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Abstract

We study the limiting behavior of a random dynamic system driven by a
stochastic chain. Our main interest is in the chains that are not necessarily er-
godic but rather decomposable into ergodic classes. To investigate the conditions
under which the ergodic classes of a model can be identified, we introduce and
study an /i-approximation and infinite flow graph of the model. We show that
the ¢1-approximations of random chains preserve certain limiting behavior. Using
the ¢1-approximations, we show how the connectivity of the infinite flow graph is
related to the structure of the ergodic groups of the model. Our main result of this
paper provides conditions under which the ergodicity groups of the model can be
identified by considering the connected components in the infinite flow graph. We
provide two applications of our main result to random networks, namely broadcast
over time-varying networks and networks with random link failure.

1 Introduction

The dynamic systems driven by stochastic matrices have found its use in many problems
in decentralized communication [3, [8, 24} [3], decentralized control [I5] 22] 26], distributed
optimization [33], B4}, 25, 20, [16], and information diffusion in social networks [I4] [I]. In
many of these applications, the ergodicity plays a central role in ensuring that the local
“agent” information diffuses eventually over the entire network of agents. The conditions
under which the ergodicity happens has been subject of some recent studies [29, [30].
However, there are no studies that investigate the limiting behavior of the dynamics
driven by time-varying chains when the ergodicity does not happen. Such studies are
important for understanding the group formation in both deterministic and random
time-varying networks, such as multiple-leaders/multiple-followers networked systems.
The main objective of this paper is to investigate the limiting behavior of the linear
dynamics driven by random independent chains of stochastic matrices in the absence
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of ergodicity. Our goal is to study the conditions under which the ergodic groups are
formed and to characterize these groups. To do so, we introduce an ¢;-approximation
and the infinite flow graph of a random model, and we study the properties of these
objects. Using the established properties, we extend the main result of the previous
work in [31] to a broader class of independent random models. We then proceed to show
that for certain random models, although the ergodicity might not happen, the dynamics
of the model still converges almost surely and partial ergodicity happens almost surely.
In other words, under certain conditions, ergodic groups are formed and we characterize
these groups through the connected components of the infinite flow graph. We then
apply the results to a broadcast-gossip algorithm over time-changing networks and to
networks with link failures.

The work in this paper is related to the literature on ergodicity of random models.
A discussion on the ergodicity of deterministic (forward and backward) chains can be
found in [28]. The earliest occurrence of the study of random models dates back to
the work of Rosenblatt [27], where the algebraic and topological structure of the set
of stochastic matrices is employed to investigate the limiting behavior of the product
of independent identically distributed (i.i.d.) random matrices. Later, in [I7, [I8] [10],
such a product is studied extensively under a more general assumption of stationarity,
and a necessary and sufficient condition for the ergodicity is developed. In [7, 29] the
class of i.i.d. random models with almost sure positive diagonal entries were studied. In
particular, in [29] is has been showed that such a random model is ergodic if and only
if its expected chain is ergodic. Later, this result has been extended to the stationary
ergodic models in [30].

Unlike the work on i.i.d. models or stationary processes studied in [27], 17 18] 12,
29, 30], the focus of the work in this paper is on independent random models. The work
is a continuation of our work in [3I], where we showed that for a class of independent
random models the ergodicity is is equivalent to the connectivity of the infinite flow
graph, a graph which can be derived from the random model or its expected model.
Furthermore, unlike the studies that provide conditions for ergodicity of deterministic
or random chains, such as [9, 33 15 6, 12, 29, B0, BI], the work presented in this
paper considers the limiting behavior of deterministic and random models that are not
necessarily ergodic.

The main contribution of this work lies in the following:

(1) The establishment of conditions on random models under which the ergodicity classes
are fully characterized. This result not only implies that certain random models almost
always converge, but also provides the structure of the limiting matrix. The structure
is revealed through the connectivity topology of the infinite flow graph of the model.
Although the model is not ergodic, the ergodicity happens locally for groups of indices,
which are characterized as the vertices in the same connected component of the infinite
flow graph (Theorem [0).

(2) The introduction and study of a class of perturbations (¢;-approximations) of chains
that preserve ergodicity classes, as seen is Section B (Lemma [2]).

(3) The introduction of a class .#, random models whose ergodicity can be characterized
through the infinite flow property (Theorem H]). This class encircles many of the known
ergodic deterministic and random models, as discussed in Section @l



The structure of this paper is as follows: in Section 2] we discuss the problem of our

interest, introduce some terminology and motivate our work by considering the limiting
behavior of the gossip protocol extended to time-varying graphs. Motivated by this
example, we establish some notions for the limiting behavior of the model. In Section [3],
we define and investigate ¢;-approximations of random models which play an important
role in the later development. In Section M we extend the infinite flow theorem [31]
to a larger class of random models. In Section [§, we introduce and study an infinite
flow graph of a model. Using this graph, together with the results of Sections [3] and [
we establish our main result that characterizes the ergodic classes of certain random
models. In Section [0, we demonstrate the use of our results on two different random
network models.
Notation and Basic Terminology. We view all vectors as columns. For a vector z,
we write x; to denote its ith entry, and we write x > 0 (z > 0) to denote that all its
entries are nonnegative (positive). We use 27 to denote the transpose of a vector z. For
a vector r € R™, we use ||z[|, = (3, |z:[")*/? for p > 1 and ||z|| when p = 2. For
a matrix A, we write ||Al|, to denote the matrix norm induced by || - ||, vector norm.
We use e; to denote the vector with the ¢th entry equal to 1 and all other entries equal
to 0. We write e to denote the vector with all entries equal to 1. We write {z(k)} to
denote a sequence z(0),z(1),... of some elements, and we write {z(k)}r>; to denote
the truncated sequence z(t),z(t + 1),... for t > 0. We say that a sequence of scalars,
vectors, or matrices is an f;-sequence if the sequence generated by each entry of the
corresponding object is absolutely summable.

For a given set C' and a subset S of C, we write S C C' when S is a proper subset
of C. Aset S C C with S # () is a nontrivial subset of C. We use [m] for the integer
set {1,...,m}. We let S denote the complement of a given set S C [m] with respect to
[m].

We denote the identity matrix by I. For a finite collection Aq,..., A, of square
matrices, we write A = diag(A,...,A,) to denote the block diagonal matrix with rth
diagonal block being A, for 1 < r < 7. For a matrix W, we write W;; to denote its
(i, j)th entry, W* to denote its ith column vector, and W7 to denote its transpose. For
an m x m matrix W, we let >, Wi = St > i1 Wij. For such a matrix and a
nontrivial subset S C [m], we define Wy = > iesjes(Wij + Wii). A vector v € R™ is
stochastic if v > 0 and Z:’ll v; = 1. A matrix W is stochastic when all its rows are
stochastic, and it is doubly stochastic when both W and W7 are stochastic. We let S™
denote the set of m x m stochastic matrices. We refer to a sequence {W (k)} of matrices
as model or chain interchangeably.

We write E[X] to denote the expected value of a random variable X. For an event
o/, we use Pr(&7) to denote its probability. If Pr (/) = 1, we say that the event .o
happens almost surely. We often abbreviate “almost surely” by a.s.

2 Problem Formulation and Motivation

In this section, we formulate the problem of our interest, introduce some notions and
provide an example that motivates the further development.



2.1 Problem Description

We consider the dynamics of a linear system driven by a random stochastic chain, i.e.,
x(k+1)=W(k)x(k) for k > ty. (1)

where W (k) € S™ for all k, the time %, is an initial time and z(¢y) € R™ is an initial state
of the system. It is well known that when the matrix sequence {W(k)} is ergodic, the
dynamics in ([I]) is convergent almost surely for any initial time ¢, and any initial state
x(tg). Furthermore, the limiting value of each coordinate z;(k) is the same, which is
often referred to as consensus, agreement, or synchronization. In this case, the sequence
{W(k)} has a single ergodic class, the class [m] consisting of all coordinate indices
{1,...,m}.

A natural question arises: what happens if {WW(k)} is not ergodic? In particular,
what can we say about the limiting dynamics of the coordinates z;(¢)? Can we determine
the ergodicity classes based on the properties of the matrices W (k)? Our motivation in
this paper is to answer these questions. To do this, we formalize the probabilistic model
for the matrices {W(k)} and introduce some terminology.

Let (2, .#, Pr (-)) be a probability space and let W : Q@ — I13°,S™ be a random matrix
process such that W;;(k) is a Borel-measurable function for all 7, j € [m] and k£ > 0. We
call such a process a random chain or a random model. We often denote such a process
by its coordinate process representation {W(k)}. If matrices W (k) are independent, we
say that the model is independent and, in addition, if W (k)s are identically distributed
we say that {W(k)} an independent identically distributed (i.i.d.) random model.

Given a random model {W(k)}, a starting time ¢, and a starting point x(t;) €
R™, our goal is to investigate the limiting behavior of random dynamic system ()
and, in particular, to characterize the ergodicity classes of the model {W(k)}. In the
development, we consider some generalizations of the notions of ergodicity.

2.2 Terminology

A deterministic chain {A(k)} can be viewed as a special independent random chain by
setting Q = {w}, F = {{w}, 0}, Pr({w}) = 1 and W (k)(w) = A(k). Then, the dynamic
system in Eq. () is deterministic and we have the following definition.

Definition 1. A chain {A(k)} is ergodic chain or ergodic model if limy_,(x;(k) —
zj(k)) =0 for anyi,j € [m], any starting time to > 0 and any starting point x(ty) € R™.
We say that the chain admits consensus if the above assertion is true for to = 0. A
random model {W (k)} is ergodic (admits consensus) if the event £ (C) happens almost

surely.

To justify Definition [l for a random model, note that we can speak about subsets &£
and C of 2 on which the ergodicity and consensus happen, respectively. These sets are
given by

E=Ny_ (ﬂ;”zl{w | 1}1_>nolo(x1<k) —xzj(k)) =0 foralli,j € [m], z(ty) = eg}) ,



C=np{w]| kh_}rgo(xl(k) —xj(k)) =0 forall i,j € [m],z(0) = e}

The scalars z;(k) —z;(k) are random variables since W (k) are Borel-measurable. Thus, £
and C are events (for the discussion on why it suffice to consider only x(0) = e, see [31]).

The ergodicity of a random chain {WW (k)} is closely related to the limiting behavior
of the product of the matrices W (0), W(1),.... To see this, we let ®(t,s) = W(t —
1)---W(s) for t > s. Now, if in Definition [ we set x(ty) = e, for ¢ € [m], then
we conclude that for an ergodic chain {W(k)}, the ith column of (¢, ), i.e. (¢, 1),
converges almost surely to a vector that is co-linear with the vector e. Therefore, the
ergodicity of a chain implies the almost sure convergence of all the columns of ®(¢,¢y)
to a vector co-linear with e for any starting time ¢y, or in other words lim,_,, ®(t, o) =
eg(to)T almost surely for a random vector ¢(ty) € R™. Note that in this case ¢(t)
is a stochastic vector almost surely by the stochasticity of the matrices W (k). Due to
the finite dimensionality of the space, the converse of the above statement is also true.
Therefore, a chain is ergodic if and only if lim; o, ®(¢, o) = ed(ty)? almost surely for a
random stochastic vector ¢(tg) for all ¢y > 0.

In [31), B2], we have shown that the ergodicity of certain models is closely related to
the infinite flow property, as defined below.

Definition 2. (Infinite Flow Property) A deterministic chain {A(k)} has the infinite
flow property if >"p-  As(k) = oo for any nonempty S C [m]. A random model {W (k)}
has the infinite flow property if the model has infinite flow property almost surely.

As in the case of consensus and ergodicity events, the subset of 2 over which the
infinite flow happens is an event since W;;(k)s are Borel-measurable. We denote this
event by .Z.

In our further development, we also use some additional properties of random mod-
els such as a weak feedback property and a common steady state in expectation, as
introduced in [31]. For convenience, we provide them in the following definition.

Definition 3. Let {W(k)} be a random model. We say that the model has:

(a) Weak feedback property if it there exists v > 0 such that
E[Wz(k:)TW](/{:)} > y(E[Wi; (k)] + E[W,i(k)]) forallk >0 andi#j, i,5 € [m].

(b) A common steady state T in expectation if ®” E[W (k)] = =T for all k > 0.

Apparently, any random model with W;;(k) > v > 0 almost surely for all £ > 0 and
i € [m] has weak feedback property. Also i.i.d. models with almost sure positive diagonal
entries have weak feedback property, as shown in [31]. As another example, consider the
homogeneous deterministic chain {A(k)} defined by A(k) = — (eeT — I for all k > 0.

m—1
m—2

It can be seen that this model has weak feedback property with v = 1)

As an example of a model with a common steady state 7 in expectation, one can
consider any i.i.d. random model {W(k)}. Another example are the models where W (k)
is doubly stochastic almost surely for any k, for which we have 7 = % e.

With a random model, we associate an infinite flow graph. We define the infinite flow
graph to be an undirected simple graph, i.e., a graph with no self-loops and multiple

edges, and with links that have sufficient information flow.
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Definition 4. (Infinite Flow Graph) For a random model {W(k)}, the infinite flow
graph of the model is the simple undirected graph G = (|m],£>), where {i,j} € £ if
and only if > 7 (Wi (k) + Wji(k)) = oo almost surely.

The infinite flow graph has been (silently) used in [33] mainly to establish the er-
godicity of a certain deterministic chains. Here, however, we make use of this graph to
establish ergodicity classes for a class of independent random chains. In particular, as
we will see in the later sections, the infinite flow graph and its connected components
play important role in identifying the ergodicity classes of the model. In the sequel, a
connected component of a graph will always be mazimal with respect to the set inclusion,
i.e., it will be the largest connected component that is not properly contained in any
other connected component.

2.3 Infinite Flow Graph and Gossip Algorithm on Time-Varying
Network

To illustrate the use of the infinite flow graph in determining the ergodicity classes of a
random model, we consider a gossip algorithm over a time-varying network, as discussed
in [31], 32] to extend the original gossip algorithm [4] [5]. We revisit this algorithm briefly
and provide some background results. We then investigate the algorithm for the case
when the convergence does not occur to a common vector, but rather a group of agents’
values converge to a common vector that may be different for different groups of agents.

We next provide the infinite flow theorem from [31] (see also [32]), which we use in
the further development.

Theorem 1. (Infinite Flow Theorem) Let the random model {W (k)} be independent,
and have a common steady state m > 0 in expectation and weak feedback property. Then,
the following conditions are equivalent:

(a) The model is ergodic.

(b) The model has infinite flow property.

(¢) The expected model has infinite flow property.
(d) The expected model is ergodic.

Note that Theorem [ applies to a deterministic model {A(k)} that has a common
steady state 7 (i.e., 77 A(k) = 77) and has the weak feedback property. In view of this
observation and the infinite flow theorem we have the following corollary.

Corollary 1. Let {W (k)} be a random model. Suppose that "W (k) = 77 almost surely
for a vector m > 0 and all k > 0. Also, suppose that Wi (k)T Wi(k) > v(W;;(k)+ Wi (k))
almost surely for some v > 0 and for all k > 0 and i,j € [m] with i # j. Then, the
infinite flow and the ergodicity events coincide almost surely, i.e., £ = % almost surely.



Now, we focus on the random gossip algorithm over time-varying network. Suppose
that we have the set [m] of m agents, and each agent i € [m] has a scalar value x;(0) at
time ¢ = 0. We also have a sequence {P(k)} of matrices such that ), . P;;(k) =1 for
all k. At any time instance k > 0, the value P;;(k) is the probability that link {7, 5} is
activated (independent of the link realizations in other time instances). When the link
{i,j} is activated at time k, agents ¢ and j exchange their values and, then, update as
follows:

(k) = = (z;(k = 1)+ z;(k — 1)) for ¢ =1, 7,

while the other agents do not update, i.e., x,(k) = x4(k — 1) for £ # i, 7.
In our dynamic system form, we have an independent random model {WW (k)}, where
1
W(k)=1- §(ei —e;)(e; —e;)T with probability P;;(k). (2)
By looking at the connected components of the infinite flow graph of the gossip
model, we can characterize the ergodicity classes of the dynamics x(t). Specifically, let
G be the infinite flow graph of the gossip model. Let Sy, ..., S, C [m] be the connected
components of G*°, where 7 > 1 is the number of the components. We have the following
result.

Lemma 1. Consider the time-varying gossip algorithm given by [@)). Then, for any
initial vector x(0) € R™, the dynamics {z(t)} converges almost surely. Furthermore, we
have limy_, o (x;(t) — x;(t)) = 0 almost surely fori,j € S, and r € [7].

Proof. Let m, = |S,| be the number of vertices in the connected component S, of
G*°. Without loss of generality assume that the vertices are ordered such that S, =
{1,...,a1}, So = {a1 + 1,...,a0},..., 5 = {a,-1 + 1,...,a;} where m, = a, — a,_;
and ap = 0 < a; < ay < -+ < a,—1 < a, = m. By the Borel-Cantelli lemma [11],
page 46, and finiteness of the dimension of the space, for almost all w € €2 there exists
N(w) < oo such that no communication link {i,j} will appear between two different
components S, and Sp for o #  and «, 5 € [7] for any time £ > N(w). Therefore,
for almost all w € €, the chain {W(k)}(w) can be written in the form W (k)(w) =
diag(W M (k)(w), ..., WD (k)(w)) for k > N(w) where W) (k)(w) are m, x m, stochastic
matrices. From the dynamics system perspective, this means that after a while (after
time N(w)), the dynamics {x(¢)} driven by {W(k)} can be decoupled into 7 disjoint
dynamics systems {2}, where {(} is a dynamic evolving in R™ and it is governed
by {W"(k)(w)}. Also, based on the Borel-Cantelli lemma [11], the deterministic models
{W® (k)(w) } > n(w) have infinite flow property for € [r]. Now, note that for each r € [7]
the deterministic model {W ") (k)(w)}xsn(w) is doubly stochastic and Wi(ir)(k) > £ for all
i € [m] and k > 0. Therefore by Corollary [Il those individual chains are ergodic almost
surely. Hence, starting from any initial point x(0) € R™, we have x(ty) = ®(tg,0)z(0).
From this point, the m, coordinates of x(k) belonging to S,, will evolve by the chain
{W®(k)}. Since each chain {W ") (k)} is ergodic, it follows that limy .. (z;(k) —x;(k)) =
0 for i,j € S, and r € [7]. Note that although the time N(w) is a random (stopping)
time, the sets S, are deterministic. Q.E.D.
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Basically, Lemma [I] states that for any starting point z(0) € R™, any two agents
in the same connected component of G* will eventually consent. From the algebraic
point of view, the preceding assertion means that the matrix ®(¢,0) = W(t)---W(0)
converges almost surely to a random matrix W(0) with the property that the ith and
jth row of U(0) are the same vectors if 4, j € S, for some r € [7]. Observe that the same
argument holds for any starting time t; > 0. The choice of starting time zero was not
crucial.

Our goal in the upcoming sections is to provide results similar to Lemma [ but for
a class of random models larger than the gossip model in (2).

2.4 Mutual Ergodicity and Weak Ergodicity

In order to define the ergodicity classes of a model, we introduce the following notions.

Definition 5. Let {A(k)} be a deterministic chain, and let {x(k)} in [d) be driven by
the chain A(k). We say that:

(a) Two indicesi,j € [m| are mutually weakly ergodic indices if limy_,oo (z;(k) —z;(k)) =
0 for any initial time ty > 0 and initial point x(ty) € R™. We write i <>, j when
the indices i and j are mutually weakly ergodic indices for the chain {A(k)}.

(b) The index i € [m] is an ergodic index for the chain {A(k)} if the limit limy_, o x;(k)
exists for any starting time to > 0 and any initial point x(ty) € R™. When each
index i € [m] is ergodic index, we say the chain is partially-ergodic.

(¢) Two indices i,j € [m| are mutually ergodic indices if i and j are ergodic indices and
i <4 J for any initial time to > 0 and initial point x(ty) € R™. We write i <4 j
when the indices i and j are mutually ergodic for the chain {A(k)}.

The relation <4 is induced by a chain {A(k)} and it defines an equivalence relation
on [m|. Hence, one can consider the equivalency classes of such a relation. We refer to
the classes of this equivalence relation as ergodicity classes and to the partitioning of
[m] induced by such an equivalence relation as the ergodicity pattern of the model.

Definition [flextends naturally to a random model. Specifically, if any of the properties
in Definition [l holds almost surely for a random model {W (k)}, we say that the model
{W (k)} has the corresponding property. In the further development, when unambiguous,
we will omit the explicit dependency of the relation <> and < on the underlying chain.

For a random model {WW(k)}, the set of realizations over which ¢ <> j (or i < j) is
a measurable set; hence, an event. Since such events are tail events for an independent
random model {W(k)}, each of these events happens with either probability zero or
one. Hence, for a random independent model, we say i <> j (or i < j) if Pr(i <> j) =1
(or Pr(i < j) = 1). Conversely, we say i ¢ j (or i <& j), if Pr(i <> j) = 0 (or
Pr(i < j) = 0). Thus, the ergodicity pattern of an independent random model is well-
defined.

Now, let us discuss two examples to illustrate Definition



Example 1. By Definition [ and the ergodicity definition (Definition [), a chain is
ergodic if and only if its ergodicity class is a singleton or, equivalently, its ergodicity
pattern is {[m]}.

Example 2. For the time-varying gossip algorithm in Eq. ), we proved that if i and
7 belong to the same connected component of the infinite flow graph G* of the gossip
model {W (k)}, then i <w j. We prove in Section [3 that this statement holds for any
random model satisfying the conditions of the infinite flow theorem (Theorem[1).

3 Approximation of chains

Two random models may have the same ergodic properties while the dynamics of two
chains might be completely different. For example, all the ergodic chains have the same
ergodic properties, and yet, their dynamics can be quite different. Next, we specify what
we mean by “the same ergodic properties” for two chains.

Definition 6. Two chains {W (k)} and {U(k)} have the same ergodic properties if there
exists a bijection 0 : [m| — [m| between the indices of {W (k)} and {U(k)} such that:

(a) i <>w 7 if and only if 0(i) <>y 6(j), and
(b) i is an ergodic index for {W(k)} if and only if (1) is an ergodic index for {U(k)}.

Note that if 6 is a bijection of Definition [0l for two chains, then the indices of one
of the chains can be permuted according to the bijection 6, so that the bijection # can
always be taken as identity. We assume that this is the case for the rest of the paper.

3.1 /(;-Approximation

Our aim in this section is to prove that if two chains do not “differ much”, then they
have the same ergodic properties. In the above statement, by “not differ much”, we
mean that the two chains are ¢;-approximation of each other as defined below.

Definition 7. A deterministic chain {B(k)} is an {1-approzimation of a chain {A(k)}
if {A(k) — B(k)} is an l1-sequence, i.e., Y . |Aij(k) — By (k)| < oo for alli,j € [m)].

Definition [ extends to random chains by requiring that ¢;-approximation is almost
sure, i.e., a random chain {U(k)} is an ¢;-approximation of a random chain {W(k)} if
Y reo IWii(k) — Uy (k)| < oo almost surely for all 4,5 € [m)].

We have several side remarks about Definition[7l First, we note that the ¢;-approximation
is an equivalence relation. This is because the set of all absolutely summable sequences
in R is a vector space over R. The second remark is that, for two independent ran-
dom models {W(k)} and {U(k)} that are adapted to the same sigma-field, we have
Ym0 IWii(k) — Uij(k)| < oo for all i,j € [m] with either probability zero or one,
due to Kolmogorov’s 0-1 law ([I1], page 61). The third remark is about an alter-
native formulation of /;-approximation. Since the matrices have finite dimension, if
Y reo lAii(k) — Bij(k)| < oo for all 4,5 € [m], then an equivalent characterization of
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{B(k)} being ¢;-approximation of {A(k)} is that Y .- ||A(k) — B(k)||, < oo for any
p=>1
We now discuss some examples of ¢1-approximation.

Example 3. Consider two random models {W (k)} and {U(k)} that differ only in finitely
many coordinate maps, i.e., W(k) = U(k) for all k >t and somet > 0. Since any entry
of each random matriz W (k) and U(k) is bounded in the interval [0, 1], it follows that
Yoo | Wi (k) — Uy (k)| < t. Hence, the two models are (1-approzimation of each other.
We use such an approzimation in the proof of Theorem [0

For another example of ¢;-approximation, consider the time-varying gossip model,
as discussed in Section

Example 4. Let {W(k)} be the chain of the gossip model in Eq. ([2)) with the infinite
flow graph G*. Assume that the connected components of G are Sy,...,S,. Now,
define the approximate gossip model {U(k)} to be

W(k) if link {i,7} is activated at time k with i,j € S, for some r,
Uk) = . (3)
I otherwise.

In this case, by the definition of the infinite flow graph we have Y. o |Wi;(k) —U;; (k)| <
oo almost surely for all i and 7 that do not belong to the same connected component of
G®°. Basically, in the approrimate gossip model, we cut the links between the agents that
belong to different connected components of G*. In this way, we have an approximate
dynamic consisting of T decoupled dynamics (one per connected component of G™).
At the same time, the original and the approrimate dynamics have the same ergodic
properties. This will be seen for a more general case in forthcoming Lemma [2.

Now, we present the main result of this section. The result shows that if two chains
are {1-approximations of each other, then their ergodic properties are identical. Such a
result might be helpful in determining the ergodic properties of a chain that may not be
easily dealt with directly, but it may admit a suitable [;-approximation.

Lemma 2. (Approxzimation lemma) Let a deterministic chain { B(k)} is an {1-approxzimation
of a deterministic chain {A(k)}. Then, {A(k)} and {B(k)} have the same ergodic prop-

erties.

Proof. Since {B(k)} is an ¢;-approximation of {A(k)}, for any given € > 0, there exists
integer N. > 0 such that Y7  [|[A(k) — B(k)[l < €.

Suppose that i <»p j. For the given x(0) € [0,1]™, let {x(k)} be the sequence
generated by matrices {A(k)} and the dynamics defined in Eq. ({). Also, let {z(k)}r>n.
be the dynamics driven by { B(k)} started at time N, by vector z(N,) = x(N,) as defined
in Eq. (). For any k, we have:

z(k)=Ak—-1Dz(k—1)=(A(k—1)— B(k—1)z(k— 1)+ B(k — 1)x(k — 1).
But |z;(k)| <1 for any £ > N,. Thus, we have
[2(k) = Bk = Da(k = Dl < [[A(k = 1) = B(k = 1)[|oo- (4)

10



Therefore, [|2(N. + 1) — B(N)z(Ne)||oo < [|A(Ne) — B(Ne)||oo- Since z(N.) = z(N,), it
follows ||z(Ne + 1) — 2(Ne + 1)]| o < ||A(N, ) B(N,)||oo- We now proceed by induction
and we assume that ||z(k) — 2(k)||e < Zt . [A(k) = B(k)||o for k > N.. Using Eq. ()
and triangle inequality, we have

[2(k +1) = 2(k + Do = [|A(K)z(k) = B(k)2(F)]|0
= [I(A(k) = B(k))z(k) + B(k)(2(k) = 2(F))lloo
= [I(A(k) = B(k))z()[loo + [[B(F)(2(k) = 2(F))lloo
< [ICAK) = B(k))l[collz(B)[loo + I B(R)l[ool (2 (K) = 2(K))]|oo-

Now, by the induction assumption and the relation ||B(k)||s < 1, which holds since
B(k) is a stochastic, it follows that

k
lo(k+1) = 2(k + Dl < > [|A(K) = B(k)[|oo < Z Ak k)l <e. (5)

t=N, t=Ne

Therefore, |z;(k)—z; (k)| < e and |zj(k)—z;(k)| < € and hence, by the triangle inequality
|(zi(k) — z;(k)) + (z:(k) — z;(k))| < 2€ for any & > N.. But i <35 j and, hence,
limy, o0 (2:(k) — 2j(k)) = 0 and we have

limsup |z (k) — 2;(k)] < 2.

k—o0

The preceding inequality holds for any ¢ > 0 and any starting time t, for {B(k)},
implying that i <> 4 J.

Using the same argument, and based on inequality (@], one can deduce that if i is
ergodic index for { B(k)}, then it is also ergodic index for { A(k)}. Since ¢;-approximation
is symmetric with respect to the chains, the result follows. Q.E.D.

An immediate consequence of ¢;-approximation lemma is the following result.

Corollary 2. The class of ergodic deterministic chains is closed under {1-approzimations
and hence, the class of ergodic random models is closed under {1-approximations.

3.2 Infinite Flow Graph and Mutual Ergodicity

We now explore the relation between mutual weak ergodicity and the infinite flow graph.
More specifically, we consider a random model {W(k)} and its infinite flow graph G® =
([m], £%), as given in Definition @l We show that if indices i and j are mutually weakly
ergodic, then 7 and j belong to the same connected component of G*°. This result is
general as it applies to any random model. We establish it for arbitrary deterministic
chain.

Lemma 3. Let {A(k)} be a deterministic chain. Then, i <>, j implies that i and j
belong to the same connected component of the infinite flow graph of {A(k)}.

11



Proof. To arrive at a contradiction, suppose that ¢ and j belong to two different con-
nected components S,T C [m] of G®. Therefore, T C S implying that S is not
empty. Also, since S is a (maximal) connected component of G*, it follows that
Y oreoAs(k) < oo. Without loss of generality, we can assume that S = {1,...,7"}
for some ¢* < m. Then, consider the chain {B(k)} as defined below:

Ay (k) ifi#jandi,j€ Sorijes,
) ifiZjandi€ S,jeSorie S, jeS,
Bij(k) = Aii(k) + > pe5 Aulk) ifi=jeSs, v

The above approximation simply sets the cross terms between S and S to zero and adds
the corresponding values to the diagonal entries to maintain the stochasticity of the
matrix. Therefore, we have new stochastic chain B(k) given by

B(k) = { Blék’ Bﬁk) } :

where By (k) and Bs(k) are respectively i* x i* and (m —i*) x (m —¢*) matrices for all k.
Note that by the assumption ).~ ; Ag(k) < oo, the chain {B(k)} is an ¢;-approximation
of {A(k)}. Now, let u;- be the vector which has the first 7* coordinates equal to one and
the rest equal to zero, i.e., u;s = 22:1 e;+. Then B(k)u; = u;« for any k > 0 and hence,
i 4»p j. By Approximation Lemma (Lemma [2), we have i ¢4 7 and the result follows.
Q.E.D.

Lemma [Bshows that the ergodic components of a random model {IW (k)} are subsets
of the connected components of the infinite flow graph of the model. Therefore, if the
model is ergodic, then the infinite flow graph of the model is connected which proves the
necessity of the infinite flow property for the ergodicity of a model. Thus, as a special
consequence of Lemma [2 we obtain Theorem 1 in [31].

The converse result of Lemma [3lis not true. For example, let

A(l{;):[(l) (1)} for all k£ > 0.

In this case, the infinite flow graph is connected while the model is not ergodic. In the
resulting dynamics, the agents 1 and 2 keep swapping their initial values x1(0) and x2(0).

4 Ergodicity in class %,

In this section, we show that the infinite flow property is sufficient for ergodicity of a
class of random models. Assume that {W(k)} is an independent random chain with
common steady state distribution 7 in expectation. Let z(0) € R™ and let {z(k)} be
the resulting dynamic governed by {W(k)}. In [31] (Theorem 5), it was shown that for
any independent random model {WW(k)} and any starting point x(0) € R™, we almost
surely have

DD Hy(R)(xi(k) — 2;(k))* < oo,

k=0 i<j
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where H (k) = E[WT (k)diag(m)W (k)]. This result have played a crucial role when prov-
ing that, for certain independent models with common steady state 7 > 0 in expectation,
the infinite flow is both necessary and sufficient for ergodicity. We will show in Theo-
rem [3] that the infinite flow property is in fact necessary and sufficient for the ergodicity
of the models {W(k)} such that 72 >, E[WT(k)W(k)]U E[(xi(k) — z;(k))?*] < oo.
We refer to such models as class .#5-models and we formally introduce this class, as
follows.

Definition 8. The class #5 of random models is the set of all independent random
models {W(k)} such that for the dynamic system () we have for any ty > 0 and
I(to) S Rm,

> D Hy(RE[(xi(k) —2;(k))*] < oo, (7)

where H(k) = E[WT (k)W (k)].

If a model has a common steady state 7 > 0 in expectation, then mu, E[W7T (k)W (k)] <
E[WT(k)diag(m)W (k)], where Ty = minep, 7. Therefore, any model with a com-
mon steady state m > 0 belongs to class .#,. The following result shows that any
¢1-approximation of such models also belongs to class .#5.

Lemma 4. Let {W(k)} be an independent random model with a common steady state
7w > 0 in expectation. Let an independent random model {U(k)} be an {1-approzimation

of {W(k)}. Then {U(k)} € M.
The proof of Lemma (] can be found in the appendix.
Next, we show that the infinite flow property is sufficient for any model in class .45

model with weak feedback property. We establish this by using the following intermedi-
ate result whose proof is provided in the appendix.

Theorem 2. Let {A(k)} be a deterministic chain with infinite flow property, and let
z2(k) = A(k — 1)z(k — 1) for k > 1 and 2(0) = e, for any ¢ € |m]. Assume that
limy o0 (Zmax (k) — Zmin(k)) > 0. Then,

S (A k) + A (k) (k) — 2 (k) = oc.

k=0 i<j

By using Theorem [2] we establish the following result showing that the infinite flow
property is necessary and sufficient for the ergodicity of class .#5-models.

Theorem 3. Let {W(k)} be a class M5 model with weak feedback property. Then, the
infinite flow property is both necessary and sufficient for the ergodicity of the model.

Proof. The necessity of the infinite flow property follows by Lemma[Bl For the converse,
assume that the model has the infinite flow property. Note that by the definition of an
AMo-model, for any z(0) € R™,

> D Hy(RE[(zi(k) — 2;(k))°] < oo,

k=0 i<j
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where H (k) = E[WT (k)W (k)]. Due to the feedback property, we have E[W(k)"W4(k)] >
YE[W;;(k) + Wi (k)] for some v > 0. Therefore, using the independency of the model
and the relation H;;(k) = E[W*(k)"W/(k)], for any 2(0) € R™ we obtain

ZZE k) + Wii(k) (xi(k) — 2;(k))?]

k=0 i<j

=E ZZ i1 (k) + Wiilk) (i(k) — 2;(k))* | < oo,

k=0 1<j

where the equality holds by (W;; (k) + W;i(k))(k)(z;(k) — z;(k))* > 0 and the monotone
convergence theorem [I3], page 50. As a result, for any z(0),

Z Z (k) + Wii(k)) (k) (2 (k) — 2;(k))* < oo almost surely.

k=0 1<j

Since the model is assumed to have the infinite flow property, by Theorem Pl we have
limy s o0 (Tmax (k) — Tmin(k)) = 0 almost surely for 2(0) = e, with ¢ € [m], implying that
the system reaches consensus almost surely. Since 7.7, >~ . Hi;(k)E[(xi(k) — z;(k))*] <
oo for any starting time ¢ > 0, by the same argument it follows that the model is ergodic.
Q.E.D.

Using Theorem 2] we can extend the Infinite Flow Theorem [ as follows.

Theorem 4. The Infinite Flow Theorem/[dl holds for any random model {W (k)} in class
My with weak-feedback property.

Proof. By Theorem B], (d) implies (a). The implications (a) = (b) = (¢) = (d) is true
for any independent random model as proven in [31]. Q.E.D.

As an example of a model in the class .#5 that does not have a common steady state,
consider the class of deterministic chains {A(k)} that satisfy a bounded-connectivity
condition and have a uniform lower-bound on positive entries, as discussed in [33, [15]
19) 20, 21]. In these models, the sequence d(x(k)) = max;epy, i(k) — minjepm z;(k) is
(sub)geometric and, thus, it is absolutely summable. Furthermore, H;;(k) = [AT(k)A(k)];; <
m. This and |z;(k)—2; (k)| < d(z(k)) forall i, j € [m] imply 3772 37, [AT (k) A(k)]ij (i (k) —
z;(k))? < oo, i.e., the defining property of .#5-class in Eq. (7) holds.

5 Infinite Flow Graph

So far, we have been focused on the infinite flow property of independent chains and
showed that for a class of random models, infinite flow property and ergodicity are
equivalent. We next study models with a common steady state 7 > 0 in expectation
and weak-feedback property that do mot have infinite flow property. Our goal is to
investigate the limiting behavior of such models and, in particular, to characterize their
ergodicity classes.

14



Let {W(k)} be a random model with common steady state 7 > 0 in expectation.
Let G be the infinite flow graph of the model as in Definition @l In Section 23] we
showed that on extended gossip algorithm, the connected components of this graph are
closely related to the limiting behavior of the model. We aim to show that the same
results hold for any independent random model with a common steady state 7 > 0 in
expectation and weak feedback property.

Suppose that G* has 7 > 1 connected components. Let Si,..., S, C [m] be the
sets of vertices of each connected component of G*. Let S; = {1,...,a1}, So = {a1 +
1,..5a},..., S, ={a,1+1,...,a, = m} for 1 < a3 < ... <a, =m, and let
m, = |S,| = a, — a,_1 be the number of vertices in the rth component, where ag = 0.

Using the connected components of the infinite flow graph of {WW(k)}, we define the
diagonal approzimation {W (k)} of {W(k)}, as follows.

Definition 9. (Diagonal approzimation) For 1 < r < 7, define the random model
{WE(E)} in R™ as follows: fori,j € [m,],

r Wia, i+ (k)+z 'Wiaff(k‘) Zf]:Z
WOk :{ (i+ar)(ia, 1) ves, Werar (k) if j =4, g
5= W e o9 4 ¥

The diagonal approzimation of the model {W (k)} is the model {W (k)} defined by

WO (k) 0 e 0
N . 0 W (k) .- 0
W (k) = diag WV (k),...,W(k)) = : : 5 : . (9)
0 0 WO (k)

Basically, in the diagonal approximation, we are decoupling the components of our
dynamics that have weak interactions with each other.

In fact, the diagonal approximation of a given model is an ¢;-approximation of the
model.

Lemma 5. Let {W(k)} be an independent model and {W(k)} be its diagonal approz-
imation. Then, {W(k)} is an li-approzimation of {W(k)}. Furthermore, the models
(WK}, r=1,...,7 defined in Eq. ®) have infinite flow property.

The proof of Lemma [l is presented in the Appendix.

In Lemma B, we showed that if i and j are mutually weakly ergodic then ¢ and j
belong to the same connected component of G*°. In Lemma [I, we showed that for the
generalized gossip algorithm, ¢ and j are mutually ergodic if 7 and j belong to the same
connected component of the infinite low graph of the model. Hence, in this particular
case, 7 and j are mutually ergodic if and only if 7 and j belong to the same connected
component of G*°. The following theorem shows that the same result holds for any
random model satisfying the conditions of the Infinite Flow Theorem [l

Theorem 5. Let {W(k)} be an independent model with a common steady state m > 0
in expectation and with weak feedback property. Then i < j if and only if i and j are in
the same connected component of the infinite flow graph G* of the model.
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Proof. The “if” part follows from Lemma [3] and the fact that mutual ergodicity implies
mutual weak ergodicity. To show the “only if” part, we use two {;-approximations
successively. We proceed through the following steps to prove this result. First, in order
to have the weak-feedback property, we construct an ¢;-approximation of the diagonal
approximation for the original model {W(k)} and we prove that the resulting chain has
weak-feedback property. Then, using the developed tools in the preceding sections, we
prove the statement.

Let G* be the infinite flow graph of {WW(k)} and suppose it has 7 connected com-
ponents. Let Si,...,5; be the vertex sets corresponding to the connected compo-
nents of G*°. Let myy, = minyp, m > 0. Consider the diagonal approximation
{W(k)} of {W(k)} with W) (k) defined as in Eq. &) for r € [r]. Let M(k) =
E[maxme[m} (Wi, (k) — I/Vz(k)|] Since {W(k)} is an (i-approximation of {IW(k)}, we
have >~  M(k) < oo. Therefore limy_,oo M (k) = 0. Thus, there exists N > 0 such
that M (k) < =i for any k& > N.

Let JO) = 7Demn)T where 7() = (Tap 1415 - - - s Ta, ), which is a sub-vector of 7 having
the coordinates m; with ¢ € S,. Let U(k) = I for k < N and for k > N,

U (k) = (1 —d(k)W" (k) + d(k)J",

where d(k) = %M(l{;) for k > 0. Since M(k) < Zzn for k > N, we have d(k) € [0, 5].
Since a convex combination of stochastic matrices is a stochastic matrix, it follows
that each U™ (k) is stochastic. Note that Y o, M (k) < oo implies > 3o, d(k) <
0o and hence, the model {U")(k)},=y is an fi-approximation of {W @) (k)},=y. But
since, the entries of each matrix are in the [0, 1] interval, changing finitely many ma-
trices in a chain cannot change infinite flow properties. Therefore, {U™ (k)} is an ¢;-
approximation of {W ) (k)} and the model {U(k)} with matrices defined by U(k) =
diag(UW (k),..., UM (k)), k > 0 is an {;-approximation of {W(k)}. By Lemma [
{W(k)} is an ¢,-approximation of the original model {W (k)} and therefore, {U(k)} is
an {1-approximation of {W(k)}.

For k < N, U(k) = I which has weak-feedback property with constant 1. So, let us
fix £ > N and show weak feedback property for U(k). Let r € [r] be arbitrary and for
simplicity of notation, let Q@ = U") (k). For i,j € [m,] recall that their corresponding
indices in [m| are given by i, =i+ a, — 1, j, = j + a, — 1. Also, recall that W* denotes
the sth column vector of a matrix W. Using this, for any ¢, j € [m,| with i # j we have:

QTQ = (= k) (k) + (k) (1= dRYT (k) + dR))  (10)

> (1= d(k) (WO (k) TWOT (k) + (L — d(k))d(k)x T (WO (k) + WO (k).
Now, based on the definition of 7("), we have:
aOTW O (k) = 2" Wi (k) + 7" (W (k) = W' (k) > 7" Wi(k) — max Wi (k) = Wiy (k)]
which holds due to the stochasticity of 7. Therefore,

ElxMTW O (k)| > m — M(k),
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which follows from 7 being a common steady state in expectation of {WW(k)}. Similarly,
we have E[W(T)TW(T)jT (/f)] > m; — M(k). Taking the expectation of the both sides in
Eq. (I0) and using the preceding inequalities, we obtain

E[QTQU) > (1 — d(k))E| (W (k)W (k)] + (1 — d(k))d(k)(m; + m; — 2M (k)

7TZ'+7T]'

> (1= d(k)E| (W (k)W (k)] + (1 = d(k))d (k) =2, (11)

which holds by M (k) < Tmin < 7 for any i € [m] and k > N.
Since Wy, (k) > Wy, (k) — max;; [Wi;(k) — Wi (k)| for all £ € [m], we have

E| (7 (k)W ()| = B[ () W (k)] — 2mM (k).
Therefore, using the above inequality in Eq. (1), we have:
E[Q7Q7] = (1~ d(k)PE[(W (k)T (k)]
— (1 —d(k))?2mM (k) + (1 — d(k))d(k)

7TZ'+7T]'

2
But 0 < %M(/ﬁ) = d(k) <1 and hence,

7TZ'+7T]'

4

omM (k) = d(l{:)m;‘m < d(k)

By combining the preceding two relations and using (1 — d(k))? < (1 — d(k)), we have

7Ti+7Tj

4

7TZ'+7T]'
4 )

E[Q7Q7] > (1 —d(k))*E[(W" (k) W (k)] + (1 — d(k))d(k)

> (1= d(k))*+E[W,j, (k) + Wi, (k)] + (1 — d(k))d(k) (12)
where the last inequality follows by weak feedback property of {W(k)}. )

Since i, j, € S, and i, # j., by the construction of W(k), we have W; ; (k) =
Wi, ;. (k). Hence, E[Qy; + Qi = (1 —d(k))(E[W;, ;. (k)] + E[Wj,;, (K)]) + d(k)(m; + 7;). By
combining this with Eq. (I2]), we have

E[QTQ7) 2 (1= d(k))y (E[Qy + Qs — d(k)(ms + 7)) + (1 — d(k)d() "2
= (1= dDNEQy + Qs+ (1= d(kNAR) (= + 1) (s ).

Without loss of generality, we assume v < 1 (otherwise, we can replace v by i) Thus,

1
4

E[QTQ] = 2EIQy; + Q.

which follows from d(k) < 1. Note that we defined Q = U™ (k) where r € [r] and k > N
was arbitrary. Hence, each of the decoupled random models {U™) (k)} has weak-feedback
property with feedback constant .
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Let (0) € R™ and {z(k)} be the chain resulted from {U(k)} and dynamic system ().
By Theorem [ it follows that {U(k)} € .#,. Hence, Y7 (>~ Lij(k)E[(xi(k) — 2;(k))?] <
oo almost surely, where L(k) = E[U” (k)U(k)]. Hence, for any r € [7],

> D Ly(R)E[(wi(k) — 25(k)?] < oo
k=0 i<j
i,jESy
Due to the diagonal structure of U(k), we have:
(a) x(k) = (@W(k), -, 2D (k)), where 2\”(0) = x; (0), so {z™)(k)} are the sequences

of random vectors in R™ driven by the individual chains {U)(k)}.
(b) Fori,j e [m,] and r € [7],

Liyj. (k) = E| Y mUs, (k)Uy, () =E[ZmUé;><k>Ué;3<k>
Le[m] LeSy

=E| Y 7PUD kU (k)| - (13)

_ZE [M'f]

Therefore, by the above observations, the random dynamics in R™ induced by {U(k)} €

My, decomposes into 7 random dynamics in R™, ..., R™ induced by {UM (k)},..., {UD(k)}
all of which belong to class .#,. Also, each model {W)(k)} has the infinite flow prop-

erty and hence, their /;-approximations have the infinite flow property. Also, we showed

that each random model {W()(k)} has weak feedback property. Hence, by Theorem [
{U™(k)} is ergodic chain for any 7 € [r] which implies i < j for any i,j € S,. Since,
U(k) = diag(UD(k), ..., U (k)), hence, i < j in {U(k)}. Therefore, by Approxima-

tion Lemma 2] i < j in the original chain {W (k)} if and only if ¢ < j in {U(k)} which

is true if and only if 7, j € S, for some r € [7]. Q.E.D.

By the above result, we have the following characterization of the ergodicity classes.

Theorem 6. (Extended Infinite Flow Theorem) Let {W (k)} be any {1-approximation of
an independent random model with common steady state m > 0 in expectation and weak
feedback property. Let G™ be the infinite flow graph of {W (k)} and G* be the infinite
flow graph of the expected model {W (k)}, where W (k) = E[W(k)]. Then, the following
statements are equivalent:

(b) 1w -
(c) i and j belong to the same connected component of G*™.

(d) i and j belong to the same connected component of G*.

By Theorem [ and Theorem [0l it follows that, any dynamics driven by a random
model satisfying the assumptions of the Extended Infinite Flow theorem (Theorem [G),
converges almost surely. In general, this consequence does not happen if any assumption
of the theorem is violated, as seen in the following examples.
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Example 5. Let the matrices W (k) be given by

1 0 0
W(k) = | wi(k) ua(k) wus(k) |,
0 0 1

where u(k) = (u1(k),us(k), us(k))? are i.i.d. random wvectors distributed uniformly in
the probability simplex of R3. Then, starting from a point z(0) = (0, %,1)T, the dy-
namics never converges. Note that this model has infinite flow property and satisfies all
assumptions of Theorem [l except for the assumption © > 0.

Example 6. Consider the random permutation model. Specifically, let W (k) be the i.i.d.
model with W (k) randomly and uniformly chosen from the set of permutation matrices
i R™. Starting from any initial point, this model just permutes the coordinates of the
initial point. Therefore, the dynamic is not converging for any x(0) that lies outside the
subspace spanned by the vector e. The model has the infinite flow property and has the
common steady state m = Le in expectation. However, the model does not have weak

feedback property, since E[Wn}’(k)TW](k)] =0 fori # j while E[W;; (k)] + E[W;;(k)] > 0.

6 Applications

Here, we consider some applications of the Infinite Flow Theorem [] and its extended
variant to ergodicity classes in Theorem [0 First, we visit the broadcast-gossip model
over time-changing networks and we derive a necessary and sufficient condition for the
ergodicity of the model. Then, we consider the effect of a link failure process on random
networks and provide an infinite flow type condition for the ergodicity.

6.1 Broadcast Gossip Algorithm on Time-Changing Networks

Broadcast gossip algorithm has been presented and analyzed in [2] B]. As in the case
of gossip algorithm, the broadcast gossip algorithm has been proposed for consensus
over a static network. Here, we propose broadcast gossip algorithm over time-changing
networks and provide a necessary and sufficient condition for ergodicity.

Suppose that we have a sequence of simple undirected graphs (networks) {G(k)} on
[m], where G(k) = ([m], £(k)), so that G(k) represents the topology of the network at
time k. The sequence {G(k)} is assumed to be deterministic. Suppose that at time k,
agent i € [m] wakes up with probability - (independently of earlier choices and other
agents) and broadcasts its value to its neighboring agents N;(k) = {j € [m] | {i,j} €
E(k)}. At this time, each agent j € N;(k) updates its estimate as follows:

zj(k +1) = y(k)zi(k) + (1 = ~(k))z;(k),

where (k) € (0,7] is a mixing parameter of the system at time k& and v € (0,1). The
other agents keep their values unchanged, i.e., x;(k+1) = z;(k) for j & N;(k). Therefore,
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in this case the vector z(k) of agents’ estimates z;(k) evolves in time according to ()
where

W(k)=1-—~(k) Z ejlej —e)” with probability L. (14)
JEN;(k)

Let G}° be the infinite flow graph of the broadcast gossip model, and suppose that
this graph has 7 connected components, namely Si,...,S,. Using Theorem [l we have
the following result.

Lemma 6. In time-varying broadcast gossip model of ([4l), any two agents are in the
same ergodicity class if and only if they belong to the same connected component of G°.
In particular, the model is ergodic if and only if G7° is connected,

Proof. In view of Theorem [f] it suffices to show that the broadcast gossip model in ([I4))
has a common steady state m > 0 in expectation and weak feedback property. Since each
node (agent) is chosen uniformly at each time instance and the graph G(k) is undirected,
the (random) entries W;;(k) and Wj;(k) have the same distribution. Therefore, the
expected matrix E[W (k)] is a doubly stochastic matrix for any time & > 0. Also, due
to the condition (k) < v < 1, we have W;;(k) > 1 — a(k) >  for all ¢ € [m] and all
k > 0. If a model is such that W;;(k) >~ > 0 for all 7 and k, then the model has weak
feedback property with X, as implied by Lemma 7 in [31]. Q.E.D.

As a matter of fact, we can provide a characterization of the connected components S,
for the infinite flow graph G°. By Theorem[@] the model and its expected model have the
same connected components. Therefore, it suffices to determine the infinite flow graph
G of the expected model. A link {i,j} is in the edge-set of the graph G§° if and only
if 5752 (EWi (k)] + EW(k)]) = oc. By (), we have E[W(k)] = 1(k) if j € N(k)
and otherwise E[W;;(k)] = 0. Thus, {i,j} € Gi° if and only if >, 1, . ceqr) V(k) = o0

Two instances of the time-varying broadcast gossip algorithm that might be of prac-
tical interest are: (1) The case where the underlying sequence of graphs is not time-
changing, i.e., G(k) = G for all £k > 0. Then, the random model is ergodic if and only
if G is connected and Y.~ v(k) = co. (2) The case where the sequence (k) is also
bounded below i.e., v(k) € [y,7] with 0 < 7, < v < 1. Then, the model is ergodic if
and only if in the sequence {G(k)} infinitely many edges exist between S and S for any
nonempty S C [m].

6.2 Link Failure Models

Suppose that we are given a random model {W(k)} C S™ and a matrix sequence
{F(k)} € S™ such that F;; = 0 or F;; = 1 for all ¢,j. Thus, {F(k)} is a binary
matrix sequence, which we refer to as a failure process. We define the link-failure model
as the random model {U(k)} given by

U(k) = W(k) - (ee” — F(k)) + diag([W (k) - F(k)]e), (15)

where “” denotes the element-wise product of two matrices. To give a motivation for
this definition, suppose that we have a random model {W(k)} and suppose that each
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entry W;;(k) is set to zero, or in other words fails, whenever Fj;(k) = 1. In this way,
F(k) induces a failure pattern on W (k). The term W (k) - (ee? — F(k)) in Eq. ([I5)
reflects this effect. Therefore, W (k) - (ee? — F(k)) misses some of the entries of W (k).
This lack is compensated by introducing the feedback term which is equal to the sum
of the failed links, i.e., the term diag([W (k) - F'(k)]e). This can be viewed as adding
> jzilW (k) - F(k)i; to the self-feedback term of the agent i at time k (which is W;;(k))
in order to maintain the stochasticity of the resulting matrices.

By the above discussion, the stochasticity of the link-failure model {U(k)} follows.
Here, we should highlight the fact that the failure process is the binary matrix process
{F(k)} while the link-failure model {U(k)} is a stochastic matrix process derived from
a random model {W(k)} and the underlying link-failure process {F'(k)}.

Now, let us define models with feedback property. The random model {W(k)}
has feedback property if there is v > 0 such that E[W;;(k)W;;(k) + W;;(k)W;i(k)] >
YE[W,; (k) + Wj;i(k)] for any k > 0 and 4, j € [m] with ¢ # j. In general, this property
is stronger than weak feedback property, as proved in [31]. However, as seen in [31], the
class of models with feedback property contains i.i.d. models with almost sure positive
diagonal entries.

Our next goal is to study the effect of the uniform link failure process {F(k)} on
independent random models with common steady state 7 > 0 in expectation and with
feedback property.

Definition 10. A uniform link-failure process is the link-failure process {F(k)} that
satisfies the following conditions:

(a) The random variables {Fi;(k) | i,j € [m|, i # j} are binary i.i.d. for any fived
k> 0.

(b) The failure process {F(k)} is an independent process in time.

Note that the i.i.d. condition in Definition [I0 is assumed for a fixed time. Therefore,
the uniform link-failure model can have a time-dependent distribution but for any given
time the distribution of the link-failure should be identical across the different edges.

Lemma 7. Let {W(k)} be an independent model with common steady state m > 0 in
expectation and feedback property. Let {F(k)} be a uniform-link failure process that
is independent of {W(k)}. Then, the failure model {U(k)} is ergodic if and only if
Y ore oL = pr)Ws(k) = oo for all nonempty S C [m], where p, = Pr(Fj;(k) = 1).

Proof. By the definition of the failure model {U(k)} in (IH]), since both random processes
{W(k)} and {F(k)} are independent, the failure model {U(k)} is also independent.
Then, for ¢ # j and for any k£ > 0, we have

E[Ui; (k)] = E[Wi;(R)(1 — Fyj (k)] = (1 — pr) E[W3; (k)]
where the last equality holds since W;;(k) and F};(k) are independent, and E[F};(k)] = pk.

The matrix U(k) is stochastic, so 1 — E[Uyuy] = >+ E[Uij(k)]. By the preceding
relation, we have >, E[U;;(k)] = (1 — pr) 32, E[Wi;(k)], which by stochasticity of
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W (k) implies >, E[U;;(k)] = (1 — px)(1 — E[W;;(k)]). Therefore, E[Us;(k)] = pr + (1 —
pr)E[W;; ()], or in matrix notation:

E[U(K)] = ped + (1 — pr)EW (K)]. (16)

But since 7 is a common steady state of {E[W (k)]}, it follows that 7 E[U (k)] = pp7” +
(1 —pp)7? = 77, Hence, the model {U(k)} has the same common steady state 7 > 0 in
expectation as the original model {W (k)}.

We next show that the failure model has feedback property. By the definition of
U(k), we have U (k) > Wy(k) for all ¢ € [m] and k > 0. Hence, E[U;(k)U;;(k)] >
E[Wii(k)U;;(k)]. Since {F'(k)} and {W (k)} are independent, we have

E[Wii(k)Us (k)] = E[E[W:(k)Uyy (k) | Fij(k) = O]] = E[E[Wii(k)Wis (k) | Fij (k) = 0]]
= (L= pr) E[Wii (k)W (k)]

A similar relation holds for E[U;;(k)U;;(k)]. By the feedback property of {W(k)}, we
have

E[Ui(k)Us (k) + U (K)Uji(R)] = (1 = pr)vE[Wi (k) + Wii(k)] = vE[U; (k) + Uy (k)]

where the last equality follows from Eq. ([I6) and v > 0 is the feedback constant for
{W(k)}. Thus, the failure model {U(k)} has feedback property with constant . Hence,
the model satisfies the assumptions of Infinite Flow Theorem [Il By this theorem, the
model {U(k)} is ergodic if and only if Y 7 JE[Us(k)] = oo for any nontrivial S C [m].
By Eq. ([I8) we have E[Us(k)] = (1 — pr)E[Ws(k)]. Hence, the failure model {U(k)} is
ergodic if and only if Y77 (1 — py)E[Ws(k)] = oo for any nontrivial S C [m]. Q.E.D.

When the failure probabilities p; are uniformly bounded away from one, i.e., pp < p
for all & and some p < 1, we have that » ;- (1 — py)E[Ws(k)] = oo if and only if
> reo E[Ws(k)] = oo. Thus, when the failure probabilities p;, are uniformly bounded
away from one, by Lemma [ we have: the failure model {U(k)} is ergodic if and only if
the original model {W(k)} is ergodic.

.1 Proof of Lemma [

Proof. Define the function V(z) = ZZ (v, — )% Also, let D = diag(n), H(k) =
E[UT(k)U (k)] and L(k) = E[WT(k)DW (k) for k > 0. Let z(0) € [0,1]™ and {z(k)}
)}. Then we have:

be the dynamics resulted from chain {U(k

E[V(x(k +1))e(k)] = E[z" (k + 1)(D — 77 )a(k + )|z (k)] (17)
= E[(W(k)z(k) + y( )'(D = mr ) (W (k)a(k) +y (k) (k)]
< E[V(W (k)a(k)) |z (k)] + 2E[2(k + )" (D — za" )y (k)|x(k)]

where y(k) = (U(k) — W(k))xz(k) and the last inequality follows by positive semidef-
initeness of D — 7w, Based on Theorem 4 in [31], we have E[V (W (k)x(k))|z(k)] <
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V((k) — Xre; Lij (k) (k) - xj<k>>2. Thus:

E[V(z(k +1))|x(k) Z Lij(k —a;(k))?
+ 2E[z(k + 1)"(D — mx ")y (k)|z(k)] (18)

On the other hand, since U(k)s are stochastic, z(k) € [0,1]™. Hence, [|y(k)|e <
W (k) = U(k)l[oc and thus we have —[[W (k) = U(k)[loo < 4i(k) < [[W(k) = U(k)|/co-
Therefore, since the summation of the absolute value of the ith row of D — wnl is
(2 —m) < 1, we have |[(D — 770)y(k)|ls < [[W (k) — U(k)|loc and hence, because
z(k+1) €[0,1)™, z(k +1)"(D — 777)y(k) < m|W (k) — U(k)||. But since, U(k) and
W (k) are independent of x(k), from the above discussion and Eq. (IT7) and Eq. (I8), it
follows that

E[V (x(k +1))[x(k) ) = > Li(k — (k) + 2mE[|W (k) — U(k)[|oo]
1<J
(19)

But {U(k)} is an ¢1-approximation of {W (k)}, and hence >~ E[|W (k) — U(k)||s] <
oo. Therefore, by the Robbins-Siegmund theorem ([23] page 164), > 7 >, _; Lij (k) (@i (k) —
z;(k))? < oo almost surely.

The last step is to show that the difference between the two sums » 7 >~ Lij(k) (2 (k) —
(k) and 3770 30, Hig(k)(2i(k)—;(k))? is finite. Since [Wei(k)—Us(k)| < [W (k) —
U(k)||s for any i,¢ € [m] and based on the definition of H(k), we have

NE

WminHz’j(k‘) < E[WUZi(k‘)Uéj(k‘)]

(=1

NE

Elme(Wei(k) + [W(k) = U(F)]ea) (We (k) + [W (k) = U(F)];)]

= Lij(k) + > ElmUs (k)W (k) = UR)les) + > E[me[W (k) — U(k)]eUs; (k)]
< Li;(k) + E|||U(k ||ooZm (Usi(k) + Ug; (k)

< Ly() + UMW) - W

where T, = min;ep, 7; > 0 and the last inequality follows from the fact that U(k) is a
stochastic matrix and 7 is a stochastic vector. Therefore,

Tomin D ZHzg(k)(f’?z(k) —a;(k))?
<SS LB R) — )2+ S ST EIU() — W] (h) — (8

k=0 i<j k=0 Z<J
<O Li(R)(wi(k) — x;(k)* + m ZE U (k) — W (E)]|oo] ,
k=0 i<j
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where the last inequality holds since (z;(k)—z;(k))* < 1. But again, since Y, E[||U(k) —

oo, and we have shown that 3 7 3, . Lij(k)(xi(k) —2;(k))* < 0o almost surely, hence,
> neo 2aiey Hij(K)(xi(k) — x;(k))? < 0o almost surely. Q.E.D.

.2 Proof of Theorem

Proof. Let dj, = zymax(k) — Zmin (k) and ds = limg o0 (Zmax (k) — 2min(k)) > 0. For ¢ > 0,
let o (which is a function of ¢) be a permutation on [m] such that z,, (t) < --- < z, ().
Since the matrices {A(k)} are stochastic, the sequence {d(k)} is non-increasing and
hence,

dy = 2, (t) = 20,(t) = Z(zam(t) = 20,(t)) = doo

Therefore, there exists an index i* such that z,. ., (£) — zs. (t) > —5d. Let S = {o; |
i < 4"}, so that dg(t) > —5dw. Now, let t' = argmin,s, ST Ag(k) > sds(t). Then,
by Lemma 1 in [31], for k& € [t,t'], we have dg(k) > ds(t) — 2d; Zgzt Ag(k) > L ds(t).

Since dg(t) > —= do, we have dg(s) > m ds. Therefore,
ZZ i (k) + Aji (k) (z:(k) — 2(k))* > Z D (Ayk) + Aju(k) (zi(k) = 2 (k))?
k=t i<j k= tzES]ES
-1
>3 D (Ay(k) + Ak Z de(k) D (Ay(k) + Aju(k)),
k=t jcS,je8 i€S,jeS

(20)

where the last inequality holds since (z;(k) — z;(k)) > ds(k) for i € S and j € S. Also
note that by the definition As(k) =3, ;c5(Ai(k) + Aji(k)). Therefore, we have

S S A + A8 — 58 2 3 Ask) i)

k=t 1<y

> (s ) ZA > (o ) = gt @)

The preceding argument holds for arbitrary ¢ > 0. Hence, by letting to = 0 and recur-
sively defining t; = t._, for s > 0, we have

S ST (A () + (W) () — 2 ()P

k=0 1<j

W (k)] <



where the last inequality follows from Eqs. (20) and 2I). Q.E.D.

.3 Proof of Lemma

Proof. First we show that W (k) is a stochastic matrix for any k& > 0. To do this, in
view of the diagonal structure of the matrix W (k) (Eq. ®)), it suffices to show that
W) (k) is stochastic for 1 < r < 7. Note that based on the definition of W) (k), we
have W) (k) > 0. Also for any i € [m,], we have:

my

Swilk)y =wP kR + S Wi (k)
j=1 j#i,jelmy]
= Witar)itar ) () + D Weita, e+ > Wiga,_ (k)
LES, Ai+a,_1,0ES,

NE

Wiita,ye(k) = 1. (22)

o~
Il

1

Now, let i € S, for 1 <r < 7. Then, for any j # i, we have two cases:

(i) If j € S, by the definition of W (k), we have Wi;(k) = W;;(k) and hence, |W;; (k) —
Wi; (k)] = 0.
(ii) If j & S,, we have W;;(k) = 0 and hence, |W;;(k) — Wi, (k)| = Wi; (k).

Finally, for j = i, we have W;;(k) = Wi (k) + > jes, Wij(k). Hence, |[Wi;(k) — Wi; (k)| =
> jes, Wij(k). Therefore, we have:

Z Wi (k) = Wi (k)| =2 Wi(k).

JESr

By summing up over all ¢ € S,., we have:

SN Wi k) - Wi(k) =2 Wis(k) < 2Ws, (k).

i€S, j=1 1€Sr JESr

Again, by summing up the two sides of the preceding inequality for r = 1,...,7, we

have: . . T
Z Z Z [Wij(k) — Wi (k)| < 2 Z W, (k).
r=1i€S, j=1 r=1

But 377 > s 2oie [Wis(k) — Wi (k)| = > igeim (Wi (k) — Wi;(k)|. Also note that
Si,...,S, are the sets of vertices of each connected components of G and hence, we
obtain Y ;2 Y7, Ws, (k) < oo almost surely. Therefore, by combining the above facts:

Z Z [Wiz(k) — Wzg(k)\ <00 a.s.

k=0 i,j€[m]

25



This proves that {IW(k)} is in fact an ¢;-approximation of {W(k)}. To prove that
{W)(k)} has infinite flow property, let V' C S,. Then since S, is the set of vertices of
one of the connected components of G, there exists an edge {i,j} € €% where i € V
and j € V. But based on the definition of W™ (k), for i, =i — a,_; and j, = j — a,_1,
we have W,") (k) + W\") (k) = Wi; (k) + W;i(k). Since {i, 5} € £, it follows

o0 o0
Z 7/7“.77 ]r'lr Z WZJ _'_ W]Z =
k=0

k=0

Therefore, the infinite graph of {WW ) (k)} is connected and, hence, {WW ) (k)} has infinite
flow property. Q.E.D.
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