .
P (/ﬁc(@v) > exp (—51672 + 71)) <p,

we require that

1 1
k> —8(log a)*log o

73

ii(z[/xk:t]ijlogé)u(210%)2 (1Og )2<Zi Api)? + 1

)



3.4 Distributed Learning over Time-varying Directed Graphs

In this section we present our results for distributed learning over directed time-varying
graphs. We propose a new algorithm in which every agent i updates its beliefs on a hypothesis

6 given some observation x4 4 following the next protocol

i Ui
Y1 = Z d_f (3.18a)
JEN} Tk
] 1
; 1 o o Vi1
Mk+1 (9) - Zl H :U/i; (8> T Py (karl) 5 (318b)
k+1 jEN,z

where at time k: N} is the set of in-neighbors of node 4, that is N} = {j|(j,7) € E\} (a node
is assumed to be its own neighbor) and the value di, its the out degree of node i. The term
Zi 4 is the corresponding normalization factor.

The proposed update rule in Egs. (3.18) is inspired by the push-sum protocol recently
studied in [165, 166] and its application to distributed optimization in time-varying directed
graphs [167, 72, 168, 169, 170]. At each time step, each node shares its beliefs on the
hypothesis set © to its out neighbors. Additionally, it also shares a self-assigned weight
yi / di to be used by its neighbors. Then, each node i computes the geometric average of
the beliefs of its in-neighbor set with weights corresponding to a normalized version of the
self-assigned weights it received. Then a Bayesian update step is performed based on the
local observations with a learning rate parameter of 1/y; . ;.

In this subsection, we show a non-asymptotic convergence rate for the proposed update
rule in Eq. (3.18).

Theorem 19. Let Assumption 4 hold, and let the sequence {Gi} be B-strongly connected.
Also, let p € (0,1) be a given error percentile (or confidence value). Then, the update rule
in Egs. (3.18), with y}, = 1 and uniform initial beliefs, has the following property: There is
an integer N (p) such that, with probability 1 — p, for all k > N(p) and for all 6, ¢ ©* there
holds

. k 1.
iy (0,) < exp (—572 + S'ﬁ) foralli=1,...,n,

where

N(p) 2 | 58 g ()10 () +1]

2
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. 2C
7 = max {—HH(eu,@w) W —[H (01)7010)]1'} )
0,c6° |1 —A
0,¢0*

1
fnggggc—cwm,

with C(0) being the group confidence on hypothesis 0 and C* = C(0) for all € ©* and the

vector H (0,,0,,) has coordinates given by
[H (0., 0u)]; = Drr(P'l|1P,) — Di (P'|1F,) -

The constants C, 6 and A satisfy the following relations:
(1) For general B-strongly-connected graph sequences {Gy},

=4 )\—(1— 1>B, 5>

nnB

(2) If every graph Gy is reqular with B = 1,

1
C=v3, A= (1—L)B, 5=1.
4n3

This theorem shows that the network of agents will collectively solve the optimization
problem in Eq. (3.5). After a transient time N (p), the belief in the hypothesis outside the
optimal hypothesis set, that maximizes the group confidence, will decay exponentially fast.
Moreover, this will happen at a rate that depends on explicitly characterized terms «¢ and
2. Additionally, after a transient time of 27i /v, for which the beliefs are bounded by 1 the
exponential decay will occur at a rate that depends on 7, only, i.e., the average difference
between the optimal confidence and the second best hypothesis. This exponential rate is
network independent and holds for all the nodes in the network.

This result generalizes previously proposed algorithms [25] when the optimal set of the
hypothesis is also optimal from the local perspective [64]. Moreover, in contrast with pre-
vious literature, the convergence rate induced by the parameter v, does not depend on the
parameter 0, that is, after a transient time, the convergence rate is as if the sequence of
graphs were regular. Without this regularization behavior, the amount an agent contributes
to the group confidence is determined by its location in the network, i.e., 4. Then in the
case of time-varying graphs, the importance of the nodes might change as well, and since we
allow for disjoint node optimal hypothesis, the concentration of the beliefs would oscillate

with the confidence as a weighted sum of local confidences are changing with the topology
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of the network.

Remark 1. If the auziliary sequence y.. is not used in the update rule, i.e.

i
Nk+1 ZZ I I /% % pa xk+1)
k+1 i
JENy,

with the corresponding normalization term Zj |, we obtain a similar result as in Theorem

19 with the exponential rate
iy (0,) < exp (—5572—1—71) , foralli=1,....n

with the same constants §, C, 2, ¥4 and N(p). However, after the same transient time
2v% /679, the exponential decay occurs at a rate that depends on 672, where § might be very
small (note that § > 1/n"P).

In this section we analyze the dynamics of the proposed learning rule in Egs. (3.18). First,

define the following quantities that simplify the analysis procedure: For all : = 1,...,n and
k>0 let
i ,Uk (0,)
@, (0, 0 log , 3.19
k(00,0,) = Mk (6) (3.19)

for any 0, ¢ ©* and 6,, € ©*. With this definition in place we can focus on analyzing the
dynamics of @% (6,,0.,).

Proposition 20. The quantity @% (0,,0,) evolves as

i —~ 1 : (xl )
Phsr (B0, 00) = > —1 (6, 60) + log ¢. (3.21)
j=1 dk pew( )

Moreover, by staking all @}, (0,,0,,) into a single vector, @, .1 (0,,0.,) can be compactly stated

as

¢k+1 (9’07 e’w) = Ak@k (6117 0 ) sz? y (322)
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where Ay 1s a stochastic matriz such that

L if (i) € B,
k

otherwise,

[Ak]ij =

0,0 Ph, (@} 41)
and [E v “’} = log 7+—5
k+1 i & pew(karl)

Proof. By the definitions provided in Eqgs. (3.19) and (3.20) we have that

9524-1 (9117 gw) = ylic-s—l‘:p;c-f-l (Qv, ew)

i ,u?wl (911)
= Ypr1 108 =
F Hriq (ew)

The first three equalities follow from Eqs. (3.18), (3.19) and (3.20). Cancellation of the term
L 41 leads to the fourth equality. The rest of the proof follows from arithmetic properties of

logarithms. ]

We can now proceed to further analyze the sequence ¢}, (6,,0,). First by adding and
subtracting the term Zle @1/ L% from Eq. (3.22) we obtain

k k k
Pt (0u, 00) = AroPg (0v,0) + Z At £ + L1 — Z P 1Ly + Z b1 Ly
=1 =1 =1

k k
= Ako(ﬁo (01], ew) —'— Z Dk:tﬁﬁvﬁw _|_ £Z¢?w + Z ¢k1/£fv,0w’
t=1

t=1

with Dk:t = Ak:t — ¢/€1/
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From now on we will ignore the first term in ¢, (6,,6,), assuming all agents use a
uniform distribution as their initial beliefs; thus ¢} (6,,6,,) = 0. This simplifies the notation
and facilitates the exposition of the results. Moreover, it does not limit the generality of our
method since this term can be upper bounded and it will depend at most linearly on the
number of agents.

Now we have that

k koo

> [ Due? ™| 4 £l + X o
i t= i ¢ t=

Pr41 (90, ew) = i .

Yit+1

Similarly the dynamics of y,, can be expressed as

Y1 = Ak0Yo
= Aroyo — &1y, + &1y,
= Dk:O]- + ¢kn7

which leads us to

k koo

> [Dk;tﬁf”ﬁw} + [ﬁiﬁw} DY I e
; 91)7 Qw =5 : Z =

ka—l-l ( ) [DkO]-L + Cb;cn

(3.23)

The next lemma will provide a general tool for analyzing the non-asymptotic properties
of a learning rule that can be expressed as a log-linear function of bounded variations and
upper bounded expectation as it was recently used in [64, 25]. It can be interpreted as a

specialized version of the McDiarmid concentration [124] for log-linear update rules.

Lemma 21. Consider a learning update rule that can be expressed as a log-linear function,

1.€.,

NZH (01)) < exp (Sﬁzﬂ (61}7 gw)) .

If the term @i () is of bounded variations with bounds {c}} at each time k and its expected

value is upper bounded by an affine function as E [902+1 (8)] < %7{ — ko, then

i k L 1 (ky2)?
P <Mk+1 (6,) = exp <—§72 + 5’71)) < exp <_21CT<CZ)2 -

t=1 t
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Proof. Following simple set properties of the probability measure on the desired set
i k L
fisr (00) = exp | =572+ - )
2 4]
we have that
; k 1, ; k 1,
P { i1 (00) 2 exp [ =57+ 371 ) ) <P exp (P (00, 00)) Z exp ( =570+ 57
) k 1 .
=P 90;:4-1 (01}7 9w> > ==+ =
2 4]
P (SOZH (0, 00) —E [902+1 (0o, 9w>] >

k 1. .
5t n—E [P (0, 9w)})

2
_p (%H (00, 0u) = E [¢h (00, 00)] > § )

Finally, use McDiarmid’s inequality to get the desired result. O]

The next lemma will show the desired properties required in Lemma 21 to get the non-
asymptotic results. First, we will show the bounds on the expected value and then the

bounded variation property.

Lemma 22. Consider ¢}, (0,,0,) as defined in Eq. (3.19), then

i L
E [‘Pkﬂ (0o, gw)} < 571 — k72
for alli and k > 0, with v and o as in Theorem 19.

Proof. First by taking the expected value of Eq. (3.23) we have that for all k£ > 0,

E[@?ﬁ- (0, O )}
S DicH (0o )+ [H (8 00+ 3 0L H (0,0,)

i Dy H (0,,0,)]; + [H (0,,0.,)];, + k¢, 1"H (6,,0.,)

The main idea is to analyze how the term E [}, (6,,0,,)] differs from a dynamic term

where all agents have the same importance in the network and thus the learning occurs at
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arate 1'H (0,,0,,) /n.
The first step will be to add and subtract the term k1'H (0,,0,,) /n; therefore, we obtain

i (D (6,0,)], + [H (6,,0,)], + k¢iVH (6,.,0,)
[Dk:l)l]i + (Men
1'H (Gv,Gw)

1'H (6,,0
—k +k (6 w).

n n

E [‘;Dk—l-l (9117 0 )]

By working out the arithmetic we have

| 0 (3 DuH 01,0+ [ 0.0, + Ko VH (0,6
ke 6o o)] = (Do), + 607)
_ (Deoll, + 64n) KVH (6,,0,) |, 1H (6,,6,)
n ([Diol]; + ¢jn) n

0 (£ D0 H 000) + 1 6,6.),)

0 ((Droll, T 0)
_ ([Dktol]i) k1'H (91), ew) k,llH (61}7 ew)
n (Dioll, + o) n

Before finalizing the proof note that the denominator of the above function has the prop-
erty [Dgol]; + ¢4n > 4. This follows from the fact that this term is the sum of the i-th row
of the matrix Ay multiplied n times [72]. Therefore by taking absolute value of the first

terms we obtain

k
1
E [ (0,.0,)] < & (Z | [Dacl | ) L () 1+ L wv,ewm)
t=1
k 1'H (0,,6,
4 B 00,00) Iy (max [y ) 1T )
né J J n
Using Lemma 2 we obtain upper bounds on | [Dy.],; | where
. 1 b
E [0 (0,.60,)] < & (02 NH (0,0, |+ (H (0, ewn,)
t=1
C 1'H (6,6,
FESNH 0,0, | + k2T Gnfe)
20 1 1 1'H (6., 0.
<20 (8,0 1+ L (0,06, + k2T le)

80



The desired result follows by definition of the group confidence; thus,
1H (0,,60,) =C" —C(6,). O

Finally, note that the term ¢! (6,,0.,,), as a function of a sequence of k random vectors, is

of bounded variations, i.e.

i S 2 1
max oy (6, 0) —mitt iy (6, 0) < 5 (log E) :

We have now successfully developed the auxiliary results for the proof of Theorem 19.

Proof. (Theorem 19)

The proof procedure will be a compilation of previous lemmas. As a first step, we will
show that the proposed learning rule can be expressed as a log-linear function.

Since pi (0) € (0,1] for alli =1,...,n, k>0 and all § € ©, we have that

i /"L;'f—‘rl ( v)
1% (gv) < i
i My (9w
vl
n Al ; ; yi+1
<H1 i, (0,) ¥ pl (2 )
j=
vl
n ALl ; ; y}c+1
(Hl ’LLJ (Qw)[ k]”ykp w<Ik+1 )
j=
n ; [Arlijvn g
B ) 0N R S0
e 17, (6) Pp,, (Ths1)
1 n ) 7 .ﬁli'i
= exp | — (Al 2L (00, Ou) + log L)
ykJrl j=1 pgw (mk+1)

This result alongside Lemma 22 provides the conditions for Lemma 21; thus, the following

relation is valid:

Z. koo 1 (k)
(ct)

t=1
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Specifically, we have that ¢! = glog é Therefore,

i i k %(k72)2
P 50k+1 (91)7 ew) —-E [Spk-i-l (9117 ew)] 2 5'72 S €xXp | — k41 21 1 2
t=1 (5 Oga)

(k7252)2

o <_8(k +1) (log %)2>
(k — 1)730°
= exp (_ 8(loga)2 ) '

Finally, for a given confidence level p, in order to have

. 1 .
P (u2 (0,) > exp (—51672 + %)) <p,
we require that

2 1
_, 8(log(a))log ;
N 0%7;

This completes the proof. O

3.5 Acceleration of Distributed Learning over Fixed Undirected
Graphs

For static undirected graphs, we propose a new belief update rule with one-step memory as

follows: For each 6 in ©

(3.24)

where ZQ . is the corresponding normalization factor given by

j 1+0)A;; 4 i i
i (0,) N p ()P

e

NE
I

~ -
Zk+1 -

i
—
—=
=
>~
L
—~
>
<
S~—
3
D,
N
—~~
8
<
N—
x>
|
-
——
Q
=
<.

<.
Il
—
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where A is a specifically chosen matrix (called the lazy Metropolis matriz) and o a constant
to be set later. We initialize yu’,(6) to be equal to uj(#) for all i = 1,...,n and 6 € ©.
We will show that this update rule generates a sequence of beliefs that concentrate at a
rate a factor of n faster than the previous results. Note that the update rule described in
Eq. (3.24) requires the communication of the product of the beliefs and likelihood functions
and an additional memory since the beliefs at time k + 1 depend on the beliefs a time k£ and
at time k — 1.

Our next result shows the belief concentration rate for the update rule described in
Eq. (3.24).

Theorem 23. Let Assumptions 3 and 4 hold and let p € (0,1). Furthermore let U > n and
let o0 =1—2/(9U +1). Then, the update rule of Eq. (3.24) with this o, uniform initial beliefs
with the condition p' (0) = pi(0) and B, fired to zero, has the following property: There
is an integer N (p) such that, with probability 1 — p, for all k > N(p) and for all 6, ¢ OF,
it holds that

. (0,) < exp (—5’}/2 +%> foralli=1,... n,

where

1 1
N(p) £ {?48 (log a)zlog (;)W ,
2
i A 410gn1 1
= 0og —
’71 1 . )\ g Oé,
1 ) .
Yo 2 - 9%13* (Cq — Cq(ev)) ,

with o from Assumption 4(b) and A =1 — 5.

Note that the beliefs for k = —1 and k = 0 are defined as equal. Additionally, we assume
there is no observation available for time 0; this holds if we assume 8, = 0 with any
realization of S.

The bound of Theorem 3 is an improvement by a factor of n compared to the bounds of
Theorem 17. In a network of n agents where «, p and 7, are treated like constants with
respect to the number of agents, we require at least O(nlogn) iterations for the beliefs on
the incorrect hypotheses to be below certain small value epsilon (assuming U is within a
constant factor of n). Following the results of [45], the best bound one could get using a
Metropolis weights is O(n?*logn), as in Theorem 17 if B = 1.

We note, however, that the requirements of Theorem 23 are more stringent than those

of Theorem 17. The network topology is fixed (i.e., a static graph) and all nodes need to
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know an upper bound U on the total number of agents. This upper bound must be within
a constant factor of the number of agents.
Next, we define some quantities that we use in the analysis of Eq. (3.24). Define the

matrix B and a scalar o as follows:

1+0)A —cA
po |Ltod —edl (3.25)
I, 0
and
2
-1— 3.26
o 9U +1° ( )

where [, is the identity matrix and 0 is the matrix with all entries equal to zero of the
appropriate size and A is as defined in Assumption 3.

We have the following auxiliary result for the matrix B.

Lemma 24. Consider the matriz B and the parameter o as defined in Eqs. (3.25) and (3.26)

respectively. Then
1
([I, O]B*[I, L)]; — —| < V2XF YV k>2,
n

_ 1
where)\fl—ﬁ.

Proof. The linear time consensus algorithm described in Eq. (1.2) can be expressed as

Yer1 = Az,

Tit1 = Y + 0 (Yrsr — Yi) »

which implies that y,; = A (y;, + 0 (Y, — Y,_1)) with y{ = 2. Therefore

[ Yi+1 ] _ Y1 ]
Yy Yo

where we assumed that y, = y,. Thus,

(14+0)A —cA
I, 0

Y
Y1

= Bk

Y41 = [In O]Bk[fn In]/yl‘
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By substituting the previous relation into Eq. (1.3) and using x; = y,, we obtain

1 (2
] O]Bk[[ 1] < Z%) Lo|f5 < (1_@) ly, — Zyllnum
which implies that
max

1~
(1, O1B*(1, L)'yy)i — n Zyl
i=1

k
1
S\/i( 1_@) lyy — Z?h nll2-

The preceding relation holds for any y,. In particular, if we take y, = e;, where e; is a

vector whose j-th entry is equal to one and zero otherwise, we conclude that for every ¢ and
j?

1 \*
<er—Eﬁ>.

This follows from the inequality /1T — 5 < 1 — /2 for all 3 € (0,1) and the fact that
lej — 31a < L. O

\an 0B (L, 1,1, -

Now, we are ready to prove Theorem 23.

Proof. (Theorem 23) The proof is along the lines of the proof for Theorem 17. From the

definition of ¢} _(6,,60,) we have

M2+1<0 )
Mk+1(6 )
I15-: l‘i (ev)(lw)zijpéu (,Xlie+1)5]i“
Ty (1, (6 >pgv(xj>ﬂifl>”“
| A

H?:lmi_l(ew)pew()ck)ﬁk 1)74ij

-y ACOIER < U S S1CD)
_Z( —|—U)A1Jlog 10 Za ij log —; 0

902+1(9v79w) = log

= log

(1+U)Azgpz (X? +1) [A

j=1 ”LU) /’Lk’—l w)
) a s, (X})
+ Bi log oAyl ;
7 i ,m) Z -1 pgw<X,z>
= Z (1 -+ U) Azﬂﬂi;(@v’ 0w> - Z O-Aijgp‘li—l(ew ew)
j=1 J=1
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+ 1L = > o AglL ;.

j=1

Stacking the previous relation for all ¢ we obtain the following vector representation for the

dynamics:
Prr1(0v, 00) = (14 0) Ay (00, 0) — 0 Apy_1 (00, 0u) + EZZL?” - Uleﬁivﬂw' (3.27)
Now, define the following auxiliary vector
Zk+1 (eva ew) = on(eva 9w) + L%i?wv

where z(0,,60,) = 0, since ¢_,(0,,0,) = 0 by the assumption of uniform initial beliefs, and
L5% =0 due to f_; = 0, in which case we can set S} to any value in S'.

By writing the evolution for the augmented state [, (0y, 0w) Zkt1(0y, 0w)] we have

e (00:00) | _ | el00u) | | LY
Zs1(0,,0,) 2(0,,0,) £y
which implies that for all k£ > 1,
0v,0w 0v,0w
(Pk;+1(9'v7 911)) _ Bk+1 () ”U? w + Z Bk+1 —t Lt ﬁk‘-i—l
zk—l—l(emew) ZO(Q’IH w £?U70w Eiqjﬁw

Then we have
k
@ (00, 00) = [I, O1BF[L, 1,]'po(0,,0,) + >[I, O|B*'[I, L] LI
t=1

where the assumption of uniform initial beliefs sets the first term of the above relation to
Z€ero.

The remainder of the proof follows the structure of the proof of Theorem 17, where we
invoke Lemma 24 instead of Lemma 2. First, we will find a bound for the expected value of

pi(0,,0,) and later we will show this is of bounded variations. In this case, we have
k

E[4L(0,,0,) ZZ [[I, O)B*[I,, L,))i; H’ (6, 6.).

t=1 j=1
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k n
By adding and subtracting Y~ >~ L H7(6,,6,,) we obtain

k n

E[©i (0, 0.) ———ZH (0, 0,) +ZZ(—— [[I,, 0| B**[1, I,]; )Hj(QU,Qw).

t=1 j=1

Similarly, as in the proof of Theorem 17, we bound the term in parentheses using the
non-asymptotic bounds from Lemma 24 in conjunction with Lemma 4. By doing so, it can
be seen that

4logn 1 k<~ .
log — — — E H’ :

E[902<9v79w)] <

Now, we will show that % (6,,6,), as a function of the random variables consisting in Stj
for 1 <t <ktol <j<n, has bounded variations and we will compute the bound. First,

we fix all other input random variables but [Ef”’gw} ; and we have
max g} (0, 6,,) — min ¢ (6, 6,,) = max|[I, 0]B* (L, LJ];;[£7"],
St ESJ Sg st St ESJ

- mln[[l 0| B* (I, I,)']i;[£8""");

s]€87

1
< [[L, 01B*'[I,, 1,,]'];;2log —.
(07

Thus, the summation of the squared bounds in McDiarmid’s inequality is

k n

> ([[In 0)B* (1., 1,));;2log é)Q

t=1 j=1
Now, by adding and subtracting the term 1/n we have that

iZ( I, 0|B*[I, 1]]1]210%)2 (log ) Zi [1,, 0] B[, I,)];; — 1/n)”

t=1 j=1 t=1 j=1
k n

+8 (log é) ; 2 (1/n)?,

where we have used z* < 2((z — y)? + ¢?).
We can bound the first term in the preceding relation using Eq. (3.27) with y, = e, since
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Eq. (3.27) holds for any choice of y,. Specifically, we obtain that for all j =1,...,n

an(nln OB (L, L)),y — 1/n)> <2 (1— — o
QU

i=1

Additionally, note that [I,, 0|B*[I, I,]' is a symmetric matrix since it is a polynomial of
A which is symmetric itself. This in turn implies that [I,, 0]B*~*[I,, I,,]’ is also symmetric.
Therefore, it holds that for all : =1,...,n

> ([ OB {1, L))y — 1/n)" <2 (1 - @) '
j=1
Finally, we have

n

Xk:Z ([[In 0]B¥~[I,, 1,)';;21log é)g <3 (log é)Q (% N S)

t=1 j=1

< 24 (log o)’ k.

Now, by the McDiarmid inequality and getting the values of k such that the desired

probabilistic tolerance level p is achieved, we obtain

i Z, EY o 20kn)"
P <¢k(ev,9w) — E[), (00, 0)] > 572) = eXp ( 24 (log )’ k)

(~sttsar)
=exp| ——= |-
48 (log )

Therefore, for a given confidence level p, in order to have

. 1 .
P (MWU) > exp (—51% + %)) <p,

we require that

1 1
k> —48 (log o)’ log ~.
72 P

]

Figure 3.4 presents simulation results that show how the convergence time depends on the

number of agents in the network. Figure 3.4 shows the time required for a group of agents
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to have a set of beliefs at a distance of € = 0.01 from the singleton distribution around the
optimal hypothesis. For example, on a path graph, as the path grows longer, the number
of iterations required to meet the desired € accuracy grows rapidly. This is due to the low
connectivity of the network. The time required for consensus is smaller for the circle and

the grid graphs due to their better connectivity properties.

—_
o
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10° . . 10°

0t ¢ = 10%

10%}
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\
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(a) Path Graph (b) Circle Graph (c¢) Grid Graph

10!

Figure 3.4: Empirical mean over 50 Monte Carlo runs of the number of iterations required
for 1 (0) < € for all agents on 6 ¢ ©*. All agents but one have all their hypotheses to be
observationally equivalent. Dotted line for the algorithm proposed in [1], dashed line for the
procedure described in Eq. (3.9) and solid line for the procedure described in Eq. (3.24).

3.6 Generalized Non-Bayesian Learning Protocols

In this section, we discuss a general class of distributed non-Bayesian algorithms. First,
we will motivate the choice of the update rules described in Eq. (3.9) and Eq. (3.24). For
simplicity of exposition, we will assume that the agents always obtain observations (i.e.
Bi =11in Egs. (3.9) and (3.24) for all i and k). Then, we will provide a comparison between
our algorithms and previously proposed algorithms within the generalized distributed non-
Bayesian framework.

Opinion pooling or opinion aggregation has been studied before in [8, 11, 9, 10]. It is
considered a traditional problem in economics, where several experts have beliefs about
a hypothesis and one needs to aggregate their beliefs into a single probability distribu-

tion. Different opinion aggregation functions result from using different divergence metrics
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for probability distributions (see [171]). Similarly, different opinion pool operators define
different non-Bayesian distributed learning rules. A general form of opinion pooling was

introduced in [11], termed g¢-Quasi-Linear Opinion pools (g-QLOP), defined as follows:

| g (2= [Arlia(1i(0))
TgA’“ (oo (0),...) = < ’ > ,

S (0 [Adug i (0.)))

with 7' : T]_, P(©) — P(©). The g-QLOP corresponds to weighted arithmetic averages
when ¢(z) = z and to weighted geometric averages when g(z) = log z.

The update rules studied in this chapter can be seen as a two-step procedure. First, the
beliefs of the neighbors are combined according to an opinion aggregation function. Second,
the resulting aggregate distribution is updated using Bayes’ rule. The proposed update rule,

see Eq. (3.9), uses the logarithmic opinion pool, where

Il i (6) 4
= m n 1 Aglii’
Dot Hj:l A (‘97")[ el

nggx ( .. ,ui(@), .. )

thus

; B Tlégx (...,,uk(e),...) pé(x2+1)
o1 (0) = = Ar 7 —
Er:1 Tlog:v ( c 7Iuk(‘97")7 < ) pGT (xk:—&-l)

Logarithmic pools are externally Bayesian [8, 172], i.e., the order of aggregation of beliefs
and new evidence does not influence the update rule. That is, from a learning point of view,
if the function is externally Bayesian, we can interchange the innovation and diffusion steps.
The order in which we aggregate opinions and make the Bayesian update does not change
the update rule. The next proposition shows that the update rule in Eq. (3.9) is externally

Bayesian.

Proposition 25. Assume that 8, = 1 for all i and k in the update rule Eq. (3.9). Then,

this rule is externally Bayesian, i.e. Eq. (3.9) is equivalent to:

; . TAQIAC)
:Uk+1(0) :Tlég:p (7 : T R B

Z;n:l /Li (er)pér (mi—&-l),

Proof. The proof of this proposition can be found in [25]. ]
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Consider now a linear opinion pool, where

n

T (e (0), ) = D [Adligu (6).
j=1
If the opinion aggregation is done first, as studied in [56], then the resulting update rule is
_ > (ki (0)p (41
D omet 2o [Arligin (0r)pp, (27 1)

N2+1(9)

On the other hand, if the Bayesian update is done first, then the resulting update rule is

s (0) = 3 Ay O )

=1 > Ni;(er)pé,- (75?@+1> .

(3.28)

The linear pool-based update rule is similar to the update rule proposed in [1]. The

authors in [1] proposed the following rule:

A(“_ 1 (0) (. 11) )

fia (0) = 7 kL ML
! Zr:l /ﬁc (0.) per<$k+1)

where opinion aggregation with linear functions is performed locally with priors from the
neighbors. The main difference is that in Eq. (3.28), a convex combination of the posteriors
received from the neighbor set is used to generate the new individual posterior, while in [1]
the update rule is a convex combination of the individual posterior and the neighbors’ priors.

In [43], the authors considered the case where the randomized gossip algorithm defines
the communication structure. The update protocol is based on a distributed version of
the Nesterov’s dual averaging with stochastic gradients corresponding to the log-likelihood
models given a set of observations. In this case, the agents exchange the likelihoods of
the current observations instead of the beliefs. Thus, the consensus step is performed as a

geometric aggregation of the likelihoods, and the resulting update rule can be described as

) L)V R () -
MZH(Q) _ mluk<~ )Tlongsk p§<$;;+1)j ) ’ <3.29>
ZT:I M% (07“) Tlogx ( t 7p9T(xk+1)7 < )

where Wj, is the communication matrix coming from the gossip protocol.
The idea of communicating aggregated versions of likelihoods instead of beliefs was previ-
ously studied in the context of distributed estimation in sensor networks [53]. Approaching

the problem from the point of view of the belief propagation algorithm resulted in an up-
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date rule in the form of Eq. (3.29). In [53], the authors showed convergence results for
primitive, rings, tree, random graphs and other extensions to the original belief propagation
algorithm. Similarly, in [46], the authors propose an update rule where every agent performs

local Bayesian updates before aggregating their beliefs using geometric averages, i.e.

A ( TAQLAG ) |

M;H—l(e):Tlow ] m i i i PRI
¢ > e g, (07) Py, (2744

Convergence results for fixed communications matrices are provided, as well as asymp-
totic characterizations of the rates of convergence. Later in [46], the authors extended the
characterization of the rate of convergence to large deviation theory, providing a statement

about the existence of a random time after which the beliefs will decrease exponentially.

3.7 Numerical Example: Distributed Source Localization

As a motivating example, consider the problem of distributed source localization [17, 173].
In this scenario, a network of n agents receives noisy measurements of the distance to a
source. The sensing capabilities of each sensor might be limited to a certain region. The
group objective is to identify the location of the source jointly. Figure 3.5 shows a group
of 7 agents (circles) seeking to localize a source (star). There is an underlying graph that
indicates which nodes can exchange messages. Moreover, each node has a sensing region
indicated by the dashed circle around it. Each agent observes signals proportional to the
distance to the target. Since a target cannot be localized effectively from a single measure
of the distance, agents must cooperate to have any hope of achieving decent localization.

In this section, we apply the proposed algorithms to the problem of distributed source
localization based on differential signal amplitudes [17, 173, 174, 175, 176]. We compare
the performance of our methods, Eq. (3.9) and Eq. (3.24), with the algorithms proposed
in [56, 1]. For simulation purposes, we will assume the graphs are fixed, and there exists a
single §* such that P* = Pj. for all 4, in which case our update rule simplifies to the learning
algorithm proposed in [45].

Each agent constructs a grid of hypotheses about the possible location of the source. Figure
3.6(a) shows a 10 by 10 area partitioned in a 3 by 3 grid, which results in 9 hypotheses.
Moreover, there are three agents (represented by circles), at different locations. The graph
structure shows that agent 1 communicates with agent 2, and similarly, agent 3 communicates
with 2. The star represents the target.

Each agent constructs likelihood functions for its hypotheses based on its sensor model.
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Figure 3.5: Distributed source localization example.

The observations follow a truncated normal distribution with the mean proportional to the
distance between the agent and the grid point of the corresponding hypothesis. For example,
assume an agent 7 is in a position z’ and the target is located at x,. The received signals are
Xi = ||zs — x%|| + ¢W{, where ¢ is some positive constant and W} is a truncated zero-mean
Gaussian noise. Now, consider that a hypothesis 6 is at a point xy. The corresponding
likelihood model under hypothesis 6 assumes observations are X} |0 = ||z — z4|| + cW}.

Figure 3.6(b) shows the likelihood functions for 05 and 63 of agent 2, clearly hypothesis 63
is closer to the true distribution of the observations P?. Note that there is not a “true state
of the world” in the sense that P? is not equal to any of the hypotheses in the grid.

The information each agent obtains is enough just to estimate the distance to the source,
but not its complete coordinates. For instance, a single sensor can only locate the source
within a circular band around it, see Fig. 3.7.

Figure 3.8(a) shows another group of 20 agents now interacting according to an appropriate
network structure, see Assumptions 1 and 3. A finer grid partition has been used, where
each coordinate has 100 points, resulting in 10000 hypotheses in total. Figure 3.8(b) shows
the belief on the hypothesis 8*, defined to be the grid point closest to the location of the
target.

Figure 3.9 repeats the simulations presented in Figure 3.8 but including 10 agents with
all their hypotheses observationally equivalent (i.e. no measurements available), and 3 con-
flicting agents whose observations have been modified (corrupted) such that the optimal
hypothesis is the (0,0) point in the grid.

Figure 3.9(b) shows the protocols presented in Egs. (3.9) and (3.24) concentrate the beliefs
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Figure 3.6: Source localization on a grid with 3 agents and 9 hypotheses. (a) A group of 3
agents in a grid of 3 x 3 hypotheses. Each hypothesis corresponds to a possible location of
the source. For example, hypothesis 65 locates the source at the (—10,0) point in the plane.
(b) The likelihood functions for 65 and 65 and distribution of observations P? for agent 2.

onto the optimal hypothesis. The performance of the algorithms in [1] and [56] deteriorates
if conflicting agents are present. This is evident from the lack of concentration of the beliefs

around the true hypotheses.

3.8 Conclusions

We proposed two distributed cooperative learning algorithms for the problem of collabora-
tive inference. The first algorithm focuses on general time-varying undirected graphs, and
the second algorithm is specialized for fixed graphs. In both cases, we show that the be-
liefs converge to the hypothesis set that best describes the observations in the network. We
require reasonable connectivity assumptions on the communication network over which the
agents exchange information. Our results prove convergence rates that are non-asymptotic,
geometric, and explicit. The bounds depend explicitly on the graph sequence properties, as
well as the agent learning capabilities. Moreover, we do so in a new general setting where
there might not be a true state of the world which is perfectly described by a single hypoth-
esis, i.e., misspecified models. Additionally, we analyze networks where agents might have
conflicting hypotheses, i.e., the hypothesis with the highest confidence changes if different

subsets of agents are taken into account. The algorithm for fixed undirected graphs achieves
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Figure 3.7: Belief distribution of one agent over the hypotheses grid. Darker shades of gray
indicate higher beliefs on the corresponding hypothesis.

a factor of n improvement in the convergence rate with respect to the number of agents in
comparison with that of the existing algorithms.

We proposed a new update rule for the problem of distributed non-Bayesian learning
on time-varying directed graphs with conflicting hypotheses. We show that the beliefs of
all agents concentrate around an optimal set of hypotheses explicitly characterized as the
solution to an optimization problem. This optimization problem consists on finding a prob-
ability distribution (from a parametrized family of distributions) closest to the unknown
distribution of the observations, and it needs to be solved by the agents interacting over
a sequence of network and using the local information only. The proposed algorithm also
guarantees that after a finite time, that depends on the network structure, all agents will
learn at a network-independent rate that is the average of the agents’ individual learning
abilities. We refer to this as a “balanced” behavior since all agents are weighted equally
even if its connectivity is different. This result guarantees certain robustness properties of
the learning process since faulty sensors or adversarial agents will not have any advantage

even if they are centrally located.
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Figure 3.9: Network of normal, faulty and no-sensor agents and belief of one agent on the
optimal hypothesis. (a) A network of heterogeneous agents. A indicates agents whose
observations have been modified such that the optimal hypothesis is the (0,0) point in the
grid. O indicates agents for whom all hypotheses are observationally equivalent (i.e. no
data is measured). o indicates regular agents with correct observation models and
informative hypothesis. (b) Belief evolution on the optimal hypothesis 6* for different
belief update protocols.
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CHAPTER 4

DISTRIBUTED LEARNING FOR COOPERATIVE
INFERENCE

In this chapter, we build upon the work in [151] on non-asymptotic behaviors of Bayesian
estimators to derive new non-asymptotic concentration results for distributed learning al-
gorithms. In contrast to Chapter 4, which assumes a finite hypothesis set, in this chapter
we extend the framework to compact sets of hypotheses. Our results show that in gen-
eral, the network structure will induce a transient time after which all agents learn at a

network-independent rate, and this rate is geometric.

4.1 Revisit Concentration for a Finite Number of Hypotheses

We now turn to proving a concentration result when the set © of hypotheses is finite. We will
show the exponential convergence of beliefs on a Hellinger ball around the true hypothesis
0*. The purpose is to introduce the techniques gently. We will use the techniques later in
the case of a compact set of hypotheses.

Naturally, we need some assumptions on the matrix A. For one thing, the matrix A has
to be “compatible” with the underlying graph, in that information from node ¢ should not
affect node j if there is no edge from i to j in G. At the other extreme, we want to rule
out the possibility that A is the identity matrix, which in terms of Eq. (3.7) means nodes
do not talk to their neighbors. Formally, we let Assumption 2 hold, which is stronger than
Assumption 1 but will be sufficient to illustrate the behavior of the proposed algorithm.

We equip the set of all probability distributions &2 over the parameter set with the
Hellinger distance to obtain the metric space (&, h). The metric space induces a topol-
ogy, where we can define an open ball 5,.(f) with a radius r > 0 centered at a point 0 € O,

which we use to construct a special covering of subsets B C &.

Definition 16. Define an n-Hellinger ball of radius r centered at 0 as

B.()={6eco %ilﬂ (p;,p;) <r
=1
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Additionally, when no center is specified, it should be assumed that it refers to 0%, i.e. B, =

B, (6%).

Given an n-Hellinger ball of radius r, we will use the following notation for a covering of
its complement B¢. Specifically, we are going to express B¢ as the union of finite disjoint
and concentric annuli. Let » > 0 and {r;} be a finite strictly decreasing sequence such that

r1 = 1 and r;, = r and express the set B¢ as the union of annuli generated by the sequence

{r} as

where F; = B, \ B
When the number of hypotheses is finite, the density update in Eq. (3.7) can be written

Ti41°

in a simpler form for discrete beliefs over the parameter space © as

n

Hi1(0) o< pp() 1y H ). (4.1)

Jj=1

We will fix the radius r, and our goal will be to prove a concentration result for a Hellinger
ball of radius r around the optimal hypothesis 6*. We start by partitioning the complement
of this ball, i.e., BE, as described above into the annuli ;. We introduce the notation N,
to denote the number of hypotheses within the annulus F;. We refer the reader to Fig. 4.1
which shows a set of probability distributions, represented as black dots, where the true
distribution P is represented by a star.

Given that the number of hypotheses is finite, there exists an a > 0 such that p(P; , P;) > a
for any 61,0, € © and i = 1,...,n, where the separation between hypotheses is defined in

terms of the Hellinger affinity between two distributions () and P, given by

p(Q.P) =1 n(Q,P).

We are now ready to state our first result as a lemma that bounds concentration of

aggregated log-likelihood ratios.

Lemma 26. Let Assumption 2 hold. Given a set of independent random variables {X,}
such that X} ~ P" fori=1,....n andt = 1,...k, a set of distributions {Q'} where P!
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Figure 4.1: Creating a covering for a ball B,. % represents the correct hypothesis Py:, ®
indicates the location of other hypotheses and the dash lines indicate the boundary of the

balls B,,.

dominates Q°, then for all y € R,

k n ; n
_ aq’ , . y 4logn 1 o
P Ak’ 1) - 7Y > < _Z L. 2(NJ DI .
[;1:5 ,[ ]l]lOgdP]<Xt)_y] _eXP( 2+ 1—»5 kn;:lh(Q’P))

=1 j=1

Proof. By the Markov inequality and Jensen’s inequality we have

< exp (__> B ﬁﬁ \/(Zg )[Ak s |

P [Z > [A¥ ;5 log %(th) >

t=1 j=1 t=1 j=1
y kEk n dQJ ‘ [Akit]m
< exp (—5) HHE (mo@))]
k n
- () [T P2

where the last inequality follows from the definition of the Hellinger affinity function p(@, P).
Moreover, it follows from p(Q’, P7) = 1 — h*(Q’, P?) and 1 — x < exp(—x) for x € [0, 1]
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that

k n k n
[TIo(@. P < exp ( DD AT, Pﬂ))

t=1j=1 t=1 j=1

Now, by adding and subtracting 5, 220 (@7, P7) we have

P [Z > [A¥);;log %(th) > y]

t=1 j=1

< exp (—% SE S () @ e - Y e Pﬂ‘))

t=1 j=1

y  4logn k=g, i
< —Z -=) i Py | .
_exp< 2+1_5 nj1h<Q’P)

Finally, the last line above follows from Lemma 4 applied on the second term inside the

exponential. O

We are now ready to state our first main result, which bounds concentration of Eq. (4.1)
around the optimal hypothesis for a finite hypothesis set ©. The following theorem shows
that the beliefs of all agents will concentrate around the Hellinger ball B, at an exponential

rate.

Theorem 27. Let Assumption 2 hold, and let o € (0,1) be a desired probability tolerance.
Then, the belief sequences {ui}, i € V that are generated by the update rule in Eq. (4.1),
with initial beliefs such that pul(0*) > € for all i, have the following property: For any radius
r > 0 with probability 1 — o,

L 1

fh (B)>1— = ZNn exp (—kr?,;) for alli and all k > N,

where

Nzinf{lel

Alogn =
exp ( T3 ) ;N}l exp (—trl2+1) < 0} ,
and 0 as defined in Lemma 4.

Proof. We are going to focus on bounding the beliefs of a measurable set B, such that
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0* € B. For such a set, it follows from Eq. (4.1) that

k geB j=1 t=1 j=1
n Ak] B n i [Ak't] -1
15 (0) > ij (pg(Xf) ij
_ |, GGZBC ]1;[1 1 (6%) tl;ll };Il P (X))
n ig [Ak]l k n i (xi [Ak't]i,
SOOI (A2 VIO (250)
feb j=1 \Ho(0") i=1 j=1 \P/(X7)
no [ Ay ke \ A
>1_ Z H MQ(Q) HH p@(Xt‘)
B fcBe j=1 Mé(e*) t=1 j=1 p](Xt]>
where Z; is the appropriate normalization constant.
Moreover, from the assumption that u(6*) > € for all i = 1,...,n, it follows that

Xj [Ak»t]ij
1l Z HH ( X; > . (4.2)

€ beBe 1— 1j=1

The relation in Eq. (4.2) describes the iterative averaging of products of density functions,
for which we can use Lemma 26 with () = Py and P = FPy«. Then,

k n j j
_ py(X7) y 410gn
P [sup E E [AF t]l-jlogpg XZJ > ] < exp (—— E h?(P], P7)
0eBe

B 21 =1

—~

and by setting y = —% >y h2(P], P7) we obtain

j=1

< 4logn - 2(pi pi

oo (180) 3~ e (5 > we(
9eBe j=1

Now, we let the set B be the Hellinger ball of a radius r centered at 6* and define a cover
(as described above) to exploit the representation of B¢ as the union of concentric Hellinger

annuli, for which we have

11 2 2 Ak t lo pG(Xg> > _E En h?(Pj P])
p z] g (Xt]) - n 9
j=1 7=1

geBe
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We are interested in finding a value of k large enough such that the above probability is
below o. Thus, define the value of N as

Nzinf{lel

exp (410gn) ZM; eXP trl+1) } :

It follows that for all £ > N with probability 1 — o, for all 6 € B¢

n

k 1 i n
)(J) k . .
[AF];: 10 o< 2N TR2(P. P,

t=1 j=1

Thus, from Eq. (4.2) with probability 1 — ¢ we have

>1——Zexp (——th Pg,PJ>

0eBs

—1——ZZexp (——th Pg,PJ>
I=1 b7,
=

>1—- ZMl exp (—kri,,) -

O

Note that in general the belief concentration rate described in Theorem 27 depends on
the geometry of the hypotheses set and how are they distributed on the parameter space.
Corollary 28 describes the scenario where the sequence {r;} is such that L = 2, so r; = 1

and ry = 1.

Corollary 28. Let Assumption 2 hold, and let o € (0,1) be a desired probability tolerance.
Then, the belief sequences {ui}, i € V that are generated by the update rule in Eq. (4.1),
with initial beliefs such that pl(6*) > € for all i, have the following property: For any radius
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r > 0 with probability 1 — o,

, 2 N 4logn 5
7 > _ T o
L1 (Br) >1 6(10gg+1_6 k:r),

where N is the number of hypotheses outside B, and § as defined in Lemma /.

4.2 Concentration for Compact Hypotheses Sets

Next, we consider the case when the hypothesis set © is a compact subset of R?. We will
now additionally require the map from © to [[;_, P, be continuous (where the topology on
the space of distributions comes from the Hellinger metric). This will be useful in defining

coverings, which will be made clear shortly.

Definition 17. Let (M,d) be a metric space. A subset S C M is called e-separated with
e>0ifd(x,y) > ¢ for any x,y € S. Moreover, for a set B C M, let Ng(e) be the smallest
number of Hellinger balls with centers in S of radius € needed to cover the set B, i.e., such
that B C |J,,cq B: (m).

As before, given a decreasing sequence 1 = ry > ro > -+ > rp = r, we will define the
annulus F; to be F; = B, \Bml. Furthermore, S;, will denote mazimal €;-separated subset
of F. Finally, K; =|S;,|.

We note that, as a consequence of our assumption that the map from © to [[_, Pi
is continuous, we have that each K is finite (since the image of a compact set under a

continuous map is compact). Thus, we have the following covering of B¢:

L-1

Bi=J U Fum

I=1 meSe,

where each F,, is the intersection of a ball centered at an element in S, with F;. Figure 4.2
shows the elements of a covering for a set B¢. The cluster of circles at the top right corner
represents the balls B., and, for a specific case in the left of the image, we illustrate the set
Flm.

)

Example 2. We continue our previous Example 1. Suppose we are interested in analyzing
the concentration of the beliefs around the true parameter 0* on a FEuclidean ball of radius
0.05; that is, we want to see the total mass on the set [0.45,0.55]. This in turn represents
a Hellinger ball of radius r = 0.001254. For this choice of r, we propose a covering where
ri=1,r=1/2,rs=1/4, ..., ri0=1/512, r; = r.
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Figure 4.2: Creating a covering for a set B,.. % represents the correct hypothesis Py-.

Figure 4.3 shows the Hellinger distance between the hypotheses pg and the optimal one pg-«.
Specifically, the x-axis is the value of 0, and the y-axis shows the Hellinger distance between
the distributions. Figure 4.3 also shows the covering we defined before, as horizontal lines
for each value of the sequence r;, which in turn defines the annulus F;. The Hellinger ball
of radius r is also shown, with the corresponding subset of © where we want to analyze the
belief concentration.

In this example, the parameter has dimension 1. The number of balls needed to cover each
annulus can be seen to be 2, i.e., we only need 2 balls of radius r;/2 to cover the annulus JF;.
Thus, K; =2 for 1 <1< L-—1.

Without loss of generality, we will make the following technical assumption that will be

technically convenient for the analysis of the concentration of beliefs on compact sets.
Assumption 5. For everyi=1,...,n and all 0, it holds that pj)(z) < 1 almost everywhere.

Let us give an example before explaining the reasoning behind this assertion. Let us
assume there is just one agent, and say X ~ P is Gaussian with mean 6* = 5 and variance
0.01. Our model is Py = N (0,0.01) for § € © = [0,10]. Because the variance is small, the

density values are larger than 1. Instead let us multiply all our observations by 10. We will
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Figure 4.3: Hellinger distance of the density py to the optimal density pg-.

then have that our observations come from 10X, which indeed has density upper bounded
by one. In turn our model now should be Qy = N (100, 1) or, alternatively, Qo = N(6,1) for
0 € © =0,100].

We note that this modification does not come without cost. As in the case of countable
hypotheses, our convergence rates will depend on «, defined to be a positive number such
that p(Py, Pp2) > « for any 0! and 6%. The process we have sketched out proportionally
decreases the parameter «.

In the general case, if each agent observes X/ ~ P7, then there exists a large enough
constant M > 1 such that M Xf ~ ()7 where the density of @’ is at most 1. We can then
have agents multiply their measurements by M and redefine the densities to account for this
scaling.

We next provide a concentration result for the logarithmic likelihood of a ratio of densities,
which will serve the same technical function as Lemma 26 in the countable hypothesis case.
We begin by defining two measures. For a hypothesis 6 and a measurable set B C O, let P%k
be the probability distribution with density (i.e., Radon-Nikodym derivative with respect to

105



/\®nk)’

kK n
gp(x") = 1Yo (6 (4.3)
B t=1 j=1
Similarly, let ng be the measure with density
kK n
gp(z") A g (6). (4.4)
B t=1 j=1

Note that P%k’s are not probability distributions due to the exponential weights. Nonethe-
less, they are bounded and positive. The next lemma shows the concentration of the loga-
rithmic ratio of two weighted densities, as defined in Eq. (4.4), for two different sets By and
Bs, in terms of the probability distribution P%]f.

Lemma 29. Let Assumptions 2 and 5 hold. Consider two measurable sets By, By C ©, both
with positive measures, and assume that By C B,1(0") and By C B,2(6?) where B,1(0) and
B,2(0%) are disjoint. Then, for ally € R

Pp {log
9B, (Xk

2

41
< exp(—y/2) exp (log (a) : O_g:;) exp | =k Zh? I PL) —rt =2 |

where Pp, is the probability measure that gives X" a distribution P%]f with density gp, as
defined in Eq. (4.3).

Proof. By the Markov inequality, it follows that

k
% > y] < exp(—y/2)Ep,

= exp(—y/2) /xk”z? )\®k” k)
1

Now, by Assumption 5 it follows that gg < gg almost everywhere. Thus, we have

]P)B1 |:10g

m(x’ﬂ]

P [1og 225 > ) < explo/2) [ V@ am @ )

9B, (X )
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SRk Hk
< exp(-y/2)p (PG, PR ).

where we are interpreting the definition of the Hellinger affinity function p(-,-) as a function
of two bounded positive measures, not necessarily probability measures.

At this point, we can follow the same argument as in Lemma 2 in [177], page 477, where
the Hellinger affinity of two members of the convex hull of sets of probability distributions
is shown to be less than the product of the Hellinger affinity of the factors. In our par-
ticular case, the measures P%k are not probability distributions. Nonetheless, the same

disintegration argument holds. Thus, we obtain

k n

o (Pt Pi) < 1110 (P P,

t=1 j=1

where PJ is the measure with Radon-Nikodym derivative gp(z) = MO%B) g(pg(x))[f‘k_t]ij dpio(0)
with respect to A.
In addition, by Jensen’s inequality!, with 1A i being a concave function and

1/po(B) [ dpo = 1, we have that

[AF "3
1 .
ge(r) < () dpo (0
35(0) < | = [ ri@)aua(0)
B
Thus,
g8, (X") TTT (pi pi YA
Pg, |log S R >yl < eXp(_y/2) H Hp(PB1’ PB2) i
9B, ) t=1 j=1

where P is the probability distribution associated with the density ﬁ 1! () dpo(0).

The compactness of © guarantees that p(Pél, Pfgg) > « for some positive «, thus similarly

as in Lemma 26, we have that

v {log 90X y} < exp(—y/2) exp (log (1> 410gn) ﬁﬁpuﬂ Py )"
By = 2 Y| S exp(— X - 1B,
gBl(Xk) a) 1-9 t=1 j=1 S

1Y\ 4logn k< ; ;
< exp(—y/2) exp (log (a) 1 _g(s ) exXp (_E Z h2<PJ§1’Pé2)) :
j=1

!For a concave function ¢ and [, f(z)dz = 1, it holds that [, ¢(g(z))f(z)dz < ¢ ([, 9(z)f(x)).
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Finally, by using the metric defined for the n-Hellinger ball and the fact that for a metric
d(A, B) for two sets A and B d(A, B) = inf,ca yep d(z,y) we have

Xk
gBl(X )
2
y 4log (é)logn 1 &
<o+ T e k(| R P
2
y  4log (%) logn 1 & o L
SeXp —E—i‘?—k EiZIhZ(Pgl,Pé)—T’ —T

]

Lemma 29 provides a concentration result for the logarithmic ratio between two weighted
densities over a pair of subsets By and Bs. The terms involving the auxiliary variable y and
the influence of the graph, via 9, are the same as in Lemma 26. Moreover, the rate at which
this bound decays exponentially is influenced now by the radius of the two disjoint Hellinger
balls where By and B, are contained respectively.

The bound provided in Lemma 29 is defined for the random variables X* having a distri-
bution P%k . Nonetheless, X* are distributed according to P®*. Therefore, we introduce a

lemma that relates the Hellinger affinity of distributions defined over subsets of ©.

Lemma 30. Let Assumptions 2 and 5 hold. Consider PS* as the distribution with density
gp as defined in Eq. (4.3), for B C Bgr. Then h(PS*, P®*) < V/nkR.

Proof. By Jensen’s inequality, we have that

108



By using the Fubini-Tonelli theorem, we obtain

pPR P = / /X TP )| LT TTredar™ @ualo)

t=1 t=1 j=1

(6)

Bt1j1

/B IT (=1 P) doa),

Finally, by the Weierstrass product inequality it follows that

®k ®k 1 2(pj pI
PPy P 2 s /( ZZh (P7,Pj) )duo(e)

_ Mo(lB) /B (1 —n—ZZhQ (P9, P)) )duo(e)

Mo(lB) /B (1 — nkR?) duo(9),

where the last line follows by the fact that any density Py, inside the n-Hellinger ball defined

>

in the statement of the lemma, is at most at a distance R to P.
m

Finally, before presenting our main result for compact sets of hypotheses, we will state an
assumption regarding the necessary mass all agents should have around the correct hypoth-

esis 0* in their initial beliefs.

Assumption 6. The initial beliefs of all agents are equal. Moreover, they have the following
property: for any constants C' € (0,1] and r € (0, 1] there exists a finite positive integer K,
such that

2

T
> —k— >
0 <B%> > exp ( k:32) for all k > K.

Assumption 6 implies that the initial beliefs should have enough mass around the correct
hypothesis 8* when we consider balls of small radius. Particularly, as we take Hellinger balls
of radius decreasing as O(1/vk), the corresponding initial beliefs should not decrease faster
than O(exp(—k)).

The assumption can almost always be satisfied by taking initial beliefs to be uniform. The
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reason is that, in any fixed dimension, the volume of a ball of radius O(1/vk) will usually
scale as a polynomial in 1/ V'k, whereas we only need to lower bound it by a decaying

exponential in k. For concreteness, we show how this assumption is satisfied by an example.

Example 3. Consider a single agent, with a uniform initial belief receiving observations
from a standard Gaussian distribution, i.e. Xy ~ N(0,1). The variance is known, and
the agent would like to estimate the mean. Thus the models are Py = N(0,1). Now, the

Hellinger distance can be explicitly written as
2 Lo
h*(P, Pp) =1 —exp (—19 ) .

Therefore, the Hellinger balls of radius 1/\/% will correspond to Fuclidean balls in the
parameter space of radius
1
2 log< )
-]

Uniform initial belief indicates that pg (B%> = O(\/LE), which can be made larger than
k

exp(—kg—;) for sufficiently large k.

We are ready now to state our main result regarding the concentration of beliefs around

0* for compact sets of hypotheses.

Theorem 31. Let Assumptions 2, 5 and 6 hold, and let o € (0,1) be a given probability

tolerance level. Moreover, for any r € (0,1], let {Ry} be a decreasing sequence such that for

k=1,..., R, <min {2@’ 2} Then, the beliefs {ut}, i € V, generated by the update rule
in Eq. (3.7) have the following property: With probability 1 — o,
i k o :
Pig1(Br) > 1 — xexp 16" for all i and all k > max{N, K},

where

N:inf{t21

| 1\ 4logn LXfK t 20

exp | log | — exp | —==7 —

PU%\a) 10 ) &7 ') =g
L-1

with K as defined in Assumption 6, x = Z exp(—1577yq) and 6 = 1 —n/n?, where 1 is the

smallest positive element of the matriz A
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Proof. Let us start by analyzing the evolution of the beliefs on a measurable set B with
6* € B. From Eq. (3.7) we have that

k n ; —t].
TG (0
pi(B) = ———
gtl—[l Hlpﬁ)(XJ) AT dpa (6)
o
k n
[T 1 pj (X)) Tadpe(0)
>1_ Be t=1j=1

Py (X7) A T dpao (0)

W—
=
::]:

-
Il

—
<.
I

—_

Now let us focus specifically on the case where B is a n-Hellinger ball of radius r > 0 with
center at #*. In addition, since Ry < r, we get

s

[T po(X7) A T dpo(6)

oy
<0

ﬁ
| L=
<.

,ﬂ.

pp(Br) > 1~ :
P g 0)

=

Bg, t 1

1j

ko

Our goal will be to use the concentration result in Lemma 29. Thus, we can multiply and

divide the denominator on the right-hand side of the above inequality by po(Bg,) to obtain

I TT T 060 Dadp (6)

. 1 m=1F,, t=1j
iy (Br) >1- —
' G5, (XF)p10(Br,)
L-1 K
5 3 G (X ol Fi)
>1 - ="= : 4.5
gBRk (Xk>ﬂﬂ (BRk) ( )

The previous relation defines a ratio between two densities, i.e. gz, (X )/ 95, (X "), both
for the weighted likelihood product of the observations, where the numerator is defined over

the set F;,, and the denominator with respect to the set Bp, .
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Lemma 29 provides a way to bound term gg, , (X "/ B, (X*) with high probability, thus

P, ({X’“

—1 1 n
y 4log (5) logn 1 i D
exp | =5+ 15 k(5 ijl h2(Pj, Pi) — & — Ry

97, (X") Z“ ZKZ 97, (X")
plos (X" =)= Vo | 108 gz;’ (XF) =Y
R

Lm 9B, I=1 m=1

2

~

N
Il
—_

IN
= M=

IA
T

4log (L) logn
exp (—% + %_)5 —k(ry — 0 — Rk)z) ,

3
Il

=1

where p? is the density of at the point § = m € S.,, where S., is the maximal &; separated
set of F; as in Definition 17.
Particularly, let’s use the covering proposed in [151], where ¢; = r;41/2. From this choice

of covering, we have that

"1 — 6 — R > 10 — i1 /2 — 14 /4
= Tl+1/47

where we have used the assumption that Ry, < r/4 or equivalently Ry < r;/4forall1 <[ < L.

Thus, we can set y = —&r7 | and it follows that

— Xk
Py, ({X’“ Suplog?ﬁ””—() > y})

I,m gBRk (Xk)

< oxp (10 (L) Llosn HK _k 16
<exp (1o (1) 2B0) S ey (<202, ) (4.6)

=1

The probability measure in Eq. (4.6) is computed for X * distributed according to P%’;k.
Nonetheless, X* is distributed according to the (slightly different) P®_ Our next step is to
relate these two measures.

First, we have that for any distribution Py € Bp,, from the Definition 16 of the n-Hellinger
ball, it holds that

1 -
_ZhZ(P0]7P]) SRka
n

j=1

and we relate the total variation distance and the Hellinger affinity as in Lemma 1 in [178];
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for any measurable set A it holds that
2
sup (P (4) — PPH(A))" < 1- (P} P,
and by definition of the Hellinger affinity we have that

2
sup (P (4) = PPH(A))" = 1= (1= WP} PY))?

< 20*(Py, , P%),

where first we have used the relation that for any = € R, it holds that 1 — (1 — z?)? < 222

Then, from Lemma 30 we have that
2
sup (PBRk (A) — P®k(A)) < 2knR}.
A

Therefore, by considering the measurable subset
r* {X"’

P (I*) < Pg,, (") + V2knR;
4logn
< exp (1og (a> & > ZKZ exp < 16rl+1> + %.

Furthermore, we are interested in finding a large enough £ such that the probability

described in Eq. (4.6) is at most o. Thus, we define

1Y 4logn “ t o, o
exp | log <135 ZKlexp —1—67"l+1 <§ .
=1

l

suplog 22bm = L 5 %, ,
e ggmx’f) DR

we have that

NEinf{tZl

Moreover, from Eq. (4.5) we obtain that with probability 1 — o for all & > N,

S po(Fim)
>1— ex r? ) 0\ bm
1io(B; lz;mz:l p( 16 1 110(Br,)

_1—Zlexp( 16 12“)%
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L-1

1 k
>1- B Zexp (_Erl%rl) .

to(Br,) =

L-1
Now, define y = Y exp (—47%,), then it follows that
i=1

1 = k
7 > 1 - v 2
i (B,) > 1i0(Br,) . exp( 16”“)

[
X 1 = ( 1, ) ( k-1, )
=1- exXp | ——r exXp | ————r

>1 ! e ( b 17"2)
_ . 7
- NO(BRk)X P 16

where the last inequality follows from r; > r for all L <[ < 1. Finally, by Assumption 6 we
have that, for all £k > K,

i k—1, k-1
wp(Br) > 1 — yexp(— 16 r? + 3 7"2)

k—1
32

7“2),

=1— xexp(—

or equivalently pf  ,(B,) > 1 — x exp(—3 577).

]

Analogous to Theorem 27, Theorem 31 provides a probabilistic concentration result for

the agents’ beliefs around a Hellinger ball of radius r with center at 6* for sufficiently large
k.

4.3 Cooperative Learning on the Exponential Family

We begin with the observation that, for a general class of models {22}, the computation
of the posterior beliefs pf 1 is intractable. Indeed, computation of i 41 involves solving an

integral of the form

/pe Tt H ). (4.7)

Jj=1
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There is an entire area of research called wvariational Bayes’ approximations dedicated to
efficiently approximating integrals that appear in such context [179, 180, 181].

The purpose of this section is to show that for exponential family [182, 183] there are
closed-form expressions for the posterior beliefs generated by the proposed distributed infer-

ence algorithm.

Definition 18. The exponential family, for a parameter 6 = [01,0% ... 0%, is the set of

probability distributions whose density can be represented as
po(x) = H(x) exp(M(0)'T(x))

for specific functions H(-), M(-) and T'(-) where M (0) = [M(0Y), M(6?%), ..., M(6°)] depends

on the density parameters and T'(-) depends on the observations.

For example, consider a Normal distribution parametrized by its mean 6 with known

variance o2. Then, it holds that

o) = e (<270 (18)

V2ro? -1
R \N—/ 20-2
H(x) M(0) HT(/)—’

Among the members of the exponential family, one can find the distributions such as
normal, Poisson, exponential, gamma, Bernoulli, and beta, among others [184]. In our case,
we will take advantage of the existence of conjugate priors for all members of the exponential

family. The definition of the conjugate prior is given below.

Definition 19. Assume that the prior distribution p on a parameter space © belongs to
the exponential family. Then, the distribution p is referred to as the conjugate prior for a
likelihood function pe(z) if the posterior distribution p(6|z) o py(x)p(0) is in the same family

as the prior.

Definition 19 implies that, if the belief density at some time k is a conjugate prior for our
likelihood model, then our belief at time k 4+ 1 will be of the same class as our prior. For

example, if a likelihood function follows a Gaussian form, then having a Gaussian prior will
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produce a Gaussian posterior. This property simplifies the structure of the belief update pro-
cedure since we can express the evolution of the beliefs generated by the proposed algorithm
in Eq. (3.7) by the evolution of the natural parameters of the member of the exponential
family it belongs to. Naturally, by induction, if the prior belief at time k£ = 0 is a conjugate
prior of the likelihood function, the beliefs for all £ > 0 will belong to the same exponential
family.

We now proceed to provide more details. First, the conjugate prior for a member of the

exponential family can be written as

Px(M(6)) = f(x) exp(M(6)'x),

which is a distribution over the natural parameters M, where x is a vector of parameters
of the conjugate prior. Going back to the example in Eq. (4.8), assume that our prior is a

normal distribution on @ with mean # and variance 62, then xy = [0 6%’ and

py(M) = L exp (—(Q%‘Q)j (4.9)

1
T 252
F(x) M(©) N

Then, it can be shown that the posterior distribution, given some observation z, has the

same exponential form as the prior with updated parameters as follows:

Pxo(Mx) = Py (M) o< po(2)pyn (M) (4.10)

Particularly, for the example in Eq. (4.8) and Eq. (4.9), the posterior distribution is still

normal with parameters

and

Qi
no
I

N | QN

)
|
<

Now, we are going to exploit the structure of the exponential family of distributions
to reformulate the distributed inference algorithm in Eq. (3.7) into an easy-to-implement

algorithm in terms of the parametric representation of the beliefs for each agent.
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Initially, consider that the set of agents have a belief at time & in the form of a distribution
over the parameter space that is a member of the exponential family. That is, assume that

each agent 7 has a belief over the natural parameter M such that
dpi (M) oc exp (M'xj,) -

Then, according to the first step in Eq. (3.7), an agent i needs to compute the weighted
geometric average of the beliefs of its neighbors including its own. Given the parametrization

in the exponential family, it holds that

(e (M))™ oc T (exp (M'x3))™

n n
=1 j=1

J

= exp (M’ Zaijxi> :
j=1
Now, if all agents have beliefs in the same exponential family and they are conjugate priors

to their corresponding likelihood functions, then we can write the posterior of agent i as

dpth 1 (M) ocexp | M aini) Phr(Thpr)
=1

n

= exp M/Z%Xi—> eXP(M/Ti(IZH))

j=1

= exp M’ (Z CLini: + TZ(ZL’2+1)>>

J=1

= exp (M/XZH) :

As an immediate conclusion, it follows that for distributed inference problems when the
observation models are members of the exponential family, one can always construct a set
of beliefs using prior conjugates and the algorithm in Eq. (3.7) simplifies to updates in the

parameters of the exponential family, as shown by the following proposition.

Proposition 32. Assume the belief density du' at time k has an exponential form with
natural parameters xi and vi for all 1 <i <n, and that these densities are conjugate priors
of the likelihood models p)). Then, the belief density of agent i at time k + 1, as computed
in the update rule in Eq. (3.7), has the same form as the beliefs at time k with the natural
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parameters given by

X2+1 = Z aijXy, + Ti($2+1)- (4.11)
j=1
Proposition 32 simplifies the algorithm in Eq. (3.7) and facilitates its use in traditional

estimation problems where members of the exponential family are used.

4.3.1 Additional Examples

In this subsection, we are going to state the general distributed algorithm in Eq. (4.11) pre-
sented in Proposition 32 for several distributed parameter estimation problems. Particularly,
we explicitly write the definition of the vector T%(z%) and Y%, from which the parameters of
the current beliefs for each agent can be computed. Later in Section 4.3.2 we will provide

simulation results for several distributed inference problems over various graph topologies.

Distributed Gaussian filter with unknown mean and known variance

Assume each agent in the network observes a signal of the form X} = 6° + €,, where ' is
finite and unknown scalar quantity, while € ~ N(0,1/7%) is a zero mean Gaussian noise with
precision 7° = 1/(0%)? known only by agent i. The objective of the network is to agree on a
single 6* that solves the optimization problem in Eq. (3.5).

In this case, the likelihood models, the prior and the posterior are normal distributions.
Thus, if the beliefs of the agents at time k are Gaussian, i.e., ui = N(0%,1/7) for all
1 =1...,n, then their beliefs at time k + 1 are also Gaussian. In particular, they are given
by pi =N (0:,1/7}) for all i = 1..., n, with

0 o bt A Qi Tt
M () = [ ] T@(xm:[ t ] Xi, = [ ]
8 —57' _§Tk

We note that this specific setup is known as Gaussian learning and has been studied in

(66, 185], where the expected parameter estimator is shown to converge at an O(1/k) rate.

Distributed Gaussian filter with unknown variance and known mean

In this case, the agents want to cooperatively estimate the value of a variance which is

the parameter for Eq. (3.5). Specifically, each agent i observes a realization of the random
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variable X} = 0" + €, with €, ~ N(0,1/7"), where 6" is known and 7° is unknown. The
beliefs of all agents are chosen to be a gGamma distribution pi = gamma(a}, 8i) and it
follows that

Mm:[T], Tz-@@:[—a@%—@’)], xz:[_(_ﬁ’z‘? ]

log 7 ab —1)

Distributed Gaussian filter with unknown mean and variance

In the preceding examples, we have considered the cases when either the mean or the variance
is known. Here, we will assume that both the mean and the variance are unknown and need to
be estimated. Explicitly, we still have noise observations X} = 6" + €, with €, ~ N (0,1/7%).
We are going to assume all agents have beliefs that follow the normal-gamma distribution,

i.e. ut = NormalGamma(6i, \; ot Bi) for i = 1,---  n. Moreover, the it holds that

_logT_ % Oé’]i. _ %
. —L(zi)? , _1y\i(pgi)2 _ @i
Mo = | T | T = 3 () i | W0 = B
70 T} i
" - -5y

Distributed Bernoulli filter

Here, each of the agents receives private observations of the form X} ~ Bernoulli(p®), with
p* unknown. In order to estimate the network-wide parameter, each agent constructs a
sequence of beliefs following a beta distribution, i.e. ui = beta(al, 8i). Then, the proposed

algorithm in Eq. (4.11) updates its parameters. Moreover, it holds that
log p i ), i |
log(1 —p) 1 — By

Distributed Poisson filter

Similarly as before, we consider an observation model where each agent ¢ receives realization
of a Poisson random variable with unknown parameter \’, i.e., X! ~ Poisson(\") for all i.
The conjugate prior to a Poisson likelihood model is the gamma distribution. Thus, at time

k the beliefs of each agent i are given by u} = gGamma(a, 8i). Moreover, it holds that
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Distributed exponential filter

As a final example, we consider an observation model where each agent ¢ receives realization
of an exponential random variable with unknown rate X\, i.e., X} ~ exponential(\?) for all
1. The conjugate prior of an exponential likelihood model is the gamma distribution. Thus,
if at time k the beliefs of each agent ¢ are given by pi = gamma(al, 8.). Moreover, it holds
that

A
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4.3.2 Experimental Results

In this section, we show a number of experimental results for the problem of distributed esti-
mation of network-wide parameters for various network topologies and various observational
models. We present the experimental results with the following format.

We explore six different estimation problems:

e Figure 4.4: Distributed estimation of the network-wide mean parameter with Gaussian

observations with the local knowledge of private variances.

e Figure 4.5: Distributed estimation of network-wide variance parameter with Gaussian

observations with the local knowledge of private means.

e Figure 4.6: Distributed estimation of network-wide mean and variance parameters with

Gaussian observations without knowledge of local means or variances.

e Figure 4.7: Distributed estimation of the network-wide parameter with heterogeneous

Bernoulli observations.

e Figure 4.8: Distributed estimation of the network-wide parameter with heterogeneous

Poisson observations.
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e Figure 4.9: Distributed estimation of the network-wide parameter with heterogeneous

Exponential observations.

For each of the figures described above, we measure the performance of the proposed

algorithm using its normalized distance to optimality and the distance to consensus, defined

as follows:
. o [F(Ok) — F(07)]
Distance to Optimality: ,
|F(60) — F(6%)]
Distance to Consensus: ||L0y||3,
where 0 = (04,0%,---,07) is the aggregation of all the current parameter estimations for

each of the agents, and the function F(6y) is defined as

n
F(6,) = Dy (P*|| Py
) ; xr(P'|[Fg),

and L is the graph Laplacian of the communication graph. We have used the graph Laplacian
as a measure of distance to consensus since by definition the set where 6} = 67 = --- = 67,
i.e. consensus, is null space of the matrix L.

Finally, we present the results for five classes of networks, namely: complete graphs, cycle
graphs, path graphs, star graphs, and Erddés-Rényi random graphs. For each of the network

classes, we show the performance for 10 agents, 100 agents, and 1000 agents.

4.4 Distributed Gaussian Learning on Time-Varying Directed
Graphs

In this subsection, we assume that the observations have Gaussian distribution and that
the likelihood models are Gaussian, both with bounded second-order moments, i.e. X} ~
N (0, (0%)?) and pj(-|o") = N (0, (c%)?) where o° > 0 for every i. This setting corresponds
to the case of having measurements of the true parameter 6* corrupted by some Gaussian
noise and the agents being informed that the noise is Gaussian with a known variance.

The Kullback-Leibler distance between two univariate Gaussian distributions P and (),
where P = N (0%, (0')?) and Q = N (6%, (¢%)?), is given by

2 D2 (gl _p2)2 1
DKL(P“Q):lOg%"‘(U) 1,(2)2 : oy
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Figure 4.4: Distributed estimation of a network-wide mean from Gaussian observations.
Optimality and distance to consensus for the distributed estimation of a network-wide
unknown mean parameter, from Gaussian observations, for various graph topologies
(complete, cycle, path, star and Erdés-Rényi ) of increasing size (10 agents, 100 agents and

100 agents).
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Figure 4.5: Distributed estimation of a network-wide variance from Gaussian observations.
Optimality and distance to consensus for the distributed estimation of a network-wide
variance parameter, from Gaussian observations, for various graph topologies (complete,
cycle, path, star and Erd6s-Rényi ) of increasing size (10 agents, 100 agents and 100
agents).
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Figure 4.6: Distributed estimation of a network-wide mean and variance from Gaussian
observations. Optimality and distance to consensus for the distributed estimation of
network-wide mean and variance parameters, from Gaussian observations, for various
graph topologies (complete, cycle, path, star and Erdés-Rényi ) of increasing size (10
agents, 100 agents and 100 agents).
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Figure 4.7: Distributed estimation of a network-wide parameter from Bernoulli
observations. Optimality and distance to consensus for the distributed estimation of a
network-wide parameter of Bernoulli observations for various graph topologies (complete,
cycle, path, star and Erd6s-Rényi ) of increasing size (10 agents, 100 agents and 100

agents).
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Figure 4.8: Distributed estimation of a network-wide parameter from Poisson observations.
Optimality and distance to consensus for the distributed estimation of a network-wide
parameter of Poisson observations for various graph topologies (complete, cycle, path, star
and Erdés-Rényi ) of increasing size (10 agents, 100 agents and 100 agents).
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Figure 4.9: Distributed estimation of a network-wide parameter from Exponential
observations. Optimality and distance to consensus for the distributed estimation of a
network-wide parameter of Exponential observations for various graph topologies
(complete, cycle, path, star and Erdés-Rényi ) of increasing size (10 agents, 100 agents and

100 agents).
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Thus, in this case, the problem in Eq. (3.5) is equivalent to

min F(§) £ Z %, (4.12)

which is convex with a unique solution

0 — 1191/(‘71)2 . (4.13)
= 3 1/(00y
j=1
However, the exact value of €% is unknown and each agent i has access only to noisy
observations of the form X} = 6" + ¢, where ¢’ ~ N(0, (6%)?). Moreover, variances are only
known locally, i.e. agent 7 only knows o®.
We propose the following distributed algorithm for solving the problem in Eq. (4.12) over

time-varying directed graphs:

n

Tli+1 = Z [Ak]ij le + 7_1" (4.14&)
j=1

] [Ak]z‘j Tl + Th T

]:

b1 = , (4.14D)

i
Tt

where 7" = 1/(0")? is referred to as the precision of the observations. The weights [Ay], ; are

chosen as

jl if (]7 Z) € Ek7
[Ak]ij = ¢ &t (4.15)
0 otherwise,

where di is the out-degree of node j at time k. Without loss of generality, we assume that
7o =71 for all i.

Remark 2. It is not necessary for each agent to have some form of informative observations.
Indeed, there might be agents with no observations working as buffers for information for

which we also expect correct estimates of 0*. These “blind” agents depend on communicating

with other agents to construct their estimates.

Remark 3. While our focus is on the univariate Gaussian case, extensions to the multi-
variate are similarly possible using the results of conjugate priors for multivariate Gaussian

distributions.
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The next proposition shows that the algorithm in Eq. (4.14) is a specific realization of

Eq. (3.7) for the case of Gaussian distributions in the priors and likelihood models.

Proposition 33. Let the prior belief density il of every agent be a Gaussian function, i.e.
d:ué)<0; 06’ Ui) = N(QB, (O-i>2)v

and let the parametric family of distributions for the likelihood models be Gaussian functions,

Po(-lo") = N (0, (a")?).

Then, for any k > 1, the posterior belief density dut, given by Eq. (3.7), is also a Gaussian
function. Moreover, if the weights a;; are chosen to be 1/(d§; + 1), then the mean and the
standard deviation of the posterior follow Eq. (4.14).

Now, we proceed to state our two main results showing the convergence properties of the
algorithm in Eq. (4.14).

Lemma 34. The expected mean process {E[0%]} converges to 6* for all i with a convergence
rate of O(1/k). Moreover, the constant terms depend on the topology of the network, the

precision of the observations and the initial guess.

Proof. In fact, we will prove the bound

i Tmazx 2CH9_9*1H1
Elf,.,]—0" < Oy — 0*1 _— 4.16
[tha] — ] < 2 (10— 1) + XA (4.16)
with 7,4, = max; 77, and T, is the smallest non-zero precision among all agents.
First, define a new variable as z} = 76}, then from Eq. (4.14b) it follows that
Tpy1 = Agry + diag(7)sg41
k
= Ap.oro + Z Apqdiag(7)s, + diag(7)sp41,
=1
where diag(7) is a diagonal matrix with [diag(7)],; = 7" and xy, = [z, ..., 28], 7 = [r}, ..., 7",

Sk =[Sk, st].

Adding and subtracting Zle ¢r7's; from the preceding relation we obtain

k k
Tpe1 = Aroro + Z Dy diag(7)s; + diag(7)sge1 + Z OrT 5t

t=1 t=1
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with Dy, = Ape — ¢r1’, and ¢y, is as in Lemma, 2.

Following a similar procedure, from Eq. (4.14a) it holds that

k

Tk+1 = Ak:(ﬂ'o -+ Z Dk:tT + k¢k1/7' + 7.
t=1

Going back to the original variable 8, we have that

[Arodiag(T)00); + S8 [ Dydiag(7)); + 70 + ki’

E[6:, ] = ' ‘
[ k-‘rl] [Ak‘:OTO]i + Zf:l[Dk:tT]i + kqb;fll,r 4+ i

By subtracting * on both sides of the previous relation and taking the absolute value, we

obtain
’E[QZH] 0| < [Ak;:gdlag(ﬂ)) (6o — ? 1/)]Z
Zt:l[Dk:tT]i + k¢k1 T
7t (92 —0%) Zle [Dy. diag(7) (6 — 0*1)]1‘

‘ S [Dat)i + k1T S [Drat)i + kdid'T

where the terms involving k¢i7'0 cancel out and the following positive terms are removed
from the denominator [Ay.7o], + 7° > 0.

Then by the fact that [Dy.,1]; + ¢in > 6 on the denominator and using Lemma 2 on the
third term it follows that

[Ak;odiag<7'0> (90 — Q*I)L i 7_1|01 — (9*| CTmazHQ — 9*1”1

<
- kéTmzn k(sTmin kéTmm(l — )\)

E[6}.] - 0"

Finally, the desired result follows by Holders inequality in the first term with

|I[Ax-0diag(7)]illooc = Tmae and grouping the second and third terms since & > 1.

max;[Aoli; 7|00 — %11 2CTmas||0 — 6*1]1
kéTmin demm(l — /\)

E[p.] - 0"

<

[]

The first term in Eq. (4.16) shows the dependency on the initial estimates 6, while
the second term depends on the heterogeneity of mean of local observations. The network
topology and the number of agents are characterized by A and ¢.

We are now ready to state our main result about the almost sure convergence of the

proposed algorithm.
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Theorem 35. Let the graph sequence of interactions {Gy}3>, be B-strongly connected. More-
over, assume X} ~ N (0, (c%)?) and pj)(-|o*) = N(0, (¢")?) for alli. Then, the sequence {0}}
generated by Eq. (4.14) converges almost surely to 0%, i.e.

lim 6. = 6* a.s. Y1

k—o0
Remark 4. The specific selection of weights as 1/(di: + 1) is a design choice. Theorem 35

still holds for any sequence of column stochastic matrices { Ay} with every non-zero entry

bounded from below away from zero, and with positive diagonal entries.

A specific version of the proposed problem is the case when all agents observe independent
realizations of the same random variable, i.e. X! ~ AN(0* (6%)*). Recently, authors in
[185, 186] have explored this case. Specifically, in [186] the authors are concerned with the
effects of the network topology on the convergence rate of the distributed mean estimation

problem. They show mean square consistency of the following algorithm
i ko j L
Ori1 = k+1 ;aij% REPEEREt (4.17)

and provide explicit rates for different network topologies. Note that the algorithm in Eq.
(4.17) reduces to Eq. (4.14) when 7/ = 1 in such a way that 7{ = k for all 4, and the graph
is static with a doubly stochastic weight matrix.

In [185], the authors proposed a new distributed Gaussian learning algorithm where com-
munication between agents is noisy. Following the non-Bayesian learning without recall
approach proposed in [47] they develop the specific realization for Gaussian random vari-
ables. Additionally, they consider the sequence of observations {s;} as coming from an
agent, denoted as n+1, and thus a different weighting strategy is proposed. Their algorithm

1S

Tl =Th+ dir, (4.18a)
nHl _j j
. T rla
Op1 = —ZJ_Z-I = (4.18)
Tk+1

with the specific condition that T,g = 7 for all j # 1, af; = 0i for j =i and a{; = 9% + € with
e ~ N(0,7), with a}™" = 2¢. The authors showed almost sure convergence of the algorithm.
Moreover, a convergence rate of O(k~24) was derived, where 7 is a bound on the uniform

connectivity to the truth observations and d is the maximal degree over all the networks.
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One particular characteristic of the algorithm proposed in [185] is that, apart from tradi-
tional literature on distributed learning, the authors do not assume agents communicate over
a sufficiently connected network (B-strong connectivity in Theorem 35). They replace this
assumption by a so-called truth-hearing assumption which works as a 1/v-strong connectiv-
ity with the n+1 node that provides direct noisy observations of #*. Thus, it is required that
every node receives signals from node n+1 at least once in every time interval of length 1/~.
If all agents receive independent observations from identical distributions, connectivity of
the network and truth hearing assumptions both serve the same purpose of guarantying the
diffusion of the information over the network; otherwise, some form of connectivity between
agents is needed.

In addition to different connectivity assumptions, one main characteristic of the algorithm
in Eq. (4.18) is that agents do not differentiate the signal X} coming from the observations
of the parameter, and the signals {ai} coming from other agents. Every agent treats both
signals similarly. The weights for observations of X} and neighbor signals {6:}" | decay.
In our approach in Eq. (4.14), the weight for X} decays to zero and the weight for the
convex combination of {#:}" , goes to one. This indeed shows that we do require the
identification of signals coming from either agents or the noisy parameter observations.
This extra information could explain why our approach has better performance in terms of
convergence rates.

Next, we provide simulation results for our proposed algorithm, and we compare its perfor-
mance with results in [185, 186]. Initially, we will consider the same scenario as in [185, 186]
with static undirected graphs with all agents having identical distributions in their noiseless
beliefs sharing. We will evaluate the performance of the algorithms for two different graph
topologies, namely path/line graph and a lattice/grid graph.

Figure 4.10 shows the absolute error of the estimated value 6* for the lattice/grid graph
with 25 agents. It is assumed that X} ~ N(4,1). An average of 500 Monte Carlo simulations
is shown for one arbitrary agent. Also, the theoretical convergence rates are shown for
comparison purposes. No simulation of the algorithm in Eq. (4.17) is shown since it reduces
to the same algorithm as in Eq. (4.14) for the simulated scenario.

Figure 4.11 shows the simulation results for the same scenario as in Fig. 4.10 but now for
a path/line graph of 15 agents. As predicted by the theoretical convergence rate bounds, the
proposed algorithm in Eq. (4.14) decays as O(1/k) where the topology of the network affects
only the constant, whereas the proposal in Eq. (4.18) depends explicitly on the maximum
degree among all graphs as O(1/k'/%).

Next, we will show that for the case of each agent having noise with different standard

deviations, by using information about the current estimate precision (i.e., 7;), a better

132



10 ]
‘o
| 1072 -
—
D —Eq. (5)
Wil |7 o(L/kY9)
------- O(1/k)
—Eq. (9)
-6
10 " gl " gl " gl " MR | " PSR
10° 10" 10° 10° 10* 10°

k

Figure 4.10: Distributed Gaussian learning on a grid graph. Simulation results of
algorithms in Eq. (4.14) and Eq. (4.18) for a lattice/grid graph of 25 nodes for an average
behavior over 500 Monte Carlo simulations.
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Figure 4.11: Distributed Gaussian learning on a path graph. Simulation results of
algorithms in Eq. (4.14) and Eq. (4.18) for a path graph of 25 nodes. Average behavior
over 500 Monte Carlo simulations.

performance is achieved. Fig. 4.12 shows the absolute error on the estimation of 8* for the

algorithm in Eq. (4.14) that uses precision information and the proposal in Eq. (4.17) that

assumes uniform precision. In this simulation, agents have heterogeneous precisions such
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that X ~ AN(4,7). That is, in the path graph, the first agent has 7' = 1; the last agent,
on the other hand, has 7" = n. This implies that agent 1 has the highest variance in its

observations. We have chosen to show the results for agent 1 only.

10 0 . .....“Il . .....“IZ . 3

10 10 10 10
K

Figure 4.12: Distributed Gaussian learning on a path graph and heterogeneous variances.
Simulation results of algorithms in Eq. (4.14) and Eq. (4.17) for a path graph of 25 nodes
with heterogeneous precisions (i.e. 7’s). Average behavior over 500 Monte Carlo
simulations.

Finally, we will present the simulation results for a directed static graph which has been
shown to be a pathological case for the push-sum algorithm, see Fig. 4.13. Each agent
receives signals of the form X} ~ N'(i,n—i+1). Thus every agent has different measurement
precisions and different #°. The optimal 6* is defined in Eq. (4.13).

S

Figure 4.13: A particularly bad graph. Directed graph for simulation of the algorithm in
Eq. (4.14).

Figure 4.14 shows the simulation results for the algorithm in Eq. (4.14) to the specific set
of observations Si ~ N (i,n — i + 1) on the graph in Fig. 4.13. The average over 10 Monte
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Carlo simulations is shown. The predicted O(1/k) behavior is observed, after a transition
time that depends on the number of agents in the network (i.e. the effects on n and A in
Lemma 34).

= = =10 Agents
10 1 |——20 Agents
= = =30 Agents
— 40 Agents

4

10° 10" 10° 10° 10" 10°

Kk

Figure 4.14: Distributed Gaussian learning on a particularly bad graph. Simulations
results of algorithms in Eq. (4.14) for the graph depicted in Fig. 4.13. Four different results
are shown, for 10, 20, 30 and 40 agents respectively.

4.5 Conclusions

We proposed two distributed cooperative learning algorithms for the problem of collaborative
inference. We have proposed an algorithm for distributed learning with both countable
and compact sets of hypotheses. Our algorithm may be viewed as a distributed version of
stochastic mirror descent applied to the problem of minimizing the sum of Kullback-Leibler
divergences. Our results show non-asymptotic geometric convergence rates for the belief
concentration around the true hypothesis.

We developed an algorithm for distributed parameter estimation with Gaussian noise over
time-varying directed graphs. The proposed algorithm is shown to be a specific case of a
more general class of distributed (non-Bayesian) learning methods. Almost sure converge
as well as an explicit convergence rate is shown in terms of the network topology and the

number of agents. Comparisons with recently proposed approaches are presented.
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CHAPTER 5

A DUAL APPROACH FOR OPTIMAL
ALGORITHMS IN DISTRIBUTED OPTIMIZATION

In this chapter, we go back to our original distributed optimization problem

z€R™ 4

min » ° fi(2), (5.1)

where the each f; is convex and known by an agent ¢ only, that represents a node in an
arbitrary communication network. The problem in Eq. (5.1) is to be solved in a distributed
manner by repeated interactions of a set of agents over a static network. We follow the
approach in [79] by formulating a dual problem and exploit recent results in the study of
convex optimization problems with affine constraints [187, 188, 189] to develop algorithms
with provably optimal convergence rates for the cases where each of the objective functions

fi has one the following properties:

1. it is strongly convex and with Lipschitz continuous gradients;

2. it is strongly convex and Lipschitz continuous on a bounded set (but not necessarily

smooth);
3. it is convex with Lipschitz continuous gradients;

4. it is convex and Lipschitz continuous (not necessarily smooth).

Our results match known optimal complexity bounds for centralized convex optimization
(obtained by classical methods such as Nesterov’s fast gradient method [190]), with an ad-
ditional cost induced by the network of communication constraints. This extra cost appears
in the form of a multiplicative term proportional to the square root of the spectral gap of
the interaction matrix. In summary, our main results provide an algorithm that achieves
¢ relative accuracy on any fixed, connected and undirected graph according to Table 5.1,
where universal constants, logarithmic terms, and dependencies on the initial conditions are
hidden for simplicity. The resulting iteration complexities are given both for the optimality

of the solution and the violation of the consensus constraints. Note that for distributed
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Table 5.1: Iteration Complexity of Distributed Optimization Algorithms. All estimates are
presented up to logarithmic factors, i.e. of the order O.

u-strongly pu-strongly
Approach Reference | convex and convex and | L-smooth . .
oP L-smooth | M-Lipschitz M-Lipschitz
Centralized [191] VL u M?/(ue) VL/e M?/e?
102 | (L) - 1/ -
[73]* n?+n+\/L/p - 1/e 1/e
Gradienlt [96] _ _ _ nM? /2
Computations 193] _ B B n? M2 /g2
194) (L/p)n? - - -
[195] — — (L/e)n? —
[196 (L/p)m* - (L/e)n? -
[75]° VL - - -
Communication [79] VL un _ B B
Rounds [197] — M?/(pe)n — nM/e
This work VL n VM2 (ue)n V' Ljen nM/e

& Additionally, it is assumed functions are proximal friendly. No explicit dependence on L,
M or n is provided.

b An iteration complexity of O(/1/¢) is shown if the objective is the composition of a
linear map and a strongly convex and smooth function. Moreover, no explicit dependence
on L and n is provided.

¢ A linear dependence on n is achieved if L is sufficiently close to pu.

algorithms based on primal iterations these estimates translate to computations of gradients
of the local functions for each of the agents. On the other side, in dual based algorithms, the
complexity refers to computations of the gradients of the Lagrangian dual function, which
translates to the number of communication rounds in the network.

Additionally, we build upon the designed optimal algorithms for distributed optimization
to propose a new class-optimal algorithm for the distributed computation of Wasserstein
barycenters over networks. Assuming that each node in a graph has a probability distri-
bution, we prove that every node can reach the barycenter of all distributions held in the
network by using local interactions compliant with the topology of the graph. We show the
minimum number of communication rounds required for the proposed method to achieve
arbitrary relative precision both in the optimality of the solution and the consensus among

all agents for undirected fixed networks.
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5.1 Problem Formulation

Initially, let us introduce a stacked column vector z = [z], 22 ... 2T]T € R™™ to rewrite

problem (5.1) in an equivalent form as follows:

n

min  F(z)  where  F(z) £ fi(z). (5.2)
T1=..=xn p—

Suppose that we want to solve this problem in a distributed manner over a network.
We model such a network as a fixed connected undirected graph G = (V, E). We assume
that the graph G does not have self-loops. The network structure imposes information
constraints; specifically, each node ¢ has access to the function f; only and a node can
exchange information only with its immediate neighbors, i.e., a node ¢ can communicate
with node j if and only if (¢,j) € E.

We can represent the communication constraints imposed by the network by introducing
a set of equivalent to the constraints in Eq. (5.2). To do so, we define the communication
matrix (also referred to as an interaction matrix) by W = W ® I,,,, where ® indicates the
Kronecker product and W is the Laplacian matrix of the graph G.

Throughout this chapter, we assume that the undirected graph G = (V, E) is connected.
Under this assumption, the Laplacian matrix W is symmetric and positive semi-definite.
Furthermore, the vector 1 is the unique (up to a scaling factor) eigenvector associated with
the eigenvalue A = 0. Given the definition W = W ® I,,,, one can verify that W inherits all
the properties of W, i.e., it is a symmetric positive semi-definite matrix and it satisfies the

following relations:

e Wx=0ifand only if z; = ... = z,.
e VIWzxr=0ifand only if x1 = ... = x,,.
° UmaX(V W) = AmaX(W)'

Therefore, one can equivalently rewrite the problem in Eq. (5.2) as follows:

min F(x where F(z) & i(T;). 5.3
min F(a) SEDWIE 53)
Note that the constraint set {x | vWz = 0} is the same as the set {z | x; = ... =z},

since ker(v/W) = span(1) due to the connectivity of the graph G.
Additionally, it follows that if each function f;(z;) in Eq. (5.3) is p;-strongly convex in x;,
then F'(x) is p-strongly convex in z, with g = min<;<, p;. Also, if each fi(z;) in Eq. (5.3)
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is L;-smooth, then F'(z) is L-smooth with L = max;<;<, L;.

Our main algorithmic tool in this chapter will be Nesterov’s fast gradient method (FGM) [198].
Equations in (5.4) state a version of the FGM method for a general p-strongly convex and
L-smooth function f(z). Other variants of this method can be found in [198, 199, 200].

1
Th1 = Yp — va(yk), (5.4a)

VI-—Vu
VL + Vi

Specifically, it holds for the iterates of Eq. (5.4) that

Ykl = Ty + (Tht1 — o). (5.4b)

Fle) 1 < L (1= u/L) flra — 2" (55

where f* denotes the minimum value of the function f(x) over R” and x* is its minimizer.

In what follows, we will consider a generic optimization problem with linear constraints.
Then, we will apply FGM and obtain some basic insights. Moreover, we will derive the
results for a corresponding distributed algorithm for solving problem (5.3). To start, consider
a p-strongly convex and an L-smooth function f(z) to be minimized over a set of linear

constraints

min f(z). (5.6)

Az=0

Assume that the problem is feasible, in which case a unique solution exists, denoted by
x*. The Lagrangian dual for the problem in Eq. (5.6) is given by
. . . . T
min () = max {mgcm {f(z) - (A y,w>}} : (5.7)

The Lagrangian dual problem can be re-formulated as an equivalent minimization problem,

as follows:

min ¢(y) where o(y) £ max {{(Ay, ) — f(2)}. (5.8)

Y

The function (y) is p,-strongly convex on ker(A”)* with u, = o', (A)/L. Moreover, it
has L,-Lipschitz continuous gradients with L, = omax(A4)/ L.
Additionally, from Demyanov-Danskin’s theorem (see, for example, Proposition 4.5.1 in

[123]), it follows that Vp(y) = Az*(ATy) where 2*(A”y) denotes the unique solution to the
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inner maximization problem
o*(A"y) = argmax {({ATy,z) — f(2)} . (5.9)

Note that there is no duality gap between the primal problem in Eq. (5.6) and its dual
problem in (5.8). Also, the dual problem has a solution (see, for example, Proposition 6.4.2
in [123]). In view of Eq. (5.9), the primal optimal solution z* is the same as z*(ATy*) where
y* is any dual optimal solution. In general, the dual problem in Eq. (5.8) can have multiple
solutions of the form y* + ker(A”) when the matrix A does not have a full row rank. When
the solution is not unique, we will use y* to denote the smallest norm solution, and we let
R be its norm, i.e. R = |y*||2. In order to find z*(ATy) one can use optimal (randomized)
numerical methods [198, 201, 202]. In the remainder of this chapter, we will assume that we
have access to x*(Aly) explicitly for any given y. Section 5.3 discusses possible extension

when no dual solution is explicitly available.

Definition 20. A function f(x) is dual-friendly if, for any y, one has immediate access to
an explicit (or efficiently computed) solution x*(ATy) to the dual subproblem associated with

the optimization problem in Eq. (5.6).

Examples of optimization problems for which Definition 20 holds can be found in the
literature, i.e. the entropy-regularized optimal transport problem [203], the entropy linear
programming problem [204] or the ridge regression.

Next, we will apply the bound for the FGM algorithm in Eq. (5.5) on the dual prob-
lem (5.8), which is not strongly convex in the ordinary sense (on the whole space). However,
by choosing yo = xo = 0 in Eq. (5.4) as the initial condition, the algorithm applied to the
dual problem will produce iterates that lie in the linear space of gradients Vi (y), which are
of the form Az for x = z*(ATy). In this case, the dual function ¢(y) will be strongly convex
when y is restricted to the linear space spanned by the range of the matrix A. The iterations

in Eq. (5.4) for the dual problem then specialize to the following:

. 1., _
Yk+1 = Yk — L_Ax (A" ), (5.10a)

%)
_ V6L — /1
Yk+1 = Yk+1 + \/L—ifg(ykﬂ — Uk)-

We will explore the case when the linear constraints Az = 0 represent the network commu-

(5.10b)

nication constraints as v Wz = 0 and the function f(z) corresponds to the network function
F(z) as defined in Eq. (5.3). Particularly, if we make the change of variables vVWy, = 2
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and VW, = Z, then the resulting algorithm can be executed in a distributed manner. The
interaction between agents is dictated by the term Waz*(Z;) which depends only on local
information. As a result, each agent ¢ in the network has its local variables z}, and Z;, and
to compute their value at the next iteration, it only requires the information sent by the

neighbors defined by the communication graph G as follows:

i ~1 1 - *
T L_ Z Wiz (%)

i j \/ u
2yl = Zpp1 t \/—+ ﬁ Zk—i—l - Zk)

Additionally, the dual subproblem can be computed in a distributed manner at node 7 as

v} (z) = argmax { (Z}, x;) — fi(z)} .

Ty

We will be interested in finding solutions to the problem in Eq. (5.6) that attain the
function value arbitrarily close to the optimal value and have arbitrarily small feasibility

violation of the linear constraints. For this, we introduce the following definition.

Definition 21. [197] A point & € R™ is called an (g, €)-solution of (5.6) if the following

conditions are satisfied
fl@)—f"<e and |Az||2 < €,

where f* denotes the optimal value for the primal problem in Eq. (5.6).

Note that an (e,é)-solution is not an optimal solution of (5.6) in the traditional sense.
The point & implies only an approximate solution with ||Az||; < £.
The next section presents the main results on the optimal convergence rates for different

convexity and smoothness assumptions on the functions f;.

5.2 Optimal Algorithms for Distributed Convex Optimization

Our main results provide convergence rate estimates for the solution of the problem in

Eq. (5.1) for four different cases in terms of the properties of the function F(z) = """ | fi(x;).

Assumption 7. For a set of functions {f;}i=1.. n assume:
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(a) Each f; is p;-strongly convex and L;-smooth, thus F is p-strongly convex and L-smooth.

(b) Each f; is p;-strongly convex and M;-Lipschitz on a closed ball around the optimal

point with radius equal to the magnitude of the optimal solution, thus F' is u-strongly

convex and M -Lipschitz on that closed ball.

(c) Each f; is convex and L;-smooth, thus F' is convex and L-smooth.

(d) Each f; is convex and M;-Lipschitz, thus F is convex and M -Lipschitz.

Moreover, we define p = min;<;<y, ft;, L = maxy<ij<, L; and M = maxy<i<,, M;.

Next, we provide a sequence of algorithms and theorems considering each case in Assump-

tion 7. Under each assumption, we present the minimum number of iterations required, for

the corresponding algorithm, to reach an approximate solution of the problem in Eq. (5.3).

5.2.1 Sums of Strongly Convex and Smooth Functions

Assume that each f; in Eq. 5.3 is p;-strongly convex and L;-smooth, thus F' is p-strongly

convex and L-smooth. Then we propose Algorithm 1 to be executed distributedly for each

of the agents in the network.

Algorithm 1 Distributed FGM for the Dual of strongly convex and smooth problems

B~ w N

o

. All agents set z{ = 5 =0 € R" and N.
. For each agent 1 € V
. for k=0,1,2,---,N do

xi(2) = argxmax{@,i, zi) — fi(xi)}

Share z}(z}) with neighbors, i.e. {j | (¢,7) € E}.
Zhy1 = 2, — #(W) Z?:l Wi (%)

s gy Ve DN/

e RN Wy P ST YA

min

. end for

The next theorem presents our main result regarding the performance of Algorithm 1.

Theorem 36. Let F(z) be dual friendly and Assumption 7(a) hold. For any e > 0, the
output x*(zy) of Algorithm 1 is an (e,e/R)-solution of (5.3) for

N 3 2/ (i) log (2\/§Amax(W)R2) |
\ fi-e
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where R = |y*|2, and x(W) = Anax(W) /AL (W).

Proof. Algorithm 1 follows from the FGM in (5.4) applied to the dual problem (5.8) with
the change of variables vVWuy, = 2, and vW4g, = Zx. Therefore, we are going to use the

convergence results of the FGM for the dual problem in terms of the dual variables y; and

Ui and provide an estimate of the convergence rate of in terms of the primal variables.

Initially, it follows from Theorem 2.2.2 in [198], Section 2.2.1, that the sequence of esti-

mates generated by the iterations in (5.10) has the following property:

o(yr) — ¢* < L,R*exp (—k %) :

©
Moreover, it holds that
0" < oY1) < (k) — =— Ve r)1l3-
Thus
IVe(i)ll5 < 2L, (o(uk) — ¢*)
IVWz* (VW) |3 < 2L2R2exp( k u“’) :

Ly

We can conclude that ||[vWaz*(zg)||e < e/Rif k> 2 i—:’ log <
Now, by using the Cauchy—-Schwarz inequality, it follows that

[y VIV (VW) [P < Nl BIVW ™ (VIVy) |15

\/§L¢R2>
)

We can bound ||y||2 following ideas from [205], where it was shown that

19k =y ll2 < llyo — y7l2-
Thus, since we assume o = 0, it holds that [|yx||2 < 2[|y*[|2 < 2R, then
(e, VIV (VIWy)) ! < AR [V W™ (VIVyi) 3,

472 2
<8R L¢exp (—k‘ /L—Z) )

2fL2 R3>

Therefore f(z*(z;)) — f* <eif k> 2\/>1 <
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Finally, based on Lemma 1 in [204], Algorithm 1 will produce an (e, e/R)-solution if

2 2
N >2 ﬁlog (max{QﬁL‘pR , V2L,R }) .
\/ L £ 5

Following the definitions of L, j,, and x(W), we obtain the desired result. O

5.2.2  Sums of Strongly Convex and M-Lipschitz Functions on a Bounded
Set

Assume that each f; in Eq. (5.3) is u-strongly convex and M;-Lipschitz on a bounded
set, thus F' is p-strongly convex and M-Lipschitz on that specific set, then, we propose
Algorithm 2 to be executed distributedly for each of the agents in the network.

Algorithm 2 Distributed FGM for the Dual of strongly convex and M-Lipschitz problems
All agents set z{ = z) =0 € R" and N.
For each agent 2 € V
for k=0,1,2,--- ,N do
v;(2}) = argmax {(Z, z:) — fi(z:)}

5. Share z}(Z}) with neighbors, i.e. {j | (i,7) € E}.

. ) _
6 ey = Z — o) /,LL+€/R2 Z ij ]( )+32zk

\/)\max /,u—l—s/R2 \/€/R2 . .
(zlngrl — 21)
VP Amax (W)/ e/ R2+ 2/ B2

L s _
T 21 = i

8: end for

The next theorem presents our main result regarding the performance of Algorithm 2.

Theorem 37. Let F(z) be dual friendly and Assumption 7(b) hold. Moreover, assume F(x)
is M -Lipschitz in the set {z | ||z — 2*||2 < R.} with R, = ||*(0) — z*||2. For any e > 0, the
output x*(zn) of Algorithm 2 is an (e,e/R)-solution of (5.3) for

M? M?
N > 2\/4)((W)— + 1log (4)((W)— + 1) ,
e juoe

where X(W) = Apax (W) /AL (W).

Proof. Initially, consider the regularized dual function ¢ with g = which is pi-strongly

_€ _
4AR2
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Amax(W)

convex with pis = and Lg-smooth with Ly, = + 35z- Thus, similarly as in (5.12)

&
iR?>

Pyr) — 9" < L¢]?i2 exp | —k i < LyR%exp | —k He ,
L L
where R = ||§*||2, and §* is the smallest norm solution of the regularized dual problem. Note
that by definition R = [|§*|l» < |jy*[l2 = R.
Next, we provide a relation between the distance to optimality of the non-regularized

primal problem and the regularized dual problem. Note that for any y it holds that

VeI _ Vo) + alls i ly, Ve(y)
2L, 2L, - Ly,

ply) —¢" =
Therefore,

(0, Vo) < 2 (ply) — ¢') < TIAR'exp (—k g_) |

o ¢

Consequently, if & > 2\/Ly/uzlog (2LsR*/¢), then (y, Vo(y)) < e.

Moreover, it follows from the definition of the regularized dual function that
Vo)l < IV ll2 + Allyell2
< \/2Ls(@ () — ) + fllyils

E (s .
< \/§L¢Rexp (—5 %) + 20R
@

< \/§L¢Rexp (—g %) + %
%)

Using the definition of the gradient of the dual function then we have that

VW (Vi) < o/ R, for k > 2/To /g log (VL R2/<)

We conclude, from Lemma 1 in [204], that we will have an (g,¢/R) solution of (5.3) if

L 2L;R?* 2L,R?
k>2/—"log (max{ o1 ,\/_ o1t })
| 2%} 9 €

L 2L;R?
> 92 —log( SQR)
i e

A%




fi-€ fi- €

4R2 4R?
:#MHlog(MH)_

Now, we focus our attention to find a bound on the value R such that we can provide an
explicit dependency on the minimum non zero eigenvalue of the graph Laplacian. This will
allow us to provide an explicit iteration complexity in terms of the condition number of the
graph Laplacian.

Theorem 3 in [197] provides a bound that relates R with the magnitude of the gradient
of F(x) at the optimal point = z*. Particularly, it is shown that

IV E ()13
Omin(A)

min

R = ly|l; < (5.14)

It was shown in [205] that the iterations generated by the FGM in (5.4) always lie inside

*

an Euclidean ball around the optimal solution y* (y* is the optimal solution of the dual
problem in this case), with a radius equal to ||y — y*||2 which is effectively equal to R given
our initialization zp = 0. The set {y | |ly — y*|| < R} is defined in the dual variables.
However, we seek to provide a condition on the primal variables, i.e., z. It follows from
the definition of the function a*(v/Wy), that the set {y | ||y — »*|| < R} is mapped into
an Euclidean ball centered at x*, since the point o*(v/Wy*) = z*. As for the radius, note
that 2*(0) = arg min, F'(z). Thus, given the assumption that F'(x) is M-Lipschitz in the set

{z | ||z — z*||2 < R,} with R, = ||z* — 2*(0)||, it holds that

M2
Tmin(A)

min

R* <

Therefore to have an (e,e/R)-solution it is necessary that

Amax (W) M? Amax (W) M?
k>2y ———~%— +11 —_— 41
\/ e Og(A* Wype

min

M? M?
> 2\/4x(W)— + llog (4)((W)— + 1) .
j-e e
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5.2.3 Sums of Smooth Functions

Assume that each f; in Eq. (5.3) is convex and L;-smooth, thus F' is convex and L-smooth.
Then we propose Algorithm 3 to be executed distributedly for each of the agents in the

network.

Algorithm 3 Distributed FGM for the Dual of Smooth convex functions
All agents set 2} = z5 =0 € R™ and N.
For each agent i € V
for k=0,1,2,--- N do
#(5)) = argmax,, { (2}, 2:) — filw:) - 5z |will3}
Share z}(z}) with nelghbors ie. {j| (4,j) € E}.

)
Zk+1 fk —/\max(W =/R2 Zj Wiz ( )
[Amax(W) _ | mmWV)
¢/R2 L+e/R2 i i
n (Zk41 — 2k)
Amax(W) 4 [ Amin (W)
¢/R2 L+e/R2

L s _
T 5 = g

8: end for

The next theorem presents our main result regarding the performance of Algorithm 3.

Theorem 38. Let F(x) be dual friendly and Assumption 7(c) hold. For any € > 0, the
output *(zy) of Algorithm 3 is an (e,e/R)-solution of (5.3) for

2LR? 8V 2 A max (W) R? R?
N22\/( ex—l—l)x(W)log(\/_ 6(2 ) x)

where X(W) = Anax(W)/ (W) and R, = [|e* — 2*(0)].

Proof. Initially, consider the regularized problem

min F(x) where Fz) 2 F(z) +

min sz lle = O3 (5.15)

where F(z) is defined in (5.3). The function F(z) is j-strongly convex with i = 55z and
L-smooth with L = L + ft. Given that the regularized primal function is strongly CZ)I]VGX
and smooth, we can use the results from Theorem 36. Particularly, in order to have an
(e/2,e/(2R))-solution of problem (5.15), one can use Algorithm 1 with

N >2 %X(W)log (4\/_)\max< )R )

fL-€
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L+ 55 AN 2 (W) R2
:2\/—52R“” x(W) log( V2 ?ax( )

— —_— 8
2R2 2RZ

_ 2\/(21;833 .\ 1) () Iog (8\/§Amax(W)R2R§> |

e2

Having an (¢/2,¢/(2R))-solution of problem (5.15), guarantees that 273 is an (¢, e/(R))-solution
of problem (5.3), and the desired result follows. O

5.2.4 Sums of Convex and M-Lipschitz Functions

Assume that each f; in Eq. 5.3 is convex and M;-Lipschitz, thus F'is convex and M-Lipschitz.
Then we propose Algorithm 4 to be executed distributedly for each of the agents in the

network.

Algorithm 4 Distributed FGM for the Dual of M-Lipschitz functions
: All agents set z{ = z{ =0 € R” and N.

: For each agent 1 € V

. for £k=0,1,2,--- /N do

#(2h) = argmax, { (31, @) — fi(z:) = sillwill3}

Share z}(Z}) with neighbors, i.e. {j | (¢,7) € E}.

S A U RN

n .
. i 3t 1 (3] € 1
: Zh1 = % T XN R R lem%(zk) + 72 %%
j:

1/W—l—e/RQ—«/e/RQ )

(27'+ 27')
w k+1 k
Amax (W) 2 2
\/ </ 9] -‘r&‘/R + E/R

T
T g = Zpp T

8: end for

The next theorem presents our main result regarding the performance of Algorithm 4.

Theorem 39. Let F(z) be dual friendly and Assumption 7(d) hold. For any ¢ > 0, the
output x*(zn) of Algorithm 4 is an (g,e/R)-solution of (5.3) for

2 D2

M M2 2
N > 2\/16X(W) 5+ 1log (16X(W) ngm + 1) :

where X(W) = Anax(W) /AL (W), R = |y*|l2, and R, = ||z* — 2*(0)]|2.

min

Proof. Consider again, as in Theorem 38, the regularized problem (5.15) where F(z) is

defined in (5.3). The function F(z) is fi-strongly convex with j = However, we

_£_
2RZ
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have assumed now that F'(x) is not smooth. Nevertheless, from Theorem 37, we have that

Algorithm 2 will generate an (¢/2,¢/(2R))-solution of (5.15), namely z7, for

M? M?
N > 2\/8x(W)A— + 1log (8)((W)A— + 1)
fi-e fi-e

M? M?
2\/8)((W) = + 1log <8x(W) - + 1)

2R2 2R2

2 P2 2 p2

M2R
2\/16X(W) &+ 1log (16X(W) =+ 1) .

Therefore, 2*(zy) is an (¢,¢/R)-solution for problem (5.3). O

5.3 Discussion and Extensions

Table 5.2 presents a summary of the results presented in Section 5.3.1. In particular, it
shows the number of communication rounds required to obtain an (e, /R)-solution for each

the presented properties of the function F'(z).

Table 5.2: A summary of algorithmic performance.

Property of F(x) Iterations Required
p-strongly convex and L-smooth 0, < (L/ p)x(W))
p-strongly convex and M-Lipschitz | O <\/(M2/(u5))x(W)>
L-smooth O (\/(LR?C/s)X(W)>
M-Lipschitz O <\/(M2R§ /52)X(W)>

The estimates in Table 5.2 are optimal up to logarithmic factors. Particularly in the
smooth cases, where L < oo, these estimates follow from classical centralized complex-
ity estimation of the FGM algorithm. In the distributed setting, one has to perform
\/W log(e7!) additional consensus steps at each iteration. This corresponds to the num-

ber of iterations needed to solve the consensus problem
1
min o (x, Wzx), (5.16)

where W is a communication matrix. FGM provides a direct estimate on the number

of iterations required to reach consensus; particularly, we need O(y/x(W)loge™!), where
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we have used the fact that (5.16) is o (v/W)-strongly convex in xo 4 ker(W) and has
amax(\/W )-Lipschitz continuous gradients. Moreover, it follows that this estimate cannot be
improved up to constant factors.

The specific value of x(W) and its dependency on the number of nodes m has been
extensively studied in the literature of distributed optimization [25]. Table 1.1 provides
an extensive list of worst-case dependencies of the spectral gap for large classes of graphs.
Particularly, for fixed undirected graphs, in the worst case we have x(W) = O(n?) [96].
This matches the best upper bound found in the literature of consensus and distributed
optimization [207, 208]. Thus, the constraint described as VW z = 0 should be preferred over
the description as Wa = 0, even though both representations correctly describe the consensus
subspace #; = ... = x,,. Particularly, when we pick A = VIV, we have y(ATA) = y(W)
instead of x(WTW) = x(W?) > x(W).

Note that we typically do not know R or R,. Thus, we require a method to estimate the
strong convexity parameter i which is challenging [209, 210]. Therefore, we can apply the
restarting technique on p [210]. The payment for that is an 8 multiplicative factor in the
estimation [211]. Similarly, a generalization of the FGM algorithm can be proposed when
L, is unknown [204]. The specific details of this generalization are beyond the scope of this
work.

Considering the general problem in Eq. (5.1), the condition number L/u can be large if

one of the y; is small. Thus, we can formulate another equivalent problem as

i F(2) = Zf() + % (o Wa), (517)

where

F, is y > min {Z L, aAmin(W)} -strongly convex and has
i=1
1,....m

L < ( max L; + a)\maX(W)) -Lipschitz continuous gradients.

Moreover, if we set a = O(>_}_; ftk/Amin(W)), one can solve problem (5.17) with relative

precision ¢ after

O (VIL/E+x(W) (W),

communication steps, where i = > 1" ;. This estimate shows that we can replace the

smallest strong convexity constant for the sum among all of them, but we have to pay
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an additive price proportional to the condition number of the graph. This result can be
extended to the case when F(x) is just smooth by using the regularization technique with
pi = e/ (nR2) = £/ (R).

The cases when F(z) is convex or strongly convex can be generalized to p-norms, with
p > 1, see [187]. Particularly, the definitions of the condition number x(-) need to be defined
accordingly. Let us introduce a norm ||z |2 = [|21]|2 + ... + ||| for p > 1 and assume that
F(z) is p-strongly convex and L-Lipschitz continuous gradient in this (new) norm || - ||, (in
R™™), see [212] (Lemma 1), [213] (Lemma 1) and [206] (Theorem 1). Thus

<h,Wh>
aX] ||| =1

_ H
X(W) o <h,Wh>*
N p||=1,h Lker(W) ~

5.3.1 The Case When F(z) is Not Dual Friendly

The results in Theorems 36, 37, 38, and 39 assume F'(x) is dual-friendly. In this section, we
explore the case when no exact solution to the dual problem is available.

When the function is strongly convex and smooth or just smooth, one can solve Eq. (5.9)
using FGM. Therefore, we can find a solution for the dual problem, i.e. 2*(ATy), in a loga-
rithmic number of iterations from a desired relative precision ¢. Specifically, when the func-
tion is strongly convex and smooth, we can solve the auxiliary problem in O(y/L/ulog(5"))
oracle calls (i.e. calculation of V f(z)). On the other hand, when the function is only smooth,
we require O(y/LR2/clog(67")) iterations. Both estimates are optimal up to logarithmic
factor. Therefore, in those cases, we obtain optimal convergence rates both in the number of
communication rounds (Az, ATy multiplications) and oracle calls (computations of V f(x)).

In the non-smooth cases, we might use another approach. Consider the case where f(x)
is convex and M-Lipschitz and apply Nesterov’s smoothing technique [206, 214] to (5.7).

Thus, we can solve the composite type mixed smooth/non-smooth type problem

min  G.(Az) + f(z) (5.18)
lelosh, e L2
O(1/g)-smooth  M-Lipschitz

where

3

2 R2 2
G-(Ax) = max { {y, Ax) — — lyll3} = 5|1 Aall3

It holds that G.(Azx) is (Omax(AT)R?/e)-smooth. Thus, using Lan’s accelerated gradient

sliding [215], one can find an e-solution (in function value) of (5.18) without any auxiliary
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dual problem, after

O(\/(M2R§/€2)X(ATA)) and O(MQRQ%/&Q)

communication rounds and gradient computations respectively. Unfortunately, in this ap-
proach we can guarantee || Azy|| < /R only in the best case [216].

Using the restart technique [211, 217] one can extend Lan’s accelerated gradient sliding
for f(z) being p-strongly convex. At the k-th restart the number of communication rounds
is O(v/Omax(A)R?/(pe)) and the number of gradient computations is O ((2¥M?)/(2R2)).
This allows to improve estimates for (5.18) to O(y/M2/(us)x (AT A)) communication rounds

and O (M?/ug) gradient computations. These estimates are optimal up to logarithmic fac-

tors. Moreover, one can extend these results to stochastic optimization problems and the

estimations will not change [197].

5.4 Simulation Results

In this section, we will provide experimental results that show the performance of the op-
timal distributed algorithms presented in the previous section for cycle and Erdds-Rényi
random graph of various sizes. We choose the cycle graph (x(W) = O(n?)) and the Erdés-
Rényi random graph (x(W) = O(log(n))), see Fig. 5.1. Moreover, we show the scalability

properties of the algorithms for networks of increasing size.

e L . p) : ......:o °
o o . .n..:.o:.....o. o o
(a) Cycle graph (b) Erd6s-Rényi random graph

Figure 5.1: Two examples of networks of agents. (a) A cycle graph with 5 agents. (b) An
Erdés-Rényi random graph with 160 agents.
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Particularly for the cycle graph network of 5 agents shown in Fig. 5.1(a) agent 1 can
share information with agents 4 and 5, agent 5 shares information with agents 1 and 3, and

similarly for the other agents. Thus, the corresponding interaction matrix W is

Initially, consider the regression (strongly convex and smooth) problem

min ol — He} + el (519
to be solved distributedly over a network. Each entry of the data matrix H € R™*™ igs
generated as an independent identically distributed random variable H;; ~ N(0,1); the
vector of associated values b € R™ is generated as a vector of random variables where
b = Hz* + € for some predefined z* € R™ and € ~ N(0,0.1). The columns of the data
matrix H and the output vector b are evenly distributed among the agents with a total of [
data points per agent. The regularization constant is set to ¢ = 0.1. Thus, each agent has

access to a subset of points such that

bt=[ b | by |- b ] and H'=[H{ | Hy |---| H, ]
~— S~ ~— ~— ~—
Agent 1 Agent 2 Agent n Agent 1 Agent 2 Agent n

where b; € R and H; € R>™ for each i. In this setup, each agent i has a private local

function

1 lec
b — Hixi |3 + 5 —|lill3.
0 = Hiail}3 + 5 lill

fz(%) £ 2_nl

Moreover, the optimization problem in Eq. 5.19 is equivalent to

(11 1c
min, 3 (510~ Hunl} + 5 <)
VWz=0 i—1 n 2m

where W =W ® I,,,.

Figure 5.2 shows experimental results for the ridge regression problem for a cycle graph and
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an FErdés-Rényi random graph. For each type of graph we show the distance to optimality
as well as the distance to consensus for a fixed graph with n = 100, m = 10 and [ = 100.
Additionally, the scalability of the algorithm is shown by plotting the required number
of steps to reach an accuracy of € = 1-1071% versus the number of nodes in the graph.
We compare the performance of the proposed algorithm with some of the state-of-the-art
methods for distributed optimization. Dsist-Opt refers to Algorithm 1. NonAcc-Dzist
refers to the non-accelerated version of Algorithm 1. FGM is the centralized FGM. Acc-
DNGD refers to the algorithm proposed in [192] with parameter n = 0.1 and o = /7.
EXTRA refers to the algorithm proposed in [76] with parameter a = 1. DIGing refers to
the algorithm proposed in [24] with parameter o = 0.1. Figure 5.2 shows linear convergence
rate with faster performance than other algorithms and linear scalability with respect to the
size of the cycle graphs.

Now, consider the Kullback-Leibler (KL) barycenter computation problem (strongly con-
vex and M-Lipschitz)

n n m

min : Z Dir(z]lq;) = Z Z 2'log (zi/ail;)

€S
z€51(m i=1 i=1 j=1

where Sj(m) is the unit simplex in R™ and ¢; € Si(m) for all i« € V. Each agent has a
private probability distribution ¢* and seek to compute the a probability distribution that
minimizes the average KL distance to the distributions {¢;}i=1. ,. Figure 5.3 shows the
results for the KL barycenter problem for a cycle graph with n = 100, m = 10 and various
values of the regularization parameter. We show the distance to optimality as well as the
distance to consensus and the scalability of the algorithm.

In Eq. (5.19), if we assume ¢ = 0 and H; is a wide matrix where m > [ (i.e., the dimension
of the data points is much larger than the number of data points per agent), then the resulting
problem is smooth but no longer strongly convex. Figure 5.4 compares the performance of
the proposed method with the distributed accelerated method proposed in [192] for non-
strongly convex functions (Acc-DNGD-NSC) for a fixed regularization value g = 1 - 1075.
The bottom two plots in Figure 5.4 show the distance to optimality and distance to consensus
over an Erdés-Rényi random graph of two different sizes, namely n = 20 and n = 100. The
top two plots in Figure 5.4 show the same comparison for a cycle network. Figure 5.5 shows
the performance of the proposed algorithm over an Erdos-Rényi random graph with n = 50,
m = 20 and [ = 10, for different values of the regularization parameter. As expected, smaller
values of the regularization parameter increase the precision of the algorithm but hinder its

rate. As presented in Table 5.1, the algorithms have similar convergence rates, as shown by
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Figure 5.2: Distance to optimality and consensus, and network scalability for a strongly
convex and smooth problem. Left plots correspond to cycle graphs and right plots
correspond to Erdés-Rényi random graphs.
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Figure 5.3: Distance to optimality and consensus, and network scalability for a strongly
convex and M-Lipschitz problem over a cycle graph with n = 100s, m = 10 and various
values of the regularization parameter fi. The brown line shows the performance for the
non-accelerated distributed gradient descent of the dual problem.

the intersection of the curves around the accuracy point corresponding to the regularization
parameter. Nevertheless, as seen in Figure 5.2, Acc-DNDG-NSC has the worst scalability

with respect to the number of nodes, which is particularly evident for the cycle graph.

5.5 Distributed Computation of Wasserstein Barycenters

One of the common uses of the Wasserstein distance is the aggregation of distributions by
considering their barycenter [218], which itself is another distribution [219]. Wasserstein
barycenters has been shown superior to traditional Euclidean-based methods in a range
of application such as image processing [218], economics and finance [220] and condensed
matter physics [221]. Figure 5.6 shows a sample of 100 images of the digit 7 from the MNIST
dataset [222], and their respective Euclidean mean and Wasserstein mean. The Wasserstein

barycenter better captures the structural features of the input images.
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Figure 5.5: Distance to optimality and consensus for a smooth problem over a Erdds-Rényi

random graph with n = 50, m = 20, [ = 10 and various values of the regularization

parameter fi.

157



s N d YN
”‘.’\] 4NN
Od NN Ly
3
“
~ N oy o
4 N U

NN Ja
-t N

~

~

7

I S Z 7 7 717 2

2 721, 7 =2, 7 37

12 T 7F 2 F T
Euclidean Wasserstein
Mean Mean

Figure 5.6: Samples of the digit 7 from the MNIST dataset and comparison of their
Fuclidean and Wasserstein Barycenters.

For discrete and finite distributions, the Wasserstein barycenter can be efficiently com-
puted by solving a large linear program [223] or using regularization to approximate a solu-
tion efficiently and exploit its convenient algebraic properties [218, 219, 224]. In this section,
we consider the problem of computation of Wasserstein barycenters over networks. The
flexibilities induced by the distributed setup make it suitable for problems involving large
quantities of data with no centralized storage [22, 24, 20, 225]. Particularly, we assume a
group of agents is connected over a network, and each agent locally holds a probability dis-
tribution with finite support. The group seeks to compute the Wasserstein barycenter of all
distributions in the network cooperatively. Figure 5.7 shows an Erdds-Rényi random graph
with 160 agents where each agent holds a sample of the digit 7 from the MNIST dataset.

Distributed consensus with the Wasserstein metric was introduced in [87, 226]. In [226],

the authors showed asymptotic convergence to the Wasserstein barycenter of the initial distri-
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Figure 5.7: Erdos-Rényi random graph where each agent privately holds a sample of the
digit 7 from the MNIST dataset.

butions given some weak connectivity assumptions on the graph over which agents exchange
information. Nevertheless, the proposed algorithm requires that each agent computes an
exact Wasserstein barycenter of local distributions at each iteration. Although one can have
closed form solutions for some families of continuous distributions, in general, the problem
can be intractable. On the other hand, a recent approach [227] explores the computational
advantages of a dual formulation of the Wasserstein barycenter and exploits the paralleliz-
able structure of the problem to propose a scalable, communication-efficient algorithm for
its computation on arbitrary continuous distributions. Nevertheless, it requires a central
fusion center that coordinates the actions of the parallel machines.

In contrast with existing literature [226, 227|, we propose a first-order algorithm that can
be executed distributedly over a network with unknown topology. We derive an explicit
convergence rate of the order O(1/k?) with an additional cost that depends on the condition
number of the graph over which the agents interact. Additionally, we present two numerical
examples to illustrate and validate our results. First, we show some basic properties of the
algorithm for the problem of computing the Wasserstein barycenter of univariate, discrete
and truncated Gaussian distributions. Then, we show the result of applying our algorithm

to a subset of the MNIST digit database on a large-scale network of 1000 agents.
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5.5.1 Problem Statement

Consider two probability distributions p,q € S;(m) with support on a finite set of points
{x; € RY}™, such that p(z;) = p; and q(x;) = ¢. Moreover, consider a non-negative
symmetric matrix M, where [M];; € Ry accounts for the cost of moving mass from p; to
bin ¢;. Without loss of generality, in the numerical example we will consider the Euclidean

costs where [M];; = |lz; — z;]|3. Additionally, define the set of couplings or transportation

polytope U(p, q) as
Ulp,q) £{X eR"™ | X1=p,X"1=q}.

The entropy-regularized optimal transport problem [228] seeks to minimize the transporta-

tion costs while maximizing the entropy (maximum-entropy principle, v > 0) and is defined

as
W,(p,q) 2 min {(M,X)—~EX)}, 5.20
(p:q) Xea(p,q){< ) —vE(X)} (5.20)
where
(M, X) £ > " M;X;; and E(X) 2 =) ") h(X;)),
i=1 j=1 i=1 j=1

and Vo > 0, h(z) £ zlogz and h(0) = 0. The solution Wy(p, q) is called the Wasserstein
distance between p and ¢ and if v > 0 W,(p,q) is known as regularized (or smoothed)
Wasserstein distance. For v > 0, problem (5.20) is strongly convex and admits a unique
solution X™*.

For simplicity, let us introduce the notation W, ,(p) for fixed probability distribution
q € Si(m)

Wi 4(p) = W, (p,q).

One particular advantage of entropy-regularizing the Wasserstein distance is that there
exist closed-form representations for the dual problem and its gradients [218, 224] where the

Fenchel-Legendre transform of (5.20) is defined as

W; (y) £ max {(y,p) = Wy(p)} - (5.21)

pES1(

In [89], other regularization functions were explored. The squared 2-norm was shown to
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produce sparse transportation plans. In this chapter, we will use the entropy regularization.
Nevertheless, our results extend naturally to regularization functions, especially those that
admit closed-form solution of dual gradients. The next theorem states the closed-form solu-
tions of the dual problem and the gradient of the entropy regularized Wasserstein barycenter

problem.

Theorem 40 (Theorem 2.4 in [224]). For v > 0, the Fenchel-Legendre dual function
W: ,(p,q) is differentiable and its gradient VW2 (y) is 1/v-Lipschitz in the 2-norm with

Ws () =7 (E(q) + (¢, log Ka)) and
VW;,(y) = ao (K - q/(Ka)) € S (m),

where y € R™, a = exp(y/v) and K = exp(—M /7).

We will use the results of Theorem 40 to design an algorithm for the computation of the
Wasserstein barycenter on graphs based on recent ideas of dual approaches for convex opti-
mization problems with affine constraints [229, 230] and optimal algorithms for distributed
optimization [231].

The Wasserstein barycenter [218, 219] of a family of discrete distributions (g1, g2, - , gn)

in S1(m) is defined as the solution to the following optimization problem

n

min AW, 4 (D), (5.22)

pES1(M) £
=1

where {A}!, is a set of weights that describe the relative importance of each distribution.
Without loss of generality we assume that A\ = --- = \,,.

The Wasserstein barycenter is an extension of the Fuclidean barycenter to nonlinear metric
spaces corresponding to the empirical Fréchet mean [232]. The existence and uniqueness of
a Wasserstein barycenter has been studied in the literature [233]. Problem (5.22) is strictly
convex and admits a unique solution, denoted by p* [224].

For the distributed computation of Wasserstein barycenters, let us introduced stacked the
column vectors p = [p!,--- ,pl1" and q = [¢], -+ ,¢.]*, where Vi € V, p;, ¢; € Si(m), and

rewrite the problem (5.22) in an equivalent form

p, D> Woulp). (5.23)
P1ye-pn€S1(m) =1

We denote the unique solution of (5.23) by p* = [(p1)T, -+, (p)T]" with p} =--- =p} =
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p*. We seek to solve problem (5.23) in a distributed manner over a network, where each
distribution ¢; is held by an agent 7 on a network.

Therefore, one can equivalently rewrite problem (5.23) as

min W = W, .4 (Di)- 5.24
P1yensPn €51 () 7.a(P) Zl i (Di) (5.24)
\/WP:O 1=

Note that the constraint set {pi,...,p, € Si(m) | vVIWp = 0} is the same as the set
{p1,...,pn € Si(m) | pr = --- = p,}, since ker(v/W) = span(1) due to the connectivity of
the graph G.

Next, we state the proposed algorithm for solving the optimization problem in Eq. (5.24)

and analyze its convergence rate.

5.5.2 Algorithm and Results

In [187], the authors proposed a novel analysis for the minimization of strongly convex

functions with affine constraints of the form

min f(z), (5.25)

where f(x) is 1-strongly convex with respect to the p-norm with the corresponding dual

problem is defined as

ming(y) where g(y) = max{(A"y,x) - f(x)}. (5.26)

We denote z*(ATy) the solution to the problem defining g(y). The dual function g(y) is
L-smooth with L = ||A||1 2 = max;—1... , ||A;||3, where A; is the i-th column of A. Addi-
tionally, from Demyanov-Danskin’s theorem (see, for example, Proposition 4.5.1 in [123]), it
follows that Vg(y) = Ax*(ATy). Thus, one can use accelerated first order methods such as
Nesterov’s fast gradient [190] or one of its recent reformulations to obtain an approximate
solution. For example, the linear coupling method presented in [234], for problem (5.26),

can be written as

Y1 = T2k + (1 — 73 )wg, (5.27a)
1

Wi4+1 = Yg+1 — ZAIE* (ATka) , (5.27Db)

Zhp1 = 2k — Qg Ar" (ATyega) (5.27¢)
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where a1 = (k4 2)/(2L) and 7, = 2/(k + 2). Note that the update rules in (5.27), as
proposed in [234], are defined for the primal problem; thus, y; here should be understood as
x), in [234], and similarly wy here should be understood as yj in [234].

The novelty in [187] lies in the statement of the convergence rate of the accelerated methods
in terms of the duality gap and the constraint violation. Additionally, it was shown that
for the linear coupling accelerated algorithm [229] one can guarantee that the solutions
will remain in a closed ball around the optimal solution with a radius proportional to the
distance between the initial point of the algorithm and the optimal solution. Next, we state
a technical result based on [187] that will help us in the design and analysis of our proposed

algorithm for the distributed computation of the Wasserstein barycenters.

Theorem 41. The fast gradient method based on linear coupling in Eq. (5.27) applied to
problem (5.26), with wy = yo = 29 = 0, has the following properties: ¥ k > N it holds that

gwp) + f(#) <e  and  ||AZx —b|2 < e/R,

where Ty, = f;ol k(f,:f;)at*(ATytH), N 2 \/16LR?/e, R = ||y*|2 < 0o and y* is the optimal

point of g(+) with minimal norm.

Proof. The proof consists in combining Theorem 2 in [235] and proof of Theorem 1 in

[236]. O

Problem in Eq. (5.24) can be equivalently reformulated as the maximization problem

=1

where y = [y{ - y1]".

Moreover, the Fenchel-Legendre transform of W, . (p;) is

Wi (VW) = max {((VWylp) =W}

pi€S1 (M

where [v/IWy]; is equivalent form of Y% v/Wi;y;, where VWi = [VIV]i; & L.
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Therefore, we can rewrite the problem (5.24) as follows:
min W) o (VIVy) = Z W (VWylo). (5.28)
Additionally, from Theorem 40 the gradient can be expressed in closed form as
YW:,. ([\/Wy]i) = i VWi ([\/Wy]j) ,
j=1

where

%[~ ~ qj
p;(H) = a(y) o (K ‘ (Ka—](g))> -
Moreover, it holds that one can recover the solution p* to the primal problem (5.24) from

a solution y* to the dual problem (5.28) as
p=p' (Vi)

The optimality relation between the dual and the primal problem follows from Theorem
3.1 in [224]. In general, the dual problem (5.28) can have multiple solutions of the form
y* + ker(v/TW) when the matrix v/IW does not have a full row rank. When the solution is
not unique, we will use y* to denote the smallest norm solution, and we let R be its norm,
ie. R=[y*[2.

The entropy regularization term is y-strongly convex with respect to the 1-norm over the
probability simplex S;(m). As a consequence, the computation of the Wasserstein barycen-
ter of a set of discrete probability distributions {¢;}?; is equivalent to solving the dual
decomposable L-smooth (with respect to the 2-norm) optimization problem (5.28) with
L =|VW]|32,_, ./ [237]. Specifically, in this setup it holds that

T
VW e = max [VIT3 = max ViV, VI,
=1, ,n i=1,-n

= INa. [W]” = dmax-

i=1,,n

We can explicitly write the Nesterov’s accelerated gradient method (FGM) [198] for

smooth functions. Particularly, we follow the linear coupling approach recently proposed
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in [234]. Setting W, = 2 = yx = 0, the FGM generates iterates according to:

Vi1 = Ti2g + (1 — 75) W0 (5.29a)
) . I
Wkl = Vi1 T 7 Wp ( Wyk+1) (5.29b)

Spi1 = 2 — g VWD <\/Wyk+1) (5.29¢)

where agy1 = (k+2)/(2L) and 7, = 2/(k + 2).

Unfortunately, algorithm (5.29) cannot be executed in a distributed manner. Although the
entries of local gradient vectors can be computed independently by each node, the sparsity
pattern of the matrix v/W need not be the same as the communication constraints induced
by the graph G. Thus, the variables w, and z, cannot be computed on the network. This
problem is solved by a change of variables such that § = VAl ¥y, w= VWi and z = VIWz.

Algorithm 5 presents the resulting distributed accelerated gradient method for the dual

problem of the Wasserstein barycenter problem.

Algorithm 5 Distributed Computation of Wasserstein Barycenters

Require: Each agent i € V is assigned its distribution g;.

1: All agents set W} = g5 = 25 =0 € R" and N
2: Set K = exp(—M/7)

3: For each agent i € V:

4: for k=0,1,2,---,N—1 do

5: TR = 1%2 and apiq = %%

6:

gi+1 = Tkglic + (1 —7'143)27);'g

T pie) = exp () o | K —4—
Kexp(*ﬁ)

Share p; (§.4,) with {7 | (i,) € B}

@llcﬂ = gllc+1 - % Z?:l Wi;pj (?jzﬂ)

10: 0 Zpyy =2 — g Do Wi (F7.40)

11: end for
12: Set (yi)i = Wy, Vi €V
% N—-1 k+2 *(~1 .
13: Set (py)i = Do N((;Jr)?,)pi (Tpy1), Vi€V

Based on [187], we can guarantee that Algorithm 5 generates sequences of vectors {yy, Wi, Zx }
which remain in a ball Bg(0) with R = ||yo — 7*||2 = ||7*||2. Now, we are ready to state our
main result that provides a convergence rate for Algorithm 5 with explicit dependencies on

the problem parameters and the topology of the network.
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Theorem 42. Assume that VW3 (3)[l2 < G on a ball Br(0),. Then, it holds that that

after
162
Nz [ x(W)
v-€
iterations, the outputs of Algorithm 5; i.e.,

have the following properties:
Woa(py) + Wi 4(yn) <€ and [VWpy|2 < /R,

where X(W) = dmax/dmin -
Proof. The dual function WJ (y) is (dmax/)-smooth. Thus, from Theorem 41 that

Wia(Pv) + Wiq(yn) <& and [[VWpylla <e/R

holds for k£ > \/ 16dmax R?/(ve). Moreover, considering the boundedness of the gradients of

the dual function, we can estimate the radius as

I et
- min {{u, vVWz)}  dmin
z€E Lker(vVW),ueH*
lzll p=1llull g+ =1

Thus, we require k£ > /1662 dmax and the desired result follows from the definition of
xX(W). O

Theorem 42 provides the minimum number of iterations required for the proposed algo-
rithm to reach some arbitrary relative accuracy in the solution of the distributed Wasserstein
Barycenter problem. The convergence rate is shown to be of the order O(1/k?*) which has
been shown to be optimal for smooth convex optimization problems [198] with an additional
cost proportional to the square root of the number of agents in the network in the worst
case.

In general, one might be interested in finding a Wasserstein barycenter for the original
Wasserstein distance with no regularization term, that is, solving the problem in Eq. (5.22)
with v = 0. The next theorem explains a choice of v that provides converge rate result with

respect to the non-regularized optimal transport based on the iterates of Algorithm 5.

166



Theorem 43. Assume that |[VW] ()l < G on a ball Br(0), and set v = ¢/(4nlogm).
Then, it holds that after

2
N> \/128G nlong(W)

o2
iterations the outputs of Algorithm 5, i.e.,

py = (a1, (P )m]”

have the following properties:
Woa(pPy) = Woa(p") <€ and [[VWpy|2 <e/(2R),

where x(W) = dmax/dmin -
Proof. Considering weak duality W (y) > =W, 4(p*) and Theorem 42 for ¢ — £/2, obtain

Wi.q(Pv) = Wha(P) < /2. (5.30)
By the choice of v, for Vi =1, ..., n, it holds that

W’qui (p:) - WO,%‘ (p:) < €/<2n)7
Wy ai((Pn)i) 2 Woa (P )i)-

Summing these inequalities and combining the result with (5.30), the desired result follows.
O

5.5.3 Numerical Experiments

In this section, we show two numerical experiments to validate the results from Theorem 42.
We explore the problem of computing Wasserstein barycenter of univariate, discrete and
truncated Gaussian densities and the computation of the Wasserstein barycenter of a sub-
sample of 1000 digit images from the MNIST dataset.

Barycenter of Gaussian Distributions

Initially, we explore the computation of Wasserstein barycenters for sets of univariate, dis-

cretized and truncated Gaussian densities [218]. We consider a network of agents where
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each agent ¢ holds an univariate, discretized and truncated Gaussian distribution, with
mean p; € [—5,5], standard deviation o € [0.1,2] and equally spaced support of 100 points
in [—5,5]. The entropy regularization parameter is set to v = 0.1. Figure 5.8 shows the
distance to optimality and the distance to consensus of the outputs of Algorithm 5 when
the agents are connected over various graph topologies and a fixed size of 50 nodes. Also,
Figure 5.8 shows the scalability of the algorithm, i.e., the number of iterations required to

reach an € accuracy in the distance to optimality and consensus for networks of increasing

size.
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Figure 5.8: Optimality and scalability of Algorithm 5 for various graphs.
e*(v3) = W g(yi) = Wi q(y))/ W5 4(35) = Wi 4(y7)), €1 =1-10"% and &5 = 1-107°.

MNIST Dataset

We randomly sample 1000 images for each digit of the MNIST dataset [222, 238]. Each

image has 28 x 28 pixels and is scaled uniformly at random between 0.5 and 2 of its size
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and randomly located on a larger 56 x 56 blank image. The pixel values of the image are
normalized to add up to 1. We assign one sample from each digit to each agent on a group
of 1000 agents, and the objective is to jointly compute the Wasserstein barycenter for each
digit of the 1000 samples present in the network. Each agent owns only one image, and these
images are different. In total, the number of images assigned to each agent is equal to the
number of digits. The agents are connected over an Erdés-Rényi random graph with 1000
nodes and connectivity parameter 4/1000. The entropy regularization parameter is set to
v = 0.01. Figure 5.9 shows the local barycenter of the 9 digits for a subset of 3 agents in

the network at various number of iterations.

5.6  Conclusions

We have provided convergence rate estimates for the solution of convex optimization prob-
lems in a distributed manner. The provided complexity bounds depend explicitly on the
properties of the function to be optimized. If F'(z) is smooth, then our estimates are opti-
mal up to logarithmic factors; otherwise, our estimates are optimal up to constant factors.
The inclusion of the graph properties in terms of \/m shows the additional price to be
paid in contrast with classical (centralized /non-distributed) optimal estimates. The authors
recognize that the proposed algorithms required, to some extent, global knowledge about the
graph properties and the condition number of the network function. Nevertheless, we aimed
to provide a theoretical foundation for the performance limits of the distributed algorithms.
The cases where global information is not available require additional study.

As an application example, we developed a novel algorithm for the distributed computation
of Wasserstein barycenters over networks where a group of agents connected over a network
and each agent holds some local probability distribution with finite support. Our results
provably guarantee that all agents in the network will converge to the Wasserstein barycenter
of all distribution on the network. We provide an explicit and non-asymptotic convergence
rate of the order O(1/k?) with an additional cost proportional to the condition number of

the graph over which the agents exchange information.
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Figure 5.9: Local Wasserstein barycenter of the digits of the MNIST dataset for a subset of
3 agents out of 1000 on an Erdés-Rényi random graph. A video of the evolution of the
local barycenters for 10 agents is available at http://bit.1ly/2t9fn0Y.
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CHAPTER 6

CONCLUSIONS AND DIRECTIONS FOR FUTURE
RESEARCH

6.1 Conclusions

The distributed setup, where one needs to make global decisions using the local informa-
tion only, is particularly well-suited for modern applications of data science, where data
are sparse, hard to transmit, or stored distributedly. The main idea and contribution of
this dissertation is the strengthening of connections between the challenges of processing
massive data sets and the mathematical foundations of optimization, statistics, and network
science. Particularly, we ought to bridge the theory of network science and mathematical
programming with applications of statistical inference and belief systems over networks, and
its connection to inherently distributed systems.

In this dissertation, we have mainly focused on the questions of efficiency and scalability of
algorithms that can be executed in a distributed manner over a network. We have presented
our results grouped in three particular problems.

The first one is concerned with the graph-theoretical analysis of the convergence properties
of belief systems with logic constraints. We have provided novel graph-theoretical analysis
of the questions of convergence, convergence rate and the limit value of such belief systems
with a special interest in understanding the explicit influence of the topology of the social
network involved and the network of induced by the logic constraints.

Second, we shifted our attention to the problem of distributed statistical inference. We
have provided a novel connection between Bayesian posteriors and stochastic approximation
algorithms that allowed us to propose a series of new algorithms for statistical estimation
problems over networks where agents or nodes are oblivious to the topology of the network.
For finite hypotheses sets, we have provided three new algorithms for large classes of net-
works, namely, time-varying undirected graphs, time-varying directed graphs and fixed undi-
rected graphs. In each of these network classes, we have provided explicit, non-asymptotic
convergence rates for the proposed algorithms for worst case networks. Also, we have studied

the distributed statistical inference problem when the hypothesis sets are compact subsets of
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R?. We have shown non-asymptotic belief concentration rates for a new distributed learning
algorithm for static undirected graphs. Moreover, we provided a general distributed learn-
ing algorithm for distributed parameter estimation problems when observations come from
members of the exponential family of distributions. For the case of Gaussian observations,
we extended our results to time-varying directed graphs.

Finally, we studied the fundamental properties of solving convex optimization problems
over networks. Particularly, we follow a dual approach for the design of distributed optimal
algorithms for convex optimization with various convexity and smoothness properties. For
the case of static undirected graphs, we propose optimal algorithms for the minimization of
the sum of strongly convex and smooth functions, either strongly convex or smooth functions,
or just convex functions. We show that these optimal algorithms can be executed over
arbitrary static and undirected networks and they achieve the same convergence rates as their
centralized counterparts. However, there is an additional multiplicative factor proportional
to the topology of the network where the problem is being solved. We show that this
dependency is linear in the number of nodes in the network in the worst case graph in a
Euclidean setting. Then, we use these results to develop a novel algorithm for the distributed
computation of Wasserstein barycenters over networks. We show the proposed algorithm
achieves optimal convergence rates for the entropy regularized optimal transport problem as
well as the non-regularized one. Given the geometry of the optimal transport problem, the
dependency on the network topology is shown to be the ratio between the maximum degree

and minimum degree among all nodes in the network.

6.2 Directions for Future Research

Each of results presented in this dissertation opens up a number of problems that require

further study as we will discuss next.

e The problem of tracking optimal hypothesis when its distributions are changing with
time requires further study. Ideas from social sampling can also be incorporated in
this framework, where the dimension of the beliefs is large and only partial beliefs are
transmitted. Moreover, studying the influence of corrupted measurements or malicious

agents is also of interest, especially in the setting of social networks.

e The exploration about how variations in stochastic approximation algorithms will pro-
duce new non-Bayesian update rules for more general problems remains to be explored.

Promising directions include acceleration results for proximal methods, other Bregman
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distances or constraints within the space of probability distributions. Furthermore, we
have modeled interactions between agents as exchanges of local probability distribu-
tions (i.e., beliefs) between neighboring nodes in a graph. The interesting open question
is to understand to what extent this can be reduced when agents transmit only an ap-
proximate summary of their beliefs. We anticipate that future work will additionally
consider the effect of parametric approximations allowing nodes to communicate only
a finite number of parameters coming from, say, Gaussian mixture models or particle
filters.

Future work should consider nonlinear observations of the parameter 6, that is, X} ~
N(g'(0), (6%)?) for some function g : § — R. Ongoing work develops similar parameter
estimation approaches for the larger case of the exponential family of distributions on
the natural parameter space. A particularly interesting case is when the parameter
0* is changing with time, either arbitrarily, on some form of Markov process or other
dependencies. This case renders observations to be neither identically distributed nor

independent.

In Chapter 4, we derived concentration results for an infinite number of hypotheses,
particularly, for parametric models where © C R?is a compact set. In order to simplify
the analysis, it is assumed that the networks where agents are interacting are undirected
and fixed. Nonetheless, as seen in Chapter 3 for the case of finite hypotheses, we can
provide algorithms for time-varying directed graphs in Eq. (3.24) and acceleration on
fixed graphs in Eq. (3.18).

We conjecture that similar algorithms can be derived for the infinite hypotheses case.

For example, for time-varying directed graphs we propose an algorithm of the following

form:
: v
Yrr1 = Z F (6.1a)
JEN; Tk
Ak ) o< | T il )% 0 (1) | (6.1b)
JEN]

Similarly, for fixed graphs we propose that an algorithm can be derived with a linear

173



scalability with respect to the number of nodes, explicitly

n

[T dped, (0) A i ()P

=1

1T (dp Oy )™

J=1

.

dlﬁcﬂ(e) x (62)

In turn, these two new protocols generate a set of new algorithms that can be made

explicit for members of the exponential family.

In Chapter 4 we develop an algorithm for the case where the observations as well as
the parametric model are Gaussian distributions. It assumes that the observations
are of the form: X} = 6" + ¢ with €, ~ N(0, (0%)?). Therefore, P = N(6*,0) and
B =N(0,0).

The problem is the estimation of a parameter 8* € 8 C R that solves

min F() £ Z %.

If instead the parameter space is © C R™, then X} = 6" + €. with €; ~ N(0, (X%)?),
where X' is now a covariance matrix in R™*™. Therefore, P' = N (0*,3%) and P} =

N(6,%%), which implies the estimation problem consists in solving
n

min F(0) £ (0 — 6)(Z) (0 - 0")

0O -
=1

since for two multivariate Gaussian distributions P = N (6y, Xg) and Q = N (61, %;)

1 fea detX
Dii(P.Q) = 5 <tr(21120) — (01 — 00)'S1 " (61 — o) — k + In (de@i» :

Now, assume that the observations are in the form of X; = C”0 + €., where § € R™,
C' € R™ and €, ~ N(0,%). Moreover, we can stack all C? into a single matrix C,
then P* = N'(C”6*, %) and P = N(C"#,%). The optimization problem to be solved

is then

mein ”6 - G*H%vz—lcl (63>
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and the resulting algorithm is

(Si) ™ =D ay(Z) T+ Cf(E) e (6.4a)
j=1
2;+1 = 22+1 (Z aij(Ei)_IQi + Oi/(zi)_lsz) : (6.4b)
j=1

It is clear from Eq. (6.3) that there is an immediate connection between the Kullback-
Leibler minimization problem and the least squares or linear regression problem. Sev-

eral questions can be asked about this setup:

— How does the rates of convergence on Eq. (6.4) compare with other distributed

optimization approaches for the solution of least squares problems?

— The algorithm in Eq. (6.4) requires each agent i to transmit i and also X},
which can be communication intensive since the communication of a square matrix
is needed. Can we have similar behavior by only transmitting certain entries?
What is a good approach to select which entries to send? How do the rates of

convergence get affected?
— What happens if the observation matrices C* are changing with time?

— Can we provide a rate of convergence if the observations are nonlinear, i.e. X} =

f10) +€.?

e The optimal algorithms proposed in Chapter 5 require a certain amount of informa-
tion regarding the spectral properties of the graph and the convexity and smoothness
parameters of the functionals. The case where spectral information of the network is
not available requires further study, for example, by using restarting techniques. Ad-
ditionally, it is still an open problem whether one can show the optimal performance

of distributed algorithms for time-varying graphs or directed graphs.

e The use of mathematical programming tools for large-scale optimal transport problems
has taken on importance in recent years. Particularly for the problem of the computa-
tion of Wasserstein barycenters, one can explore the use of incremental curvature-aided
information to get better performance. Also, recently proposed stochastic approaches

can provide more efficient algorithms [239, 227].

e One can try to generalize the results of Chapter 5 to intermediate levels of smoothness.

That is, try to propose the method for arbitrary Holder parameter v € [0,1]. For
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example, one can use universal Nesterov’s method by skipping the adaptation and
proper choosing of d(v,¢€). This is another way to obtain results in the non-smooth
case as a special situation ¥ = 0. In the dual space, we will not have classical strong
convexity but just uniform convexity. However, it can be studied by introducing inexact

oracle as in [240].

One can further extend the results in Chapter 5 to obtain the same rates of conver-
gence when the graphs change with time by using restarting techniques [241, 242].
Nevertheless, we require additional assumptions. Particularly, the network changes
should not happen often, and nodes must be able to detect when these changes occur.
The condition number of the sequence of graphs x(W}) then is the worst one among
all the graphs in the execution of the algorithm. Additionally, it is still an open re-
search question whether these optimal convergence rates can be achieved over directed

networks.

176



1]

[10]

[11]

REFERENCES

A. Jadbabaie, P. Molavi, A. Sandroni, and A. Tahbaz-Salehi, “Non-Bayesian social
learning,” Games and Economic Behavior, vol. 76, no. 1, pp. 210-225, 2012.

K. R. Rad and A. Tahbaz-Salehi, “Distributed parameter estimation in networks,” in
49th IEEE Conference on Decision and Control (CDC), Dec 2010, pp. 5050-5055.

M. Alanyali, S. Venkatesh, O. Savas, and S. Aeron, “Distributed Bayesian hypothesis
testing in sensor networks,” in Proceedings of the American Control Conference, 2004,
pp. 5369-5374.

R. Olfati-Saber, E. Franco, E. Frazzoli, and J. S. Shamma, “Belief consensus and
distributed hypothesis testing in sensor networks,” in Networked Embedded Sensing
and Control. Springer, 2006, pp. 169-182.

7

R. J. Aumann, “Agreeing to disagree,
1236-1239, 1976.

The Annals of Statistics, vol. 4, no. 6, pp.

V. Borkar and P. P. Varaiya, “Asymptotic agreement in distributed estimation,” IEEE
Transactions on Automatic Control, vol. 27, no. 3, pp. 650-655, 1982.

J. N. Tsitsiklis and M. Athans, “Convergence and asymptotic agreement in distributed
decision problems,” IFEE Transactions on Automatic Control, vol. 29, no. 1, pp. 42—
50, 1984.

C. Genest and J. V. Zidek, “Combining probability distributions: A critique and an
annotated bibliography,” Statistical Science, vol. 1, no. 1, pp. 114-135, 1986. [Online].
Available: http://www.jstor.org/stable/2245510

R. Cooke, “Statistics in expert resolution: A theory of weights for combining expert
opinion,” in Statistics in Science, ser. Boston Studies in the Philosophy of Science,
R. Cooke and D. Costantini, Eds. Springer Netherlands, 1990, vol. 122, pp. 41-72.

M. H. DeGroot, “Reaching a consensus,” Journal of the American Statistical Associ-
ation, vol. 69, no. 345, pp. 118-121, 1974.

G. L. Gilardoni and M. K. Clayton, “On reaching a consensus using Degroot’s iterative
pooling,” The Annals of Statistics, vol. 21, no. 1, pp. 391-401, 1993.

177



[12]

[13]

[17]

[18]

[19]

[20]

[21]

J. A. Gubner, “Distributed estimation and quantization,” IEEE Transactions on In-
formation Theory, vol. 39, no. 4, pp. 14561459, 1993.

Y. Zhu, E. Song, J. Zhou, and Z. You, “Optimal dimensionality reduction of sensor data
in multisensor estimation fusion,” IEFE Transactions on Signal Processing, vol. 53,
no. 5, pp. 1631-1639, 2005.

R. Viswanathan and P. K. Varshney, “Distributed detection with multiple sensors i.
fundamentals,” Proceedings of the IEEFE, vol. 85, no. 1, pp. 5463, 1997.

S.-L. Sun and Z.-L. Deng, “Multi-sensor optimal information fusion Kalman filter,”
Automatica, vol. 40, no. 6, pp. 1017-1023, 2004.

L. Xiao and S. Boyd, “Optimal scaling of a gradient method for distributed resource
allocation,” Journal of Optimization Theory and Applications, vol. 129, no. 3, pp.
469-488, 2006.

M. Rabbat and R. Nowak, “Decentralized source localization and tracking wireless
sensor networks,” in Proceedings of the IEEE International Conference on Acoustics,
Speech, and Signal Processing, vol. 3, 2004, pp. 921-924.

J. Konecny, B. McMahan, and D. Ramage, “Federated optimization: Distributed
optimization beyond the datacenter,” arXww preprint arXiv:1511.03575, 2015.

T. Kraska, A. Talwalkar, J. C. Duchi, R. Griffith, M. J. Franklin, and M. I. Jordan,
“Mlbase: A distributed machine-learning system.” in CIDR, vol. 1, 2013, pp. 2-1.

A. Nedié¢, A. Olshevsky, and C. A. Uribe, “Distributed learning for cooperative infer-
ence,” arXiw preprint arXiv:1704.02718, 2017.

L. Bottou, “Large-scale machine learning with stochastic gradient descent,” in Pro-
ceedings of COMPSTAT’2010. Springer, 2010, pp. 177-186.

S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eckstein, “Distributed optimization and
statistical learning via the alternating direction method of multipliers,” Foundations
and Trends®) in Machine Learning, vol. 3, no. 1, pp. 1-122, 2011.

M. Abadi, A. Agarwal, P. Barham, E. Brevdo, Z. Chen, C. Citro, G. S. Corrado,
A. Davis, J. Dean, M. Devin et al., “Tensorflow: Large-scale machine learning on

heterogeneous distributed systems. corr, abs/1603.04467,” in Conference on Language
Resources and FEvaluation (LREC08), 2016, pp. 3243-3249.

A. Nedi¢, A. Olshevsky, and W. Shi, “Achieving geometric convergence for distributed
optimization over time-varying graphs,” STAM Journal on Optimization, vol. 27, no. 4,
pp. 2597-2633, 2017.

A. Nedié¢, A. Olshevsky, and C. A. Uribe, “Fast convergence rates for distributed
non-Bayesian learning,” IEEE Transactions on Automatic Control, vol. 62, no. 11, pp.
5538-5553, Nov 2017.

178



[26]

[27]
[28]

[29]

[30]
[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

B. Golub and M. O. Jackson, “Naive learning in social networks and the wisdom of
crowds,” American Economic Journal: Microeconomics, pp. 112-149, 2010.

P. E. Converse and D. E. Apter, Ideology and its Discontents. Free Press, 1964.

S. Feldman, “Structure and consistency in public opinion: The role of core beliefs and
values,” American Journal of Political Science, pp. 416-440, 1988.

D. Acemoglu, M. A. Dahleh, 1. Lobel, and A. Ozdaglar, “Bayesian learning in social
networks,” The Review of Economic Studies, vol. 78, no. 4, pp. 1201-1236, 2011.

M. O. Jackson, Social and Economic Networks. Princeton University Press, 2010.

R. Hegselmann and U. Krause, “Opinion dynamics driven by various ways of averag-
ing,” Computational Economics, vol. 25, no. 4, pp. 381-405, 2005.

A. Mirtabatabaei and F. Bullo, “Opinion dynamics in heterogeneous networks: conver-
gence conjectures and theorems,” SIAM Journal on Control and Optimization, vol. 50,
no. H, pp. 2763-2785, 2012.

N. E. Friedkin, “The problem of social control and coordination of complex systems
in sociology: A look at the community cleavage problem,” IEEE Control Systems,
vol. 35, no. 3, pp. 40-51, 2015.

D. E. Cartwright, Studies in Social Power. Univer. Michigan, 1959.

N. E. Friedkin and E. C. Johnsen, Social Influence Network Theory: A Sociological
Examination of Small Group Dynamics. Cambridge University Press, 2011, vol. 33.

R. P. Abelson, “Mathematical models of the distribution of attitudes under contro-
versy,” Contributions to Mathematical Psychology, vol. 14, pp. 1-160, 1964.

N. E. Friedkin, A. V. Proskurnikov, R. Tempo, and S. E. Parsegov, “Network science
on belief system dynamics under logic constraints,” Science, vol. 354, no. 6310, pp.
321-326, 2016.

S. E. Parsegov, A. V. Proskurnikov, R. Tempo, and N. E. Friedkin, “Novel multi-
dimensional models of opinion dynamics in social networks,” IEEFE Transactions on
Automatic Control, 2016.

C. T. Butts, “Why I know but don’t believe,” Science, vol. 354, no. 6310, pp. 286287,
2016.

F. Amblard and G. Deffuant, “The role of network topology on extremism propagation
with the relative agreement opinion dynamics,” Physica A: Statistical Mechanics and
its Applications, vol. 343, pp. 725-738, 2004.

S. Fortunato, “Damage spreading and opinion dynamics on scale-free networks,” Phys-
ica A: Statistical Mechanics and its Applications, vol. 348, pp. 683—690, 2005.

179



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

S. van der Linden, “Determinants and measurement of climate change risk perception,
worry, and concern,” in The Ozford Encyclopedia of Climate Change Communication,
M. Nisbet, M. Schafer, E. Markowitz, S. Ho, S. O’Neill, and J. Thaker, Eds. Oxford
University Press, Oxford, UK, 2017.

S. Shahrampour and A. Jadbabaie, “Exponentially fast parameter estimation in net-
works using distributed dual averaging,” in 52nd IEEE Conference on Decision and
Control (CDC), Dec 2013, pp. 6196-6201.

S. Shahrampour, M. Rahimian, and A. Jadbabaie, “Switching to learn,” in Proceedings
of the American Control Conference, 2015, pp. 2918-2923.

S. Shahrampour, A. Rakhlin, and A. Jadbabaie, “Distributed detection: Finite-time
analysis and impact of network topology,” IEEE Transactions on Automatic Control,
vol. 61, no. 11, pp. 3256-3268, Nov 2016.

A. Lalitha, A. Sarwate, and T. Javidi, “Social learning and distributed hypothesis
testing,” in 2014 IEEFE International Symposium on Information Theory, June 2014,
pp. 551-555.

M. A. Rahimian, S. Shahrampour, and A. Jadbabaie, “Learning without recall by
random walks on directed graphs,” preprint arXiw:1509.04332, 2015.

D. Gale and S. Kariv, “Bayesian learning in social networks,” Games and Economic
Behauvior, vol. 45, no. 2, pp. 329-346, 2003.

E. Mossel, N. Olsman, and O. Tamuz, “Efficient Bayesian learning in social networks
with Gaussian estimators,” in 2016 5/th Annual Allerton Conference on Communica-
tion, Control, and Computing (Allerton), Sept 2016, pp. 425-432.

M. Mueller-Frank, “A general framework for rational learning in social networks,”
Theoretical Economics, vol. 8, no. 1, pp. 1-40, 2013.

L. G. Epstein, J. Noor, and A. Sandroni, “Non-Bayesian learning,” The BE Journal
of Theoretical Economics, vol. 10, no. 1, 2010, article 3.

A. Jadbabaie, P. Molavi, and A. Tahbaz-Salehi, “Information heterogeneity and the
speed of learning in social networks,” Columbia Business School Research Paper, no.
13-28, 2013.

V. Saligrama, M. Alanyali, and O. Savas, “Distributed detection in sensor networks
with packet losses and finite capacity links,” IFEFE Transactions on Signal Processing,
vol. 54, no. 11, pp. 4118-4132, 2006.

R. Rahman, M. Alanyali, and V. Saligrama, “Distributed tracking in multihop sen-
sor networks with communication delays,” IFEE Transactions on Signal Processing,
vol. 55, no. 9, pp. 4656-4668, 2007.

180



[55]

[56]

[57]

S. Bandyopadhyay and S.-J. Chung, “Distributed estimation using Bayesian consensus
filtering,” in Proceedings of the American Control Conference, 2014, pp. 634-641.

L. Qipeng, Z. Jiuhua, and W. Xiaofan, “Distributed detection via Bayesian updates
and consensus,” in 2015 34th Chinese Control Conference (CCC), July 2015, pp. 6992—
6997.

L. Qipeng, F. Aili, W. Lin, and W. Xiaofan, “Non-bayesian learning in social networks
with time-varying weights,” in 30th Chinese Control Conference (CCC), 2011, pp.
4768-4771.

A. Nedi¢, A. Olshevsky, and C. A. Uribe, “Distributed learning with infinitely many
hypotheses,” in 55th IEEE Conference on Decision and Control (CDC), Dec 2016, pp.
6321-6326.

H. Salami, B. Ying, and A. Sayed, “Social learning over weakly-connected graphs,”
IEEE Transactions on Signal and Information Processing over Networks, vol. PP,
no. 99, pp. 1-1, 2017.

A. Tsiligkaridis and T. Tsiligkaridis, “Distributed probabilistic bisection search using
social learning,” arXiv preprint arXiw:1608.06007, 2016.

L. Su and N. H. Vaidya, “Asynchronous distributed hypothesis testing in the presence
of crash failures,” arXiv preprint arXiv:1606.03418, 2016.

L. Su and N. H. Vaidya, “Defending non-Bayesian learning against adversarial at-
tacks,” arXiw preprint arXiv:1606.08883, 2016.

L. Su and N. H. Vaidya, “Non-Bayesian learning in the presence of byzantine agents,”
in International Symposium on Distributed Computing. Springer, 2016, pp. 414-427.

A. Nedi¢, A. Olshevsky, and C. A. Uribe, “Nonasymptotic convergence rates for co-
operative learning over time-varying directed graphs,” in Proceedings of the American
Control Conference, 2015, pp. 5884-5889.

A. Nedié¢, A. Olshevsky, and C. A. Uribe, “Network independent rates in distributed
learning,” in Proceedings of the American Control Conference, 2016, pp. 1072-1077.

A. Nedi¢, A. Olshevsky, and C. A. Uribe, “Distributed Gaussian learning over time-
varying directed graphs,” in 2016 50th Asilomar Conference on Signals, Systems and
Computers, Nov 2016, pp. 1710-1714.

S. Barbarossa, S. Sardellitti, and P. D. Lorenzo, “Distributed detection and estima-
tion in wireless sensor networks,” in Academic Press Library in Signal Processing:
Communications and Radar Signal Processing, ser. Academic Press Library in Sig-
nal Processing, R. C. Nicholas D. Sidiropoulos, Fulvio Gini and S. Theodoridis, Eds.
Elsevier, 2014, vol. 2, pp. 329 — 408.

181



[68]

A. Nedi¢, A. Olshevsky, and C. A. Uribe, “A tutorial on distributed (non-bayesian)
learning: Problem, algorithms and results,” in 55th IEEE Conference on Decision and
Control (CDC), Dec 2016, pp. 6795-6801.

A. Nedié¢, A. Olshevsky, A. Ozdaglar, and J. N. Tsitsiklis, “On distributed averag-
ing algorithms and quantization effects,” IFEE Transactions on Automatic Control,
vol. 54, no. 11, pp. 2506-2517, 2009.

A. Nedi¢ and A. Ozdaglar, “Distributed subgradient methods for multi-agent opti-
mization,” IFEE Transactions on Automatic Control, vol. 54, no. 1, pp. 4861, 2009.

S. S. Ram, A. Nedi¢, and V. V. Veeravalli, “Distributed stochastic subgradient pro-
jection algorithms for convex optimization,” Journal of Optimization Theory and Ap-
plications, vol. 147, no. 3, pp. 516-545, 2010.

A. Nedi¢ and A. Olshevsky, “Distributed optimization over time-varying directed
graphs,” IEEE Transactions on Automatic Control, vol. 60, no. 3, pp. 601-615, 2015.

A. Nedi¢, A. Olshevsky, and W. Shi, “Improved convergence rates for distributed
resource allocation,” arXiv preprint arXiv:1706.05441, 2017.

A. Sundararajan, B. Hu, and L. Lessard, “Robust convergence analysis of distributed
optimization algorithms,” in 2017 55th Annual Allerton Conference on Communica-
tion, Control, and Computing (Allerton), Oct 2017, pp. 1206-1212.

D. Jakovetic, “A unification, generalization, and acceleration of exact distributed first
order methods,” arXww preprint arXiv:1709.01317, 2017.

W. Shi, Q. Ling, G. Wu, and W. Yin, “Extra: An exact first-order algorithm for
decentralized consensus optimization,” SIAM Journal on Optimization, vol. 25, no. 2,
pp. 944-966, 2015.

G. Qu and N. Li, “Harnessing smoothness to accelerate distributed optimization,”
IEEE Transactions on Control of Network Systems, 2017.

A. Nedi¢, A. Olshevsky, W. Shi, and C. A. Uribe, “Geometrically convergent dis-
tributed optimization with uncoordinated step-sizes,” in American Control Conference

(ACC), 2017, 1EEE, 2017, pp. 3950-3955.

K. Scaman, F. Bach, S. Bubeck, Y. T. Lee, and L. Massoulié, “Optimal algorithms for
smooth and strongly convex distributed optimization in networks,” in International
Conference on Machine Learning, 2017, pp. 3027-3036.

G. Monge, “Mémoire sur la théorie des déblais et des remblais,” Histoire de [’Académie
Royale des Sciences de Paris, 1781.

L. V. Kantorovich, “On the translocation of masses,” in Dokl. Akad. Nauk. USSR
(NS), vol. 37, 1942, pp. 199-201.

182



[82]

[83]

[84]

[85]

[94]
[95]

[96]

B. Lévy and E. L. Schwindt, “Notions of optimal transport theory and how to imple-
ment them on a computer,” Computers € Graphics, 2018.

C. Frogner, C. Zhang, H. Mobahi, M. Araya, and T. A. Poggio, “Learning with a
wasserstein loss,” in Advances in Neural Information Processing Systems, 2015, pp.
2053-2061.

J. Rabin, G. Peyré, J. Delon, and M. Bernot, “Wasserstein barycenter and its appli-
cation to texture mixing,” in International Conference on Scale Space and Variational
Methods in Computer Vision. Springer, 2011, pp. 435-446.

J. Solomon, F. De Goes, G. Peyré, M. Cuturi, A. Butscher, A. Nguyen, T. Du, and
L. Guibas, “Convolutional wasserstein distances: Efficient optimal transportation on
geometric domains,” ACM Transactions on Graphics (TOG), vol. 34, no. 4, p. 66,
2015.

S. Srivastava, V. Cevher, Q. Dinh, and D. Dunson, “WASP: Scalable Bayes via
barycenters of subset posteriors,” in Artificial Intelligence and Statistics, 2015, pp.
912-920.

A. N. Bishop and A. Doucet, “Distributed nonlinear consensus in the space of proba-
bility measures,” IFAC Proceedings Volumes, vol. 47, no. 3, pp. 8662-8668, 2014.

P. Dvurechensky, A. Gasnikov, and A. Kroshnin, “Computational optimal transport:
Complexity by accelerated gradient descent is better than by Sinkhorn’s algorithm,”
arXiv:1802.04367, 2018.

M. Blondel, V. Seguy, and A. Rolet, “Smooth and sparse optimal transport,”
arXw:1710.06276, 2017.

V. Seguy, B. B. Damodaran, R. Flamary, N. Courty, A. Rolet, and M. Blondel, “Large-
scale optimal transport and mapping estimation,” arXiv:1711.02283, 2017.

G. Aude, M. Cuturi, G. Peyré, and F. Bach, “Stochastic optimization for large-scale
optimal transport,” arXiw:1605.08527, 2016.

C. Villani, Optimal Transport: Old and New. Springer Science & Business Media,
2008.

J. Solomon, “Computational optimal transport,” Mathematisches Forschungsinstitut
Oberwolfach, no. 8, 2017.

G. Peyré and M. Cuturi, “Computational optimal transport,” arXiv:1803.00567, 2018.

B. Touri, Product of Random Stochastic Matrices and Distributed Averaging. Springer
Science & Business Media, 2012.

A. Olshevsky, “Linear time average consensus on fixed graphs and implications for
decentralized optimization and multi-agent control,” preprint arXiv:1411.4186, 2014.

183



[97]

[98]

[99]

[100]

101]

102]

[103]

[104]

[105]

[106]

[107]
[108]

[109]

[110]

[111]

J. S. Rosenthal, “Convergence rates for markov chains,” SIAM Review, vol. 37, no. 3,
pp. 387-405, 1995.

D. A. Levin, Y. Peres, and E. L. Wilmer, Markov Chains and Mizing Times. American
Mathematical Soc., 2009.

P. Diaconis and D. Stroock, “Geometric bounds for eigenvalues of Markov chains,”
The Annals of Applied Probability, pp. 3661, 1991.

S. Ikeda, I. Kubo, and M. Yamashita, “The hitting and cover times of random walks
on finite graphs using local degree information,” Theoretical Computer Science, vol.
410, no. 1, pp. 94-100, 2009.

R. Kannan, L. Lovész, and R. Montenegro, “Blocking conductance and mixing in
random walks,” Combinatorics, Probability and Computing, vol. 15, no. 4, pp. b41—
570, 2006.

J. Fulman, “Mixing time for a random walk on rooted trees,” Electronic Journal of
Combinatorics, vol. 16, 2009.

A. Beveridge and J. Youngblood, “The best mixing time for random walks on trees,”
Graphs and Combinatorics, vol. 32, no. 6, pp. 2211-2239, 2016.

L. Lovasz, “Random walks on graphs: A survey,” Combinatorics, Paul Erdos is Eighty,
vol. 2, 1993.

C. Avin and G. Ercal, “Bounds on the mixing time and partial cover of ad-hoc and
sensor networks.” in FWSN, 2005, pp. 1-12.

A. K. Chandra, P. Raghavan, W. L. Ruzzo, R. Smolensky, and P. Tiwari, “The elec-
trical resistance of a graph captures its commute and cover times,” Computational
Complexity, vol. 6, no. 4, pp. 312-340, 1996.

N. Berestycki, Lectures on Mixing Times. Cambridge University, 2014.

J. Komjathy, J. Miller, Y. Peres et al., “Uniform mixing time for random walk on lamp-
lighter graphs,” in Annales de [’Institut Henri Poincaré, Probabilités et Statistiques,
vol. 50, no. 4. Institut Henri Poincaré, 2014, pp. 1140-1160.

O. Denysyuk and L. Rodrigues, “Random walks on evolving graphs with recurring
topologies,” in International Symposium on Distributed Computing. Springer, 2014,
pp. 333-345.

R. Montenegro, “The simple random walk and max-degree walk on a directed graph,”
Random Structures & Algorithms, vol. 34, no. 3, pp. 395-407, 2009.

L. Boczkowski, Y. Peres, and P. Sousi, “Sensitivity of mixing times in Eulerian di-
graphs,” arXiv preprint arXiv:1603.05639, 2016.

184



[112]
[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

127]

D. Aldous and J. Fill, “Reversible Markov chains and random walks on graphs,” 2002.

S. P. Boyd, A. Ghosh, B. Prabhakar, and D. Shah, “Mixing times for random walks
on geometric random graphs.” in ALENEX/ANALCO, 2005, pp. 240-249.

C. Avin and G. Ercal, “On the cover time and mixing time of random geometric
graphs,” Theoretical Computer Science, vol. 380, no. 1-2, pp. 2-22, 2007.

I. Benjamini, G. Kozma, and N. Wormald, “The mixing time of the giant component
of a random graph,” Random Structures & Algorithms, vol. 45, no. 3, pp. 383-407,
2014.

N. Fountoulakis and B. Reed, “The evolution of the mixing rate,” arXiv preprint
math/0701474, 2007.

J. Ding, J. H. Kim, E. Lubetzky, and Y. Peres, “Anatomy of a young giant component
in the random graph,” Random Structures & Algorithms, vol. 39, no. 2, pp. 139-178,
2011.

J. Ding, E. Lubetzky, Y. Peres et al., “Mixing time of near-critical random graphs,”
The Annals of Probability, vol. 40, no. 3, pp. 979-1008, 2012.

A. Nachmias and Y. Peres, “Critical random graphs: diameter and mixing time,” The
Annals of Probability, pp. 1267-1286, 2008.

L. Addario-Berry and T. Lei, “The mixing time of the Newman-Watts small-world
model,” Advances in Applied Probability, vol. 47, no. 1, pp. 37-56, 2015.

R. Durrett, Random Graph Dynamics. Cambridge University Press, UK, 2007.

S. Bhamidi, G. Bresler, and A. Sly, “Mixing time of exponential random graphs,” in
Foundations of Computer Science, 2008. FOCS’08. IEEE }9th Annual IEEE Sympo-
sium on. IEEE, 2008, pp. 803-812.

D. P. Bertsekas, A. Nedi¢, and A. E. Ozdaglar, Convexr Analysis and Optimization.
Athena Scientific, 2003.

C. McDiarmid, “On the method of bounded differences,” Surveys in combinatorics,
vol. 141, no. 1, pp. 148188, 1989.

P. M. Weichsel, “The Kronecker product of graphs,” Proceedings of the American
Mathematical Society, vol. 13, no. 1, pp. 47-52, 1962.

A. V. Proskurnikov and R. Tempo, “A tutorial on modeling and analysis of dynamic
social networks. part 1,” Annual Reviews in Control, vol. 43, no. Supplement C, pp. 65
- 79, 2017.

R. Tarjan, “Depth-first search and linear graph algorithms,” SIAM Journal on Com-
puting, vol. 1, no. 2, pp. 146-160, 1972.

185



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

138

[139]
[140]

[141]

[142]

[143]

M. H. McAndrew, “On the product of directed graphs,” Proceedings of the American
Mathematical Society, vol. 14, no. 4, pp. 600-606, 1963.

T. H. Cormen, C. E. Leiserson, R. L. Rivest, and C. Stein, Introduction to Algorithms,
Third Edition, 3rd ed. The MIT Press, 2009.

T. Lindvall, Lectures on the Coupling Method. Courier Corporation, 2002.

A. Olshevsky and J. N. Tsitsiklis, “Degree fluctuations and the convergence time of
consensus algorithms,” in Proc. 50th IEEE Conf. Decision and Control and European
Control Conf, Dec. 2011, pp. 6602—6607.

P. Lancaster and H. Farahat, “Norms on direct sums and tensor products,” mathe-
matics of computation, vol. 26, no. 118, pp. 401-414, 1972.

B. Gerencsér, “Markov chain mixing time on cycles,” Stochastic Processes and Their
Applications, vol. 121, no. 11, pp. 2553-2570, 2011.

A. Tahbaz-Salehi and A. Jadbabaie, “Small world phenomenon, rapidly mixing Markov
chains, and average consensus algorithms,” in /6th IEEE Conference on Decision and
Control. TEEE, 2007, pp. 276-281.

D. J. Watts, Small Worlds: The Dynamics of Networks between Order and Random-
ness. Princeton University Press, 1999.

A.-L. Barabasi, Linked: How Fverything is Connected to Fverything Flse and What It
Means. Plume, 2003.

N. Ganguly, A. Deutsch, and A. Mukherjee, Dynamics On and Of Complex Networks:
Applications to Biology, Computer Science, and the Social Sciences. Springer, 2009.

S. Bornholdt and H. G. Schuster, Handbook of Graphs and Networks: from the Genome
to the Internet. John Wiley & Sons, 2006.

M. Penrose, Random Geometric Graphs. Oxford University Press, 2003.

P. Erdos and A. Rényi, “On the evolution of random graphs,” Publ. Math. Inst. Hung.
Acad. Sci, vol. 5, no. 1, pp. 17-60, 1960.

M. E. Newman and D. J. Watts, “Renormalization group analysis of the small-world
network model,” Physics Letters A, vol. 263, no. 4, pp. 341-346, 1999.

J. Leskovec and A. Krevl, “SNAP Datasets: Stanford large network dataset collection,”
http://snap.stanford.edu/data, June 2014.

J. Leskovec, D. Huttenlocher, and J. Kleinberg, “Signed networks in social media,”
in Proceedings of the SIGCHI Conference on Human fFactors in Computing Systems.
ACM, 2010, pp. 1361-1370.

186



[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

J. Leskovec, J. Kleinberg, and C. Faloutsos, “Graph evolution: Densification and
shrinking diameters,” ACM Transactions on Knowledge Discovery from Data (TKDD),
vol. 1, no. 1, p. 2, 2007.

J. Leskovec and J. J. McAuley, “Learning to discover social circles in ego networks,”
in Advances in Neural Information Processing Systems, 2012, pp. 539-547.

A. Mohaisen, A. Yun, and Y. Kim, “Measuring the mixing time of social graphs,”
in Proceedings of the 10th ACM SIGCOMM Conference on Internet Measurement.
ACM, 2010, pp. 383-389.

S. Kirkland, “Fastest expected time to mixing for a Markov chain on a directed graph,”
Linear Algebra and Its Applications, vol. 433, no. 11-12, pp. 1988-1996, 2010.

S. Ghosal, “A review of consistency and convergence of posterior distribution,” in
Varanashi Symposium in Bayesian Inference, Banaras Hindu University, 1997.

L. Schwartz, “On Bayes procedures,” Zeitschrift fiir Wahrscheinlichkeitstheorie und
verwandte Gebiete, vol. 4, no. 1, pp. 10-26, 1965.

S. Ghosal, J. K. Ghosh, and A. W. Van Der Vaart, “Convergence rates of posterior
distributions,” Annals of Statistics, pp. 500-531, 2000.

L. Birgé, “About the non-asymptotic behaviour of Bayes estimators,” Journal of Sta-
tistical Planning and Inference, vol. 166, pp. 6777, 2015.

S. Ghosal, A. Van Der Vaart et al., “Convergence rates of posterior distributions for
noniid observations,” The Annals of Statistics, vol. 35, no. 1, pp. 192-223, 2007.

V. Rivoirard, J. Rousseau et al., “Posterior concentration rates for infinite dimensional
exponential families,” Bayesian Analysis, vol. 7, no. 2, pp. 311-334, 2012.

A. Beck and M. Teboulle, “Mirror descent and nonlinear projected subgradient meth-
ods for convex optimization,” Operations Research Letters, vol. 31, no. 3, pp. 167-175,
2003.

A. Nedi¢ and S. Lee, “On stochastic subgradient mirror-descent algorithm with
weighted averaging,” SIAM Journal on Optimization, vol. 24, no. 1, pp. 84-107, 2014.

B. Dai, N. He, H. Dai, and L. Song, “Scalable Bayesian inference via particle mirror
descent,” preprint arXiw:1506.03101, 2015.

M. Rabbat, “Multi-agent mirror descent for decentralized stochastic optimization,” in
2015 IEEE 6th International Workshop on Computational Advances in Multi-Sensor
Adaptive Processing (CAMSAP), Dec 2015, pp. 517-520.

R

A. Zellner, “Optimal information processing and Bayes’s theorem,” The American

Statistician, vol. 42, no. 4, pp. 278-280, 1988.

187



[159]

[160]

161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

169

[170]

171]

172]

S. G. Walker, “Bayesian inference via a minimization rule,” Sankhya: The Indian
Journal of Statistics, vol. 68, no. 4, pp. 542-553, 2006.

T. P. Hill and M. Dall’Aglio, “Bayesian posteriors without Bayes’ theorem,” preprint
arXiw:1205.0251, 2012.

A. Juditsky, P. Rigollet, A. B. Tsybakov et al., “Learning by mirror averaging,” The
Annals of Statistics, vol. 36, no. 5, pp. 2183-2206, 2008.

G. Lan, A. Nemirovski, and A. Shapiro, “Validation analysis of mirror descent stochas-
tic approximation method,” Mathematical Programming, vol. 134, no. 2, pp. 425-458,
2012.

J. Li, G. Li, Z. Wu, and C. Wu, “Stochastic mirror descent method for distributed
multi-agent optimization,” Optimization Letters, pp. 1-19, 2016.

S. Boucheron, G. Lugosi, and P. Massart, Concentration Inequalities: A Nonasymptotic
Theory of Independence. OUP Oxford, 2013.

D. Kempe, A. Dobra, and J. Gehrke, “Gossip-based computation of aggregate infor-
mation,” in Proceedings of the IEEE Symposium on Foundations of Computer Science,
2003, pp. 482-491.

F. Bénézit, V. Blondel, P. Thiran, J. Tsitsiklis, and M. Vetterli, “Weighted gossip:
Distributed averaging using non-doubly stochastic matrices,” in Proceedings of the
IEEE International Symposium on Information Theory, 2010, pp. 1753-1757.

K. I. Tsianos, S. Lawlor, and M. G. Rabbat, “Push-sum distributed dual averaging
for convex optimization,” in IEFE 51st IEEE Conference on Decision and Control
(CDC), Dec 2012, pp. 5453-5458.

F. Tutzeler, P. Ciblat, and W. Hachem, “Analysis of sum-weight-like algorithms for av-
eraging in wireless sensor networks,” IEEE Transactions on Signal Processing, vol. 61,
no. 11, pp. 2802-2814, 2013.

M. G. Rabbat and K. I. Tsianos, “Asynchronous decentralized optimization in het-
erogeneous systems,” in 53rd IEEE Conference on Decision and Control (CDC), Dec
2014, pp. 1125-1130.

B. Gerencsér and J. M. Hendrickx, “Push sum with transmission failures,” preprint
arXiw:1504.08193, 2015.

A. G. Jayram, A. Garg, T. S. Jayram, S. Vaithyanathan, and H. Zhu, “Generalized
opinion pooling,” in In Proceedings of the S8th Intl. Symp. on Artificial Intelligence and
Mathematics, 2004, pp. 79-86.

A. Madansky, “Externally Bayesian groups,” The Rand Corporation, Santa Monica,
CA, memorandum no. RM-4141-PR, 1964.

188



173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182)

[183]

[184]

[185]

[186]

[187]

M. Rabbat, R. Nowak, and J. Bucklew, “Robust decentralized source localization via
averaging,” in Proceedings of the IEEE International Conference on Acoustics, Speech,
and Signal Processing, vol. 5, March 2005, pp. v/1057-v/1060 Vol. 5.

X. Wang, M. Fu, and H. Zhang, “Target tracking in wireless sensor networks based on
the combination of kf and mle using distance measurements,” IEEFE Transactions on
Mobile Computing, vol. 11, no. 4, pp. 567-576, 2012.

G. Mao, B. Fidan, and B. D. Anderson, “Wireless sensor network localization tech-
niques,” Computer Networks, vol. 51, no. 10, pp. 2529-2553, 2007.

K. Langendoen and N. Reijers, “Distributed localization in wireless sensor networks:
a quantitative comparison,” Computer Networks, vol. 43, no. 4, pp. 499-518, 2003.

L. LeCam, Asymptotic Methods in Statistical Decision Theory. New York: Springer-
Verlag, 1986.

L. LeCam, “Convergence of estimates under dimensionality restrictions,” The Annals
of Statistics, pp. 3853, 1973.

C. W. Fox and S. J. Roberts, “A tutorial on variational Bayesian inference,” Artificial
Intelligence Review, vol. 38, no. 2, pp. 85-95, 2012.

M. J. Beal, Variational Algorithms for Approximate Bayesian Inference. University
of London, United Kingdom, 2003.

B. Dai, N. He, H. Dai, and L. Song, “Provable Bayesian inference via particle mirror
descent,” in Proceedings of the 19th International Conference on Artificial Intelligence
and Statistics, 2016, pp. 985-994.

b}

B. O. Koopman, “On distributions admitting a sufficient statistic,
the American Mathematical society, vol. 39, no. 3, pp. 399-409, 1936.

Transactions of

G. Darmois, “Sur les lois de probabilitéa estimation exhaustive,” CR Acad. Sci. Paris,
vol. 260, no. 1265, p. 85, 1935.

A. Gelman, J. B. Carlin, H. S. Stern, and D. B. Rubin, Bayesian Data Analysis.
Chapman & Hall/CRC Boca Raton, FL, USA, 2014, vol. 2.

C. Wang and B. Chazelle, “Gaussian learning-without-recall in a dynamic social net-
work,” arXiv preprint arXiv:1609.05990, 2016.

G. Biau, K. Bleakley, and B. Cadre, “The statistical performance of collaborative
inference,” Journal of Machine Learning Research, vol. 17, no. 1, pp. 2200-2228, 2016.

A. Anikin, A. Gasnikov, P. Dvurechensky, A. Tyurin, and A. Chernov, “Dual ap-
proaches to the minimization of strongly convex functionals with a simple structure un-

der affine constraints,” Computational Mathematics and Mathematical Physics, vol. 57,
no. 8, pp. 1262-1276, 2017.

189



[188]

[189)]

[190]

[191]

[192]

193]

194]

[195]

[196]

197]

193]

199

200]

201]

A. Chernov, P. Dvurechensky, and A. Gasnikov, Fast Primal-Dual Gradient Method
for Strongly Convex Minimization Problems with Linear Constraints. Cham: Springer
International Publishing, 2016, pp. 391-403.

A. Gasnikov, S. Kabanikhin, A. Mohamed, and M. Shishlenin, “Convex optimization in
hilbert space with applications to inverse problems,” arXiv preprint arXiv:1703.00267,
2017.

Y. Nesterov, “A method of solving a convex programming problem with convergence
rate O(1/k?),” in Soviet Mathematics Doklady, vol. 27, no. 2, 1983, pp. 372-376.

A. Nemirovskii and Yudin, Problem Complexity and Method Efficiency in Optimiza-
tion. Wiley, 1983.

G. Qu and N. Li, “Accelerated distributed Nesterov gradient descent,” arXiv preprint
arXw:1705.07176, 2017.

J. C. Duchi, A. Agarwal, and M. J. Wainwright, “Dual averaging for distributed op-
timization: Convergence analysis and network scaling,” IEFFE Transactions on Auto-
matic Control, vol. 57, no. 3, pp. 592-606, Mar. 2012.

T. T. Doan and A. Olshevsky, “Distributed resource allocation on dynamic networks
in quadratic time,” Systems € Control Letters, vol. 99, pp. 57-63, 2017.

H. Lakshmanan and D. P. De Farias, “Decentralized resource allocation in dynamic
networks of agents,” SIAM Journal on Optimization, vol. 19, no. 2, pp. 911-940, 2008.

I. Necoara, “Random coordinate descent algorithms for multi-agent convex optimiza-
tion over networks,” IEEE Transactions on Automatic Control, vol. 58, no. 8, pp.
2001-2012, Aug. 2013.

G. Lan, S. Lee, and Y. Zhou, “Communication-efficient algorithms for decentralized
and stochastic optimization,” arXiv preprint arXiv:1701.03961, 2017.

Y. Nesterov, Introductory Lectures on Conver Optimization: A Basic Course.
Springer Science & Business Media, 2013, vol. 87.

A. Beck and M. Teboulle, “A fast iterative shrinkage-thresholding algorithm for linear
inverse problems,” SIAM Journal on Imaging Sciences, vol. 2, no. 1, pp. 183-202,
2009.

G. Lan, Z. Lu, and R. D. C. Monteiro, “Primal-dual first-order methods with o(1/¢)
iteration-complexity for cone programming,” Mathematical Programming, vol. 126,
no. 1, pp. 1-29, Jan 2011.

Y. Nesterov and A. Nemirovskii, Interior-Point Polynomial Algorithms in Convex Pro-
gramming. SIAM, 1994.

190



[202]

203]

204]

[205]

[206]

207]

208]

[209)]

210

211]

212]

213]

214]

[215]

S. Bubeck, “Convex optimization: Algorithms and complexity,” Found. Trends Mach.
Learn., vol. 8, no. 3-4, pp. 231-357, Nov. 2015.

M. Cuturi and G. Peyré, “A smoothed dual approach for variational Wasserstein prob-
lems,” STAM Journal on Imaging Sciences, vol. 9, no. 1, pp. 320-343, 2016.

A. V. Gasnikov, E. Gasnikova, Y. E. Nesterov, and A. Chernov, “Efficient numerical
methods for entropy-linear programming problems,” Computational Mathematics and
Mathematical Physics, vol. 56, no. 4, pp. 514-524, 2016.

O. Devolder, F. Glineur, and Y. Nesterov, “Double smoothing technique for large-scale
linearly constrained convex optimization,” SIAM Journal on Optimization, vol. 22,
no. 2, pp. 702-727, 2012.

Y. Nesterov, “Smooth minimization of non-smooth functions,” Mathematical Program-
ming, vol. 103, no. 1, pp. 127-152, 2005.

B. N. Oreshkin, M. J. Coates, and M. G. Rabbat, “Optimization and analysis of dis-
tributed averaging with short node memory,” IEEFE Transactions on Signal Processing,
vol. 58, no. 5, pp. 2850-2865, 2010.

J. Liu, B. D. Anderson, M. Cao, and A. S. Morse, “Analysis of accelerated gossip
algorithms,” Automatica, vol. 49, no. 4, pp. 873-883, 2013.

Y. Nesterov, “Gradient methods for minimizing composite functions,” Mathematical
Programming, vol. 140, no. 1, pp. 125-161, Aug 2013.

B. O’Donoghue and E. Candes, “Adaptive restart for accelerated gradient schemes,”
Foundations of Computational Mathematics, vol. 15, no. 3, pp. 715732, Jun 2015.

A. Juditsky and Y. Nesterov, “Deterministic and stochastic primal-dual subgradient

algorithms for uniformly convex minimization,” Stochastic Systems, vol. 4, no. 1, pp.
44-80, 2014.

Y. Nesterov, “Universal gradient methods for convex optimization problems,” Mathe-
matical Programming, vol. 152, no. 1-2, pp. 381-404, 2015.

P. Dvurechensky, “Gradient method with inexact oracle for composite non-convex
optimization,” arXw preprint arXiv:1703.09180, 2017.

N. M. Nam, N. T. An, R. B. Rector, and J. Sun, “Nonsmooth algorithms and Nesterov’s
smoothing technique for generalized Fermat—Torricelli problems,” SIAM Journal on
Optimization, vol. 24, no. 4, pp. 1815-1839, 2014.

G. Lan, “Gradient sliding for composite optimization,” Mathematical Programming,
vol. 159, no. 1-2, pp. 201-235, 2016.

191



[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

A. Anikin, P. Dvurechensky, A. Gasnikov, A. Golov, A. Gornov, Y. Maximov,
M. Mendel, and V. Spokoiny, “Efficient numerical algorithms for regularized re-

gression problem with applications to traffic matrix estimations,” arXiv preprint
arXiv:1508.00858, 2015.

A. Juditsky and A. Nemirovski, “First order methods for nonsmooth convex large-scale
optimization, I: General purpose methods,” Optimization for Machine Learning, pp.
121148, 2011.

M. Agueh and G. Carlier, “Barycenters in the Wasserstein space,” SIAM Journal on
Mathematical Analysis, vol. 43, no. 2, pp. 904-924, 2011.

?

M. Cuturi and A. Doucet, “Fast computation of Wasserstein barycenters,” in Interna-

tional Conference on Machine Learning, 2014, pp. 685-693.

M. Beiglbock, P. Henry-Labordere, and F. Penkner, “Model-independent bounds for
option pricesa mass transport approach,” Finance and Stochastics, vol. 17, no. 3, pp.
477-501, 2013.

G. Buttazzo, L. De Pascale, and P. Gori-Giorgi, “Optimal-transport formulation of
electronic density-functional theory,” Physical Review A, vol. 85, no. 6, p. 062502,
2012.

Y. LeCun, “The MNIST database of handwritten digits,” http://yann. lecun.
com/exdb/mnist/, 1998.

E. Anderes, S. Borgwardt, and J. Miller, “Discrete Wasserstein barycenters: optimal
transport for discrete data,” Mathematical Methods of Operations Research, vol. 84,
no. 2, pp. 389-409, 2016.

M. Cuturi and G. Peyré, “A smoothed dual approach for variational Wasserstein prob-
lems,” SIAM Journal on Imaging Sciences, vol. 9, no. 1, pp. 320-343, 2016.

A. Nedi¢, A. Olshevsky, and C. A. Uribe, “Fast convergence rates for distributed
non-Bayesian learning,” IEFEE Transactions on Automatic Control, vol. 62, no. 11, pp.
5538-5553, Nov. 2017.

A. N. Bishop and A. Doucet, “Consensus in the Wasserstein metric space of probability
measures,” arXi:1404.0145, 2014.

M. Staib, S. Claici, J. M. Solomon, and S. Jegelka, “Parallel streaming Wasserstein
barycenters,” in Advances in Neural Information Processing Systems, 2017, pp. 2644—
2655.

M. Cuturi, “Sinkhorn distances: Lightspeed computation of optimal transport,” in
Advances in Neural Information Processing Systems, 2013, pp. 2292-2300.

7. Allen-Zhu, Y. Li, R. Oliveira, and A. Wigderson, “Much faster algorithms for matrix
scaling,” arXiv preprint arXiw:1704.02315, 2017.

192



230]

[231]

232]

233

[234]

[235]

236]

[237]

[238)]

[239)

[240]

[241]

[242]

A. V. Gasnikov, E. B. Gasnikova, Y. E. Nesterov, and A. V. Chernov, “Efficient numer-
ical methods for entropy-linear programming problems,” Computational Mathematics
and Mathematical Physics, vol. 56, no. 4, p. 514, Apr. 2016.

C. A. Uribe, S. Lee, A. Gasnikov, and A. Nedi¢, “Optimal algorithms for distributed
optimization,” arXiw:1712.00232, 2017.

M. Fréchet, “Les éléments aléatoires de nature quelconque dans un espace distancié,”
Ann. Inst. H. Poincaré, vol. 10, no. 3, pp. 215-310, 1948.

J. Bigot, E. Cazelles, and N. Papadakis, “Regularization of barycenters in the wasser-
stein space,” arXiw:1606.01025, 2016.

Z. Allen-Zhu and L. Orecchia, “Linear coupling: An ultimate unification of gradient
and mirror descent,” arXiv preprint arXiv:1407.1537, 2014.

P. Dvurechensky, A. Gasnikov, E. Gasnikova, S. Matsievsky, A. Rodomanov, and
I. Usik, “Primal-dual method for searching equilibrium in hierarchical congestion pop-
ulation games,” in Supplementary Proceedings of the 9th International Conference on
Discrete Optimization and Operations Research and Scientific School (DOOR 2016)
Vladivostok, Russia, September 19 - 23, 2016, 2016, arXiv:1606.08988. pp. 584-595.

A. Chernov, P. Dvurechensky, and A. Gasnikov, Fast Primal-Dual Gradient Method
for Strongly Convex Minimization Problems with Linear Constraints. Cham: Springer
International Publishing, 2016, pp. 391-403, arXiv:1605.02970.

S. Kakade, S. Shalev-Shwartz, and A. Tewari, “On the duality of strong convexity and
strong smoothness: Learning applications and matrix regularization,” 2009, Unpub-
lised Manuscript.

Y. LeCun, L. Bottou, Y. Bengio, and P. Haffner, “Gradient-based learning applied to
document recognition,” Proceedings of the IEEE, vol. 86, no. 11, pp. 2278-2324, 1998.

S. Claici, E. Chien, and J. Solomon, “Stochastic Wasserstein Barycenters,”
arXiv:1802.05757, 2018.

A. Gasnikov, P. Dvurechensky, and D. Kamzolov, “Gradient and gradient-free
methods for stochastic convex optimization with inexact oracle,” arXiv preprint
arXiv:1502.06259, 2015.

O. Fercoq and Z. Qu, “Restarting accelerated gradient methods with a rough strong
convexity estimate,” arXiv preprint arXiww:1609.07358, 2016.

N. Bansal and A. Gupta, “Potential-function proofs for first-order methods,” arXiv
preprint arXiv:1712.04581, 2017.

193



