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Stochastic Stability of Discrete-Time
Phase-Coupled Oscillators Over
Uncertain and Random Networks

Matin Jafarian

Abstract—This article studies stochastic relative phase
stability, i.e., stochastic phase-cohesiveness, of discrete-
time phase-coupled oscillators. The stochastic phase-
cohesiveness in two types of networks is studied. First,
we consider oscillators coupled with 27r-periodic odd func-
tions over underlying undirected graphs subject to both
multiplicative and additive stochastic uncertainties. We
prove stochastic phase-cohesiveness of the network with
respect to two specific, namely, in-phase and antiphase,
sets by deriving sufficient coupling conditions. We show
the dependency of these conditions on the size of the
mean values of additive and multiplicative uncertainties,
as well as the sign of the mean values of multiplicative
uncertainties. Furthermore, we discuss the results under
a relaxation of the odd property of the coupling func-
tion. Second, we study an uncertain network in which the
multiplicative uncertainties are governed by the Bernoulli
process representing the well-known Erdés—Rényi net-
work. We assume constant exogenous frequencies and
derive sufficient conditions for achieving both stochastic
phase-cohesive and phase-locked solutions, i.e., stochas-
tic phase-cohesiveness with respect to the origin. For the
latter case, where identical exogenous frequencies are as-
sumed, we prove that any positive probability of connec-
tivity leads to phase-locking. Thorough analyses are pro-
vided, and insights obtained from stochastic analysis are
discussed, along with numerical simulations to validate the
analytical results.

Index Terms—Markov processes, nonlinear systems,
stochastic systems, synchronization of coupled oscillators.
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[. INTRODUCTION

SCILLATORY behavior is a fundamental feature of com-
O plex networks in a wide range of applications from me-
chanical and electrical power networks to biological and neu-
ronal networks [1], [2], [3], [4], [5], [6]. Synchronization is
useful for achieving stable oscillations in these networks [2].
Uncertainties and randomness influence the ability of a network
to synchronize. A prominent example is a network of biological
neurons whose activities govern the underlying mechanisms of
cognition [1] and motion [7]. In such neuronal networks, the
coupling and the input current of neurons are often subject to
fluctuations due to various stochastic uncertainties [8], [9], [10],
[11]. Therefore, studying the stability of stochastic uncertain
oscillatory models is essential.

Analyzing the behavior of coupled oscillators is hard even in
the absence of uncertainties, due to the nonlinear nature of their
dynamics. One approach to reduce the complexity of analyses
is to map the oscillators’ models to their phase dynamics. Such
a transformation is feasible under particular conditions [12],
[13], [14]. The framework has been employed in studying
synchronization of some classes of nonlinear coupled oscilla-
tors, for instance, van der Pol oscillators, and weakly coupled
neurons [1], [15], [16]. Among notions of synchronization is
phase-cohesiveness, a principal desired behavior of oscillatory
networks implying boundedness of relative phases [17]. Phase-
cohesiveness extends the notion of phase-locking (also called
phase-synchronization), and is useful in achieving frequency
synchronization [17]. Despite the importance of stochastic syn-
chronization, thus far, phase-cohesiveness in stochastic models
has not been studied in literature. Our objective is to address
this gap by studying the effects of stochastic uncertainties on
phase-coupled oscillators.

In phase-coupled models, oscillators are interconnected via
nonlinear periodic functions. The most studied model of phase-
coupled oscillators is the well-known Kuramoto model [3], in
which the coupling law is reduced to its leading term in an
odd Fourier expansion, i.e., sine function. The continuous-time
deterministic Kuramoto model has been widely employed to
study synchronization in various applications [17], [18], [19],
[20], [21], [22]. Besides, the importance of more general classes
of coupling functions on synchronization has also been shown
in literature (see [15], [23], [24], [25])).

We study the effects of stochastic multiplicative and addi-
tive uncertainties in a network of phase oscillators coupled via
2m-periodic odd functions. Odd coupling functions generalize
the Kuramoto model, by allowing the addition of some higher

1558-2523 © 2023 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on April 26,2024 at 13:49:02 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-2360-7609
https://orcid.org/0000-0001-5255-0352
https://orcid.org/0000-0001-9940-5929
mailto:m.jafarian@tudelft.nl
mailto:mamduhi@kth.se
mailto:kallej@kth.se

2916

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 69, NO. 5, MAY 2024

Fourier harmonics (e.g., phase model of the locus coeruleus
neurons [15]), and present a gradient dynamical system, which
has been proven useful in achieving convergence in oscillatory
networks [16], [26], [27]. For instance, phase oscillators coupled
via odd functions have been used in studying the associate mem-
ory feature of integrate-and-fire spiking neuronal networks [16],
as well as recall of oscillatory associative memory networks [25].
The combination of generality, applicability, and mathematical
amenability inspire us to primarily focus on this class of coupling
functions. Furthermore, we discuss an extension of our results
by allowing a relaxation of the odd property of the coupling
function.

This article studies stochastic set stability for phase oscilla-
tors described above, using a discrete-time approximation, and
perform the analyses within the framework of Markov chain
stability [28], [29].

A. Related Works

The effects of uncertainties on the synchronization of oscilla-
tory networks have mainly been investigated in continuous-time
deterministic perturbed models, and stochastic models with only
additive noise. In the stochastic setting, the effects of addi-
tive noise, such as uncertain exogenous frequencies, have been
studied for some classes of continuous-time nonlinear oscilla-
tors using a phase reduction model [30], and a Fokker—Planck
model [26], [31]. Moreover, synchronization of the continuous-
time Kuramoto oscillators with additive uncertainties, modeled
as a Wiener process, has been analyzed in a stochastic game set-
ting [32]. A mean-filed approach to frequency synchronization
of the continuous-time coupled Kuramoto oscillators subject
to random exogenous frequencies has been studied in [33].
Oscillators in the Erdos—Rényi [34], [35] random networks,
in which each two oscillators are decoupled with a nonzero
probability, have also been studied [36], [37], [38], [39]. All
aforementioned studies have focused on the asymptotic full-state
synchronization of continuous-time oscillators in the Euclidean
space using a linear approximation of the network dynamics in
the vicinity of the synchronous state.

The effects of coupling noise have been studied on the full-
state synchronization of a network of continuous-time harmonic
oscillators [40], and interconnected oscillators with a common
or zero intrinsic noise together with state-dependent coupling
noise [41], [42]. These works have analyzed the network be-
havior using stochastic differential equations and discussed the
effects of noise on the synchronization.

Deterministic perturbed Kuramoto model has been studied
considering time-varying exogenous frequencies and coupling
coefficients [43], [44], [45]. The local input—output stability
of the exact synchronization (phase-locking) solution has been
proven imposing an upper-bound on the time-varying exogenous
frequencies [43]. Moreover, phase-cohesiveness of the in-phase
solution in a network with time-varying couplings and exoge-
nous frequencies [44] has been shown imposing conditions on
the time-evolution of the coupling coefficients. Compared with
literature, our contributions, detailed in the following, include:
studying stochastic phase-coupled oscillators; generalizing the
coupling function; considering stochastic multiplicative and ad-
ditive uncertainties (see Remark 1); and studying the stability of
phase-coupled oscillators in random networks. It is worth not-
ing that the deterministic unperturbed discrete-time Kuramoto
oscillators, with applications in communication and robotics

networks, have also been studied [46], [47]. Our construction of
the Lyapunov function for the general connected and undirected
networks, extends the analysis of the aforementioned works, if
we replace the stochastic variables with the deterministic ones.

B. Main Contributions

Our objective is to study the effects of multiplicative, i.e.,
system’s states or a function of them multiplied by stochastic
random variables [48], and additive uncertainties on the stability
of relative phases of discrete-time phase-coupled oscillators.
Our main contributions are highlighted as follows. First, we
introduce the new notions of stochastic phase-cohesiveness and
ultimate stochastic phase-cohesiveness. The notion of phase-
cohesiveness for deterministic models is defined based on the
concept of invariant sets [17]. For stochastic models, we use the
concept of Harris recurrent Markov chains. Basically, a network
of stochastic phase-coupled oscillators is phase-cohesive with
respect to a desired set if the probability that the relative phases
return to this set, after leaving it, is one (see Definition 6). Ulti-
mate stochastic phase-cohesiveness indicates a bounded return
time (see Definition 7). Second, we study the phase-cohesiveness
of discrete-time phase oscillators over an undirected graph sub-
ject to both multiplicative (i.e., coupling weights) and additive
(i.e., exogenous frequencies) stochastic uncertainties. The pres-
ence of multiplicative uncertainties indicates that the underlying
topology is connected in a probabilistic sense. We consider
2m-periodic, bounded, and odd coupling laws, and independent
and identically distributed (i.i.d) random uncertainties obeying
normal distributions. In Theorem 1, we assume either strictly
positive or negative mean values for the uncertain couplings.
By obtaining sufficient conditions in the form of lower bounds
on the common coupling coefficient, we prove that depending
on the sign of the mean values of multiplicative uncertainties,
the uncertain network achieves stochastic phase-cohesiveness
with respect to either in-phase or antiphase sets. These sets are
defined in the vicinity of the roots of the coupling function,
i.e., zero (in-phase) and 7 (antiphase). We also characterize
the conditions for achieving ultimate phase-cohesiveness (see
Corollary 1). Respecting the discrete-time setting, our results are
derived assuming a sufficiently small sampling-time for which
we also characterize an upper bound.

In Proposition 1, we then allow the coexistence of edges
whose corresponding multiplicative uncertainties possess either
negative or positive mean values. Assuming identical exogenous
frequencies, we study this special case over an underlying line
topology. The conditions under which the network exhibits
clustering behavior are derived by showing its stochastic phase-
cohesiveness with respect to the union of the in-phase and
antiphase sets.

Third, we discuss a relaxation of the odd property of the
coupling function. We allow the coupling function to be non-odd
only on a subset of its domain. This relaxation describes a
more general coupling law which is applicable, for instance,
in studying series arrays of the Josephson junctions [24]. For
oscillators over an undirected tree network with multiplicative
(positive mean-values) and additive uncertainties, conditions un-
der which the network is stochastic phase-cohesive with respect
to the in-phase set are characterized (see Proposition 2). Fourth,
we study phase-coupled oscillators, with 27-periodic odd cou-
plings, such that each two coupled oscillators are connected
using a common and constant coupling term and with a non-zero
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probability of connection, which represents an Erdos—Rényi ran-
dom network. We obtain conditions for achieving both stochastic
phase-cohesive and phase-locked solutions for this network. For
the case of constant and non-identical frequencies, we show that
the effect of the randomness is to stabilize the in-phase set as the
only absorbing set of the network (see Theorem 2). Furthermore,
we prove that any positive probability of connection will lead
to a phase-locking solution when all oscillators have identical
exogenous frequencies (see Corollary 2).

In Remark 1, stochastic analysis is compared with determin-
istic perturbation analysis. To the best of our knowledge, the
stochastic stability of phase-coupled oscillators has not been
studied in literature. A preliminary result for the Kuramoto
oscillators over a tree network was presented in our conference
paper [49].

C. Outline

The rest of this article is organized as follows. Section II
provides the model and the required preliminaries. Section III
presents the problem formulations, and the notions of
stochastic phase-cohesiveness, and ultimate stochastic phase-
cohesiveness. The analyses of uncertain and random networks
are presented in Sections IV and V, respectively. Section VI
presents simulation results. Finally, Section VII concludes this
article.

D. Notation

The notation z; ; is equivalently used for x; — ;. A random
variable x selected from an arbitrary distribution X with mean
w and variance o2 is denoted by x ~ X (1, 02). The expected
value and conditional expected value operators are denoted by
E[] and E[|-], respectively. The symbol S! denotes the unit
circle. An angle is a point in S and an arc is a connected subset
of S'. Given a matrix M of real numbers, we denote by R (M)
and NV (M) the range and the null space, respectively. Symbol 1,,
is an n-dimensional vector of all ones. The empty set is denoted
by 0.

II. MODEL AND PRELIMINARIES

This article considers a network of discrete-time phase-
coupled oscillators governed by dynamics in (1), which is a
discrete-time approximation of its continuous-time counterpart

O0i(k + 1) = {0:(k) + 70; (k)

— | KT Z @i,j(k)q’(gi,j(k))

JEN;

(mod 2m)
ey

where k € ZT, 0;(k) € S*, 0; ;(k), 7 > 0, and k > 0 represent
the time step, the phase of oscillator ¢, the relative phase of
oscillators ¢ and j, the sampling time, and the common coupling
term, respectively. The set of neighbors of oscillator 7 is denoted
by N;. The variables &; (k) and @; (k) are stochastic variables
representing the uncertain multiplicative coupling weight, and
the uncertain exogenous frequency, respectively. Function W(-)
is the coupling function. For the purpose of brevity, the term

(mod 27) is omitted from all representations of the discrete-
time dynamics in the rest of this article.

Assumption 1: Function U(-) is 2m-periodic, continuously
differentiable, and odd.! In the interval [0,7], it holds that
P(0) = ¥(r) =0, and |¥(&)| # OVE € (0, 7).

Since ¥ (-) is continuously differentiable, hence bounded, i.e.,
[T (&) < WUpax, the following property immediately follows.
This property indicates that there exits an arc Y C [0, 7] such
that the value of W(-) for every angle on this arc is greater than
angles which belong to arcs in the vicinity of O and 7.

Property 1: For any function W(-) satisfying Assumption 1,
there exists an arc T = (v, Ymax) C (0,7), such that V&, z €
[0,7],if € € T,z € T then |T(&)] < |T(2)].

A. Preliminaries

The term |6;(k) — 6;(k)| denotes the geodesic distance be-
tween phases 6;, 0; € S'. The geodesic distance is the minimum
value between the counter-clockwise and the clockwise arc
lengths connecting ¢; and 6;. The size of the relative phase
0;,; =0; — 0; € (—m,n]equals |#; — 6,| and its sign is positive
if the counter-clockwise path length from 6; to 6; is smaller
than that of the clockwise path. The relative phase of the two
oscillators decreases if |6; ;(k + 1)| < |6, ;(k)]|.

A. Graph Theory

We here revisit some preliminaries on graph theory mainly
borrowed from [50]. Consider an undirected graph G(V,€),
where V is the set of n nodes and £ C V x V is the set of
m edges. The graph’s incidence matrix is denoted by B, .
The two matrices L(G) £ BBT and L.(G) = BT B are called
the graph Laplacian and the edge Laplacian, respectively. If the
underlying graph is connected, then the eigenvalues of L can be
orderedas 0 = Ay (L) < 2o(L) < ... < A (L), where Ao(L) is
called the algebraic connectivity of the graph. Moreover, all
nonzero eigenvalues of L. are equal to the nonzero eigenvalues
of L.

A spanning tree of GG is a subgraph G (V,&;) which is a
tree (cycle free) graph. Under an appropriate permutation of the
edge indexes, the incidence matrix of a connected graph G can
be partitioned as B = [B(G,;) B(G.)], where G represents a
given spanning tree of (¢, and G . represents the remaining edges.
There exists a matrix R such that L.(G) = R" L.(G, )R, where
R=1[ T)withT = L;}(G)B"(G,)B(G.). For tree graphs,
the edge Laplacian is positive definite.

A. Markov Chains

A general measurable space is a pair (X, B(X)) with X a set
of points and B(X) a o-algebra of subsets of X satisfying the
following properties.

D 0e€ B(X).
2) If D € B(X), then D¢ € B(X), where D¢ = X \ D.
3) If Dy € B(X) and D, € B(X), then D1 U Dy € B(X)

A Markov chain is a stochastic process ® = {®q, Pq,...}
such that each ®; is randomly taking values on the measurable
state space X which is endowed by the o-algebra 5(X). The
chain ® is defined by the triple (€2, F, P), such that:

I'The relaxation of this assumption is discussed in Section IV.
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1) Q is the whole state space, i.e., the product of all pairs,
each of which corresponds to ®; and is a subset of
(X, B(X));

2) F is a o-algebra associated to the measurable space €2;

3) P:F—|0,1] is a probability measure defined on (2, F)
that assigns a probability to each outcome of F.

The following definitions are mainly borrowed from [29].

Definition 1: [29, Ch. 3] Let (X,B(X)) be a measurable
space. The state space X is called countable if X is discrete, with
a countable number of elements, and with 5(X) the o-algebra
of all subsets of X. The state space X is called general if it is
assigned a countably generated o-algebra B(X).?

Definition 2: For a stochastic process & ={®Pg, D1,...} de-
finedon (2, F, P),let P™(w, BB) denote the transition probability
that the process enters the set B after n transitions, i.e., ®,, 4., €
B, given ®,,, =w. Then P is a time-homogeneous Markov chain
if transition probabilities { P" (w, B),w € Q, B C §} exist, such
that for any n, m € Z, the following holds:

P(®pt+m € B|®;,j <m, P, =w) =P"(w,B).

The independence of the transition probability P™(w, B) from
7 < m entails the Markov property, and its independence from
m confirms the time-homogeneity.
Definition 3: Let ®={®, 1,...} be a Markov chain de-
fined on (2, F, P). Then:
1) forany D € F, the measurable function 7p :  — ZT U
{0} is the first return time to the set D, i.e.,

p £ min{n > 1| ®, € D} )

2) for any measure ( on the o-algebra F, the Markov chain
is said to be @-irreducible ifVw € Qand D € F, (D) >
0 implies P(7p < o0) > 0.

According to Definition 3, the entire state space of a Markov
chain is reachable, independent of the initial state, via finite
number of transitions if the Markov chain is @-irreducible.
Moreover, in that case, a unique maximal irreducibility measure
1 > ¢ exists on F such that ® is ¢'-irreducible for any other
measure ¢ if and only if ) > ¢'. We then say that the Markov
chain is -irreducible.

Definition 4: [51, Ch. 5] Let a = {a(n)} be a probability
measure on Z* and ®, be the sampled chain of the Markov
chain ® at time-points drawn successively according to the
distribution a. Denote the probability transition kernel of @,
by Kq(w,D) =3 o K"(w,D) a(n), where K(w,D) and
K™(w, D) are the probability transition kernel of ®, and the
n-step probability transition kernel of ®, respectively. A set
C € B is a y,-petite set, where v, is a nontrivial measure on
B,if forallw € C and D € B, ®, satisfies

Kq(w,D) > v4(D).

Definition 5. [51, Ch. 6]: Let K be the transition probability
kernel of a chain ® defined on a locally compact and separable
space X acting on a bounded function h(z) : X - Rz € X
via the mapping Kh(z) = [ K(z,dy)h(y). Denoting the class
of bounded continuous functions from X to R by C(X), the
chain ® has the Feller property if K" maps C(X) to C(X).

2The smallest o-algebra on which B is measurable, i.e., the intersection of all
o-algebras on which B is measurable, is called the generated o-algebra by 5.

TABLE |
MOST USED VARIABLES AND NOTATIONS

0;(k) Phase of oscillator ¢ at time-step k
0;,5(k) Relative phase, i.e., 0;(k) 0;(k)
(k) Augmented phase vector
o(k) Augmented relative phase vector
St Unit circle
K Common coupling strength
T Common sampling time
v Periodic odd coupling function
a5 (k) Multiplicative uncertainty of edge (i, 7)
@; (k) Uncertain exogenous freq. of oscillator 7

& Edge set of the underlying network graph
N Set of neighbors of oscillator %

II State space of augmented relative phases
vy Phase angle on the arc [0, 7]

SE () In-phase set
ng ) First return time to in-phase set
Sa (Ymax) | Anti-phase set

lll. PROBLEM FORMULATION

This section presents the definition of the stochastic phase-
cohesiveness, and presents the problem statement. A list of
mostly used variables is summarized in Table 1.

A. Stochastic Phase-Cohesiveness

This section introduces two new definitions for stochastic
stability of phase-coupled oscillators based on two notions of
stability of stochastic processes. Our first definition, stochastic
phase-cohesiveness, corresponds to the concept of Harris recur-
rent Markov chains [29, Ch. 9]. A -irreducible chain with state
space X is Harris recurrent if it visits every set A € BT (X)) al-
most infinitely, where B (X) £ {4 € B(X) : ¢(A) > 0} and
1 is the maximal irreducibility measure.> Equivalently, a chain
is Harris recurrent if the probability of its first return time 74 to
a desired set A is one [29].

Let © denote the augmented relative phase vector of the
interconnected oscillators with the dynamics in (1)

O (k) = H(0(k)) ©)

where (k) = [0, (k), ..., 0,(k)]" is the augmented phase state,
and H is a topology-dependent operator which computes the
relative phases. The state space on which © (k) evolves is defined
by

I = [, W}HSH 4)

where ||€|| denotes the number of edges of the underlying
network topology.

Definition 6 (Stochastic phase-cohesiveness): The rela-
tive phase process ©(k) in (3) is stochastic phase-cohesive if
Po (Tsx(y) < o0) =1, where S& () C s a desired com-
pact set, and 7gw ) is the first return time of the stochastic

process O(k) to the set S& (7).
The above definition requires that the Markov chain returns to
adesired set S () almost infinitely. In what follows, we present

3The set B (X)) contains all sets of positive 1-measure subsets of B(X) and
is uniquely defined for v)-irreducible chains [29, Ch.4].
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Ym=n

Fig. 1. Relative phase of two oscillators < and j and its map on the
arcs ¥, T,and Y.

a stronger notion based on the concept of positive Harris recur-
rent chains [29]. Conceptually, the following definition is the
stochastic counterpart of deterministic ultimate boundedness. It
implies that not only the chain revisits Sg () almost infinitely
but also the return time is bounded and the chain probability
distribution converges to an invariant probability measure in a
stationary regime.

Definition 7 (Ultimate stochastic phase-cohesiveness):
The relative phase process O(k) in (3) is ultimate stochastic
phase-cohesive if there exists a constant M < oo such that
sup Eg[rgu (] < M forallz € S& (), where E,, denotes the
expectation of events conditional on the chain beginning with
(I)Q = x.

B. In-Phase and Antiphase Sets

Here, we introduce two sets, namely, in-phase and antiphase,
which are useful in our problem statement. For a function
U(-), satisfying Assumption 1 and Property 1, choose 7 and
Yamax such that 0 < v < Ymax < ™, 0 < [U(7)] = [¥(Ymax)| <
W Lax hold. Define the arcs T, YT, and T as follows:

T=1[0,7]:V%€X:0<|U(y) <|T(y) (5)

T = (7, Ymax) : Vi € T2 [U(Y)] < [U(7)] < Unax ©

T = [Ymax: ™) : V9 € T 20 < [U(y)] < [¥(9)]. (7)

Fig. 1 depicts the introduced arcs together with the relative
phase of two oscillators 7 and j.

We introduce the in-phase set Sg&(v) C II and antiphase
SE (Ymax) C 11, as

Sa(v) ={0; €S',0; €S' : 6, (k)| € X,V(i,5) € £}
(8)

SE (Ymax) = {0; €S0, € S 10, (k)| € TV(i,5) € £}.
9

C. Problem Statement

Here, we formulate the two problems to be studied in Sections
IV and V, respectively.

Problem 1: Consider a network of n phase-coupled oscilla-
tors, where the dynamics of each oscillator obeys (1). Let

a; (k) = a;j +n; k), wik)=w; +wi(k)  (10)

where «; j,w; € R are constants, n; ;(k) and w; (k) are i.i.d.
stochastic variables at each time step k selected from a contin-
uous distribution with finite mean and variance. Also, assume
that the initial relative phase 6;(0) — 6;(0) is an arbitrary random

variable, independent from the realizations of n; ; (k) and w; (k),
vk, and Vi, 7, with a finite moment probability distribution with
a continuous density function.

Denote the relative phase stochastic process corresponding
to this network by ©(k), as in (3). Our objective is to study
the stability of ©(k), especially, to characterize coupling, &,
condition under which the process is stochastic phase-cohesive
with respect to the in-phase and antiphase sets defined in (8) and
).

Problem 2: Now, consider a special case of the network in
Problem 1 by assuming that the multiplicative uncertainties
obey the Bernoulli distribution. That is, two oscillators ¢ and
7 are coupled with probability p and decoupled with probability
1 — p. When two oscillators are coupled, the weight of their cor-
responding edge equals x > 0. We assume constant exogenous
frequencies. To make a distinction with Problem 1, denote the
multiplicative uncertainty by 3; ;. The dynamics of oscillator ¢
can then be expressed as

Hl(k—s— 1) = 91(1{) — | kT Zﬁl,](k)\lf(ﬁm(k)) + Tw;
JEN;

(1)
where w; € R™ represents the constant exogenous frequency of
oscillator 3.

Our objective is to study the stability of this random network
and obtain coupling conditions under which the relative phase
stochastic process O(k) is stochastic phase-cohesive with re-
spect to the in-phase set. Moreover, we study conditions under
which the phase-locked solution, i.e., phase-cohesiveness with
respect to S (0), is achieved.

IV. OSCILLATORS IN AN UNCERTAIN NETWORK

This section studies Problem 1 to characterize conditions un-
der which stochastic and ultimate stochastic phase-cohesiveness
are achieved for the network.

Considering the dynamics of individual oscillators in (1) and
stochastic variables in (10), the relative phase dynamics of two
interconnected oscillators ¢ and j follows:

0,5k +1) = 0; (k) + 70 (k)

—[rm D0 D Gre®)T(bre(k)) | . (12)

te{i g} eeNe

Assumption 2: The underlying deterministic network topol-
ogy G(V, &) is connected. The uncertain interconnections of
oscillators are undirected, i.e., &; j(k) = &; (k). Each multi-
plicative random variable obeys the normal distribution, i.e.,
@i ; ~ N (i 5, 0%). For each of the nominal exogenous frequen-
cies, it holds that E[w;] > 0.

Notice that identical variances for multiplicative uncertainties
are not needed in our analysis. This assumption is only made
for the sake of clarity of representation (see Theorem 1). From
Assumption 2, the relative phase vector for the whole network,
O(k) in (3),is equal to B §(k), where B is the incidence matrix
of the underlying deterministic graph G(V, £). The augmented
relative phase dynamics can then be written in the following
compact form:

B'0(k+1)=B" (8(k) +r@(k) — TeBa(k)¥(B'6(k)))
(13)
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where
@1 (k) = (@1(K), .., @ (k)"
all (k) 0 0
0 ay, (k) 0
gmxm(k) = . .
0 0 . (k)

where [, € £, withp € {1,..., m}, denotes the pth edge of the
underlying graph G(V, ).

A. Markov Properties

Before studying the network’s behavior, we discuss essential
properties of the stochastic process described in (13).

Lemma 1: The relative phase stochastic process (13) is a time-
homogeneous and -irreducible Markov chain evolving in a
general space.

The above properties guarantee that a nonzero probability
exists for the Markov chain to make a transition from any initial
state to any state in the whole state space. In the following result,
we show that every compact set in the state space II is also a
petite set (Definition 4). This equivalence is indeed helpful in
studying stochastic stability of the Markov chain (13), as will
be shown in Section IV-B.

Lemma 2: Every compact set in the state space of the relative
phase stochastic process (13) is a petite set.

B. Stochastic Phase-Cohesiveness

In this section, we study the phase-cohesiveness of the coupled
oscillators modeled in (13) employing the mathematical tools for
the stability analysis of Markov chains. We first derive sufficient
conditions under which the relative phase Markov chain is Harris
recurrent and hence stochastic phase-cohesive. Based on [29,
Th. 9.1.8], a t-irreducible chain & defined on a state space
X is Harris recurrent if there exists a petite set C' C X, and a
function V : X — R*, which is unbounded off petite sets (i.e.,
all sublevel sets of V' are petite), such that the following drift
condition is satisfied:

AV = E[V(Py41)|Px =2] - V(z) <0 VP, e X\ C.
(14)

Our results are based on an application of the mentioned theorem
for our network problem setting. For the purpose of illustration,
we first provide an example by analyzing the behavior of a
network of two coupled oscillators.

Example 1: Consider a network of two oscillators modeled
as the discrete-time Markov chain in (13)

9172(1{ + 1) = 9172(1{) — 27‘/{ 6(172(1{)\1’(0172(1{)) —|—7'C:J1,2(k)
——r

a b

with 91)2 =01 — 0, (:)172 = Wy — Wq, and 5(172 ~ N(/L,O’Q).
Define T = [O, ’YL T= (77 ’Ymax)aT = ['Ymaxa 7T]~ We  will
show that SE(vy) = {6, € S',0; € S : |01 2] € X} is an ab-
sorbing set for the chain, i.e., the chain is Harris recurrent with
respect to this set. We will further show that the chain is transient
on S& (Ymax) = {0; € S',0; € S : |61 2| € T}, meaning that,
the probability that the chain revisits SZ (Ymax) infinitely often
is zero.

First, assume that E[&; o] = p > 2%2 We verify the con-

ditions under which the chain returns to S (+) with probability
one. Take V' = |0, »| and assume that |61 2 (k)| > ~. Calculating
the drift of V based on (14), we obtain

AV(k)=E[V(k+1)] = V(k)=E[|f1,2(k+1)[]=[01,2(k)|

We have E[|0; 2(k+ 1)|] < E[|a|]] + 7E[|b|]. Using the for-
mula for the folded normal distribution [52] [see Lemma 4,
inequality (28)], we obtain

Blal] < [Blall + 257 22 100, 200).

First, assume E[a] > 0. Also, without loss of generality, assume
that 01 o (k) > 0, thus ¥ (67 2(k)) > 0. We obtain

2 2
AV(K) < ~ 2w (01 2(K)) + 25| = W (01 2(k)) + B[]
Thus, AV < 0 holds if
E[|@12(k)]

20(61,20) (1~ /% )

To obtain a lower bound for r, upper-bound of E[®1 o]
and lower-bound of U(6; 5) are needed in (15). Since we as-
sumed that at time k, |61 2 (k)| > , then either |61 2(k)| € T or
|61 2(k)| € Y. With the former, we have min ¥ (1 5) = |¥(v)|.
However, for the latter case, min ¥(6; o) = 0holds, which leads
to the requirement of K — co to guarantee a negative drift.
Now, let us set min U (0 o) = |¥(v)| in (15). As discussed
above, the obtained x is not sufficiently large to guarantee
the return of the chain from Y, in this example equivalent to
SE (Ymax)s to SY(v). The question is whether S&(Vmax) is
an absorbing set. To verify, take V = 7 — |6 2| and assume
that at time k, |01 2| < Ymax. Calculating the drift of V, we
obtain AV (k) = |01 2(k)| — E[|01.2(k + 1)|]. The above gives
AV (k) = —AV/(k). Thus, finding a bound for £ > 0 to guar-
antee AV < 0is not possible. In particular, the lower bound for
k£ in (15), with min ¥ (6 2) = | ¥ ()|, guarantees AV < 0, and
thus, AV > 0. Based on [29, Th. 8.0.2], the chain is transient
on S (Ymax)- This implies that the probability that the chain
revisits Sg (Ymax) infinitely often is zero. This example shows
the positive effect of the additive uncertainties in the stabilization
of the chain with respect to the in-phase set S& (7). Notice that
for E[&q 2] < 0, based on a similar argument, we can prove the
stability of the chain with respect to the antiphase set Sg (Ymax )-

We are now ready to state our main result.

Theorem 1: Consider the relative phase stochastic process
(13) under Assumptions 1 and 2. The following statements hold.

1) If E[q] is positive definite, then the relative phase process
is stochastic phase-cohesive with respect to the in-phase

set S (), defined in (8), provided that s, > 202

T

K> 5)

Emax[|AC]]

(1 = /22 ) (2.6

K> (16a)
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and 7 satisfies

gl

K (HZM + %;2) \Ijmax)"max(Le) + EmaxHAw”

(16b)

2) If E[a] is negative definite and B' 6 > vy 1,, is fea-

sible for G(V, &), then the relative phase process is

stochastic phase-cohesive with respect to the antiphase
set S (Ymax ), defined in (9), provided that

T <

B [AD)]

7 T i Femin(Le(Gr)

(17a)

and 7 satisfies

(77 - 'Ymax)
H\Ilmax 123,73 )"max(Le) + EmaxHAa}H

where fi, = Amin(|E[Q]]), ttar = Amax(|Ela]]), Emax|-]=
maxE[]; Amax(Le) is the largest eigenvalue of L.(G); and

T <

(17b)

Amin(Le(G7)) is the minimum among the smallest eigenvalues
of all spanning trees of G. (]

Sketch of the Proof: The proof is based on an application of
[51, Th. 9.1.8] in a network setting. The key is the construction
of a positive and radially unbounded function V' : II — R+ for
the discrete-time network, such that the one-step drift of V'
is negative if sufficient coupling conditions are satisfied. The
detailed proof is provided in Appendix D. (]

Theorem 1 presents the coupling conditions under which the
relative phase process is stochastic phase-cohesive. The main
condition is the lower bound on x. The bound on 7 ensures
that the sampling time is sufficiently small such that given a
sufficiently large «, the expectation of the maximum relative
phase at each time-step is confined within the desired arc. We
now continue by characterizing the coupling conditions under
which ultimate phase-cohesiveness is achieved. We show that for
the ultimate case, the coupling condition depends on 7. Without
loss of generality, the following result is presented for the case
of E[a] > 0.

Corollary 1 (Ultimate stochastic phase-cohesiveness): Con-
sider the discrete-time Markov chain in (13) representing the
relative phase dynamics of n interconnected oscillators under
Assumptions 1 and 2. Assume that E[a] > 0 holds. Then,
the relative phase process is ultimate stochastic phase-cohesive
with respect to the in-phase set Sg (%), in (8), if the following
conditions hold:

5 + EmaXHA‘D”

o> 7| (y)] (18a)
(um _ ) U9 i (Le (G1)
_ 1
T < 7 MY max
. <uM + 2) Wrhmas(Le) + Ennax[| A3
(18b)

where Hm = )‘-min(|E[g]|)’ HrN = )‘-max(|E[g]|)7 Emax[']:
r{lng[']; Amax(Le) is the largest eigenvalue of L.(G); and

Amin (Le(G7)) is the minimum among the smallest eigenvalues
of all spanning trees of G. ([

C. Mixed Positive and Negative Multiplicative Mean
Values

Theorem 1 has proved that the relative phase Markov chain
is stochastic phase-cohesive with respect to either the in-phase
set S&(v) or antiphase set S& (Ymax) depending on the sign
of the mean values of the multiplicative uncertainties. The
presence of mixed positive and negative mean values for the
uncertain couplings could lead to a positive or negative drift
condition. In this section, we study the stochastic stability of
a network with an underlying connected and undirected line
topology, i.e., a subclass of connected graphs without cycles
in which each oscillator is connected to maximum two other
oscillators. We obtain conditions under which all relative phases
with positive multiplicative mean-values are recurrent to the
in-phase set and those with negative mean-values are recurrent to
the antiphase set. We consider identical exogenous frequencies
and assume zero mean value for the additive uncertainties, i.e.,
E[&; j(k)] = 0Y(4, 7). Recall the arcs Y and Y, defined in (5)
and (7), respectively. Define,

Ud(y)=1{0; €S'0; € S*: |0 ;(k)| € YUTY(i,5) € E}.
(19)
Proposition 1: Consider the discrete-time Markov chain in
(13) representing the relative phase dynamics of n intercon-
nected oscillators over a connected and undirected line net-
work under Assumptions 1 and 2. Assume that E[w; (k)] =
0V(i,7), and each of the multiplicative uncertainties obeys
& j ~ N (1,5, 0%), where p; ; is either positive or negative such
that [p1; j| = A > 0,and » > o2 If

0
2KAV hax

holds, then the relative phase process is stochastic phase-
cohesive with respect to U () in (19) such that each relative
phase whose uncertain coupling weight has a positive (negative)
mean value is recurrent to the in-phase arc Y in (5) [antiphase
arc T in (7)].

k>0 and T <

D. Relaxation of the Odd Coupling Function

Definition of Y in (5) assumes that0 € Y and ¥(0) = 0. How-
ever, the latter condition can be relaxed such that the coupling
function takes a zero value at a nonzero arc v, : 0 < v, < 7.
This allows considering cases where the coupling is not an odd
function on the entire interval [—, 7].

Assumption 1” Function ¥,.(-) is 27-periodic, and continu-
ously differentiable. There exists an arc T C (0, 7) such that
Ve, z e [0,m],if EZ Y,z €T, then |¥,.(€)| < |V,.(2)| In the
interval (0, 7), there exists 7. ¢ T such thaty, < vVy € T, and
it holds that 7. and 7 are the only roots of ¥,(-) in [y.,7].
Moreover, function ¥,.(-) is odd on [—m, —v.] U [y, 7], and
Vi € [=7e;Ye] + [Wr ()| < W < [ (7).

Following Assumption 1°, we construct the two following
sets:

Il = [07%] : {V’YZ S Il 10 < |‘I/r(’7/z)‘ < \I’} (20)
X2 =[ye, 7] {¥% € X2 : 0 < |, ()| < [0 (0)[}. (1)
Accordingly, we modify the definition of S& (7) as follows:

SEr () = {6:,0; € S*: 0, (k)] € L UV, ) € 5252)
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Proposition 2: Consider the discrete-time Markov chain in
(13) over a tree network topology and under Assumptions 1’
and 2. Assume that E[q] is positive definite, and A, (E[a]) =
L > 02 holds. If A = pip |V, ()] — par®y/(m — 1) > 0,
then the relative phase process is stochastic phase-cohesive, with
the absorbing set Sgr () in (22) provided that

. (;11 + Ao(m — 1)) Ernax || AG]]

- - - (23a)
)‘-)\min(Le) ()‘1 + )\2 (m - 1))

B
qumax)\max(-[/e) 12378 + EmaXHA@”

where  fi, = dmin(Ela]), [ Z)umfx(E[Ql])’ Enax[]=
maxE[], A = pm|¥r(7)]: A2 = par ¥, and Amax(Le) and

Jmin(L.) are, respectively, the largest and smallest eigenvalues
of the underlying tree graph’s edge Laplacian. 0

Remark 1: [Insights from stochastic stability analysis] Prob-
lem 1 considers stochastic uncertainties, with continuous prob-
ability distributions, which can take positive, negative, or zero
values at every sample time with no restriction on their ampli-
tudes. Compared with the deterministic stability, which depends
on either the upper bound [43] (for additive), or the bound, sign,
and behavior (for multiplicative) of the time-evolution of distur-
bances [44], our results only require finite means and bounded
variances. To elaborate further, consider phase oscillators in a
network where the mean-values of multiplicative uncertainties
are positive, and the mean values of additive noises are zero,
ie., Ela] >0 and Eax[|A®|] = 0. Based on Theorem 1,
for any x > 0, the in-phase set is stochastic phase-cohesive.
This also includes the case of v = 0, indicating stability of
the phase-locked (exact synchronization) solution, despite the
fact that the samples of all uncertainties can take any value at
any time step. In comparison, for the deterministic Kuramoto
model with the all-to-all topology, local input-to-state stability of
the phase-locked solution given bounded additive perturbations,
has been proved [43]. We also notice that despite the effects
of multiplicative uncertainties on the network topology at each
sample time, our stochastic analysis does not require considering
various possible time-varying typologies. Next section studies a
specific model of multiplicative uncertainties, i.e., random con-
nections. We show that stochastic phase-cohesiveness depends
on the probability of interconnections of oscillators, comparable
with results to the stochastic linear consensus problem [35], and
different from the deterministic setting, where stability depends
on the time-varying graphs.

T <

(23b)

V. OSCILLATORS IN A RANDOM NETWORK

In this section, we investigate Problem 2 in order to charac-
terize conditions under which the stochastic phase-cohesiveness
is achieved for the coupled oscillators over an Erdds—Rényi
random network. Considering each oscillator’s dynamicsin (11),
the relative phase dynamics of oscillators ¢ and j obeys

Oi(k+1) =0; (k) + Tw;

— | KT Z Zﬁé,e(k)qj(ee,e(k))

Lefi,j} eeNy

(24)

where 6; ;(k) and w; ; € R represent the relative phase and

relative exogenous frequency of the two oscillators ¢ and j,

respectively. The random variable /3 . (k) obeys the Bernoulli
distribution, i.e.,

| 1 with probability p

Br.e(k) = {0 with probability 1 — p. (25)

Considering a probable absence of each edge in the network,
a graph with the incidence matrix B* presents the topology of
the network at time k. We denote the set of incidence matrices
associated with random graphs, with n nodes and probability of
link failure of 1 — p, by B(n,p). Thus, B € B(n, p). To stay
consistent with the problem formulation of the previous section
and without loss of generality, we assume the existence of a
maximal graph for the given problem, for instance a complete
graph, denoted by G whose incidence matrix is B. We then
model the randomness with the term B3(k), where 3,,,..,, (k)
is a diagonal matrix capturing the random interconnections.

Thus, the relative phase vector for the whole network, O (k) in
(3), is equal to B" (k). The compact form of the relative phase
dynamics follows

B'0(k+1)=B" (6(k) +tw(k) — 7eBB(k)¥(B 0(k)))

(26)
where (3(k) is a diagonal matrix whose diagonal elements
obey (25) and

Wit (k) = (w1 (k), ..., wn (k)" .

The above model allows us to study the stochastic phase-
cohesiveness of the network by using the developed setting in
the previous sections. Different from Section IV, this section
focuses on the case of constant exogenous frequencies. We now
discuss the chain properties and show that Sg&(v) in (5) is the
stable set for this model as well.

Lemma 3: The relative phase stochastic process in (24) is a
w-irreducible Markov chain on a countable space.

The following result presents a counterpart of Theorem 1 for
the case of random networks.

Theorem 2: Consider the discrete-time Markov chain in (26)
under Assumption 1. Assume that w; ; # 0V, j. If p is strictly
positive, then the relative phase process is stochastic phase-
cohesive with respect to Sg () in (8) if the following conditions
hold

| A maxw|
27
"2 TGO P i (L (Cr) 1
< 7 (27b)

R \I/max )\max (Le)

where |Apaxw| = rp7ax|wi —wj|, Amax(Le) is the largest
eigenvalue of L(G), and Amin(Le(G+)) is the minimum among
the smallest eigenvalues of the spanning trees of G. U
We now assume identical exogenous frequencies and
derive conditions under which the chain achieves phase-
synchronization (or phase-locking). With this, we show the
applicability of our definition of stochastic phase-cohesiveness
for a stronger notion of synchronization, i.e., phase-locking.
Corollary 2: Consider the discrete-time Markov chain in (26)
under Assumption 1 and with identical exogenous frequencies.
Assuming a sufficiently small 7, the relative phase Markov chain
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Fig. 2. Plot of () (left) and ¥.,.(0) (right). The “x” axis ranges over
[—7, «]. The red dots on ¥ (#) show the minimum and maximum possible
values for . The red circle on W,.(6) shows where the interval in which
function is not odd, and the red dot shows ..

wq +ny(k)

wy +n,(k)

w3 + nz(k)

wy +ny(k) ws +ns (k)

Fig. 3. Network of five oscillators subject to multiplicative and addi-
tive uncertainties. Dashed arrows illustrate assignment of exogenous
frequencies.

is stochastic phase-cohesive with respect to the origin provided
that p > 0 and k > 0.

Remark 2: 1t is worth noting the difference between the
probability spaces for the uncertain network (Problem 1) and
the random network (Problem 2). In Problem 1, the relative
phases at time k evolve in a general space which is generated by
independent stochastic processes governing their corresponding
exogenous frequencies and couplings. In Problem 2, however,
the randomness only affects the interconnection topology. As
a result, the relative phases at time k will transit to a new
state within a countable set of states generated by independent
Bernoulli processes determining the interconnection topology.

VI. SIMULATION RESULTS

This section presents numerical simulations to validate our
theoretical results on the stochastic phase-cohesive behavior of
interconnected oscillators for both uncertain (Section IV) and
random (Section V) networks. We assume that the coupling law
obeys ¥(0) = sin(f) + 0.3 sin(36¢) which meets Assumption 1.
We also define the arcs Y = [0, ], T = [543, 7]. Fig. 2 shows
the plot of function W (6) as well as ¥,.(#). The latter, ¥,.() =
1.5sin(1.16) — 0.7 cos(3.30 — 0.47), is not an odd function on
the entire interval [—, 7r]. This function is used in simulations
designed for the verification of Proposition 2.

A. Uncertain Network

Fig. 3 shows a network composed of five oscillators. The
constant components of the exogenous frequencies are set to
w1 = 1,wy = 2,w3 = 3,ws = 4, ws = 5. The initial conditions

Fig. 4. Phases, relative phases and the maximum relative phase:
uncertain couplings (positive mean), and exogenous frequencies (The-
orem 1.1).

for the oscillators are set to 8(0) = [§, %, &, =, £]. The

multiplicative and additive stochastic uncertainties are modeled
by the Gaussian random variables and reported by dé": v =

(Mean value, Variance) and @™} = (Mean value, Variance).

For the first experiment, the mean values and variances are set
based on the following table. Calculating the bound for « based
on Theorem 1, we obtain x>39.8 by replacing E .« [|A®|]|=

ftm—1/ 2Z25=0.3, |¥(7)|=0.66, and Amin(Le(G-))=0.38.
The latter is the minimum eigenvalue of the network’s spanning
tree, which is a line graph obtained by removing the edge (3,4).
We set k =40 and 7 = 0.001 meeting the requirements of
Theorem 1.

[ B |
) — (1,05) | @™ = (4,1)
~(m Y =(3,05) | @™ =(2,2)
ag”; ") = (0.85,0.5) | @{™” =(0,1)
() — (15,05) | @™ =(1,3)

””” =(2,0.5) @™ = (=2, 1.5)

The time-evolution of the oscillators’ phases, the relative
phases, and the maximum relative phase are shown in Fig. 4.
As shown the relative phases are confined in the desired set.

In order to examine the effects of multiplicative uncertainties
with negative mean values, we keep the settings of the first
experiment but replace the mean values of the multiplicative
randomness with negative values. The time evolution of relative
phases, where all multiplicative mean values are set to negative
ones are shown in Fig. 5. The results confirm the stochastic
phase-cohesiveness w.r.t the antiphase set.

To verify Propositions 1 and 2, we consider a line graph
obtained by removing the edge (3,4) of the graph shown in Fig. 3.
We examine the results of Proposition 1 by setting the size of all
mean values of the multiplicative uncertainties equal to one. We

set @5"21 ) = (=1,0.5); &%) = (—1,0.5) and keep the rest of
the mean values positive. We alsoset E[@;] = 0Vi. The coupling
coefficient k > O is setto x = 2. As shown in Fig. 6, the relative
phases form two clusters.

To verify the result of Proposition 2, we use the setting of the
first experiment but with a nonodd coupling function ¥,.(¢). We
set U,.(y =0.4mw) =2 and ¥ = 0.2. We have i, = 1; up =

3;m = 4, which gives A =0.98and k > 10. We set & = 10. As
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Fig. 6. Phases and relative phases over a line network with multi-
plicative uncertainties with mixed positive and negative mean values
(Proposition 1).

0 BT o max Iﬂiyjl
s 2 15
1
4
1
0
2
1 05
0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time[s] Time[s] Time[s]

Fig. 7. Phases, relative phases, the maximum relative phase: Coupled
by ¥,.(6), uncertain exogenous frequencies, and couplings with positive
mean values (Proposition 2).

shown in Fig. 7, the relative phases are bounded and the network
behavior follows the result of Proposition 2.

B. Random Network

We now present the simulation results for a random net-
work with five oscillators. We use the coupling function ¥(+),
X = [0, §], and the initial conditions of the oscillators similar
to the first experiment of the previous section. If all links are
connected, then the graph depicted in Fig. 3 is obtained, hence
the maximal graph. The nonzero and nonidentical constant ex-
ogenous frequencies areequaltow; = 1,wo = 2, w3 = 3, wy =
4,and ws = 5. Sampling time is set to 0.01 s to elaborate the
effects of the randomness. We first assume that p = 0.8. Using
the condition in (27), we calculate x > 15 and set k = 19. The
evolution of the oscillators’ phases, the relative phases, and the
maximum relative phase over time are shown in Fig. 8(a). As
shown, the relative phases are confined in the set S (y = 5)-

We then decrease the connectivity probability to 0.3. The
results, reported in Fig. 8(b), show that the relative phases are not
bounded. We update the value of s with respect to the decrease in
the connection probability to £ = 30. The plots in Fig. 8(c) show
that the maximum relative phase is now within the desired set.

random network: nonidentical exogenous frequencies: (a) p = 0.8,k =
19, (b) p = 0.3,k = 12, (c) p = 0.3,k = 30 (Theorem 2).

0 BT o max |0i’j|

6 2 1.5
4 1 1
2 0 0.5

A 1
0 0

0 2 4 6 0 2 4 6 0 2 4 6

()
6 2 1.5
4 ! 1
2 0 0.5
1

0 0

0 20 40 0 20 40 0 20 40

Timel[s] Timel[s] Timel[s]

(b)

Fig. 9. Phases, relative phases and the maximum relative phase over
random network: identical exogenous frequencies, x = 0.5: (a) p = 0.8,
(b)y p=0.1.

Next, we assume all exogenous frequencies are set to one. We
set k = 0.5 > 0, and consider two probabilities of connection:
p = 0.8 and p = 0.1. Plots in Fig. 9 show the time-evolution
of the phases, the relative phases, and the maximum relative
phase over time for these two cases. As shown, all oscillators’
relative phases converge to zero and the rate of convergence is
proportional to the probability of connection.

VIl. CONCLUSION

This article studies the stochastic relative phase stability for
a class of discrete-time coupled oscillators. The two notions
of stochastic phase-cohesiveness and ultimate stochastic phase-
cohesiveness are introduced. Stochastic phase-cohesiveness of
oscillators, with a general class of 27-periodic, and odd coupling
functions, with respect to the two, in-phase and antiphase, sets
were studied. We investigated undirected networks subject to
both multiplicative and additive stochastic uncertainties. We
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proved stochastic phase-cohesiveness with respect to the in-
phase set when the mean values of all multiplicative uncertainties
were positive, and with respect to the antiphase set for the
case of negative mean values. In addition, we have discussed
the relaxation of the odd property of the coupling function by
allowing this function to be nonodd on a subset of its domain.
Moreover, we proved a clustering behavior for a network with an
underlying line topology subject to mixed negative and positive
mean values for the multiplicative uncertainties and zero mean
value for the additive uncertainties. Further, the stochastic phase-
cohesiveness of oscillators with constant exogenous frequencies
in an Erdos—-Rényi random network was studied. Sufficient
conditions for achieving both stochastic phase-cohesive and
phase-locked solutions were derived. It was proved that oscil-
lators with equal exogenous frequencies in a random network
with any positive possibility of connection will achieve phase-
locking. Our results emphasize the importance of the coupling
function in synchronization, discuss the stabilizing effects of the
additive stochastic uncertainties, and the effects of multiplicative
uncertainties in achieving stochastic phase-cohesiveness.

APPENDIX A
PROOF OF LEMMA 1

Proof: The relative phase process © (k) = B"6(k) withi.i.d.
stochastic variables, generated by continuous distributions, sat-
isfies all properties in Lemma 1 according to the definition of
the Markov chains, and Definitions 2 and 3. O

APPENDIX B
PROOF OF LEMMA 2

Proof: Based on [29, Proposition 6.2.8], the satisfaction of
the Feller property (Definition 5) together with the nonempti-
ness of the support of the irreducibility measure leads to the
conclusion that every compact set in the state space is also
petite. The Feller property of the Markov chain (13) can be
readily concluded according to [29, Proposition 6.1.2], since
the right-side of the Markov chain (13) is a continuous function
in O(k) for each fixed pair of i.i.d. realizations (@(k), a(k)). In
addition, the uncertainties are capable of forcing transitions from
any subset of the o-algebra to an open petite set in the state space,
hence, there exists no set in the o-algebra in which if the Markov
state enters, it always remains there with the absolute probability
of one. This concludes that the support of the irreducibility
measure has a nonempty interior, which completes the proof. [

APPENDIX C
LEMMA 3: STATEMENT AND PROOF
Lemma 4: Consider the random vector
y(k) = B'0(k) — 7B Ba(k)¥(B'0(k))

where y(k) € R™*! and a(k) is a diagonal matrix whose ele-
ments are i.i.d Gaussian random variables, as in Assumption 2.
Then, the following inequality holds:

k)[|0(k)] < |E[y(k)|0(k)

202
KT/ — |B"BU(B'0(k))|.

Proof: The proof is based on an application of the folded
normal distribution [52], for calculation of the expectation of the
absolute value of a random variable Z ~ N (1, 0?). We have

E(Z|]) = \/?exp (;“;) +p erf(\/%)

where erf, the error function [52], is an odd function such that
lerf(.)] < 1. As aresult, we can write

202
Blz) < /22 4

Now, each element of y(k) = [y1(k)...yn(k)]" is a ran-
dom variable obeying the normal distribution. Calculating
k)||6/(k)], requires computation of the expectation of abso-

(28)

lute value of each element of y(k) i.e., E[|yi(k)||6(k)]. Denote
B'BY(B"TO(k)) by x = [x1...2,,]". We have
202Kk27202
Elly: ()]0 (k)] < |E[y:(k)|6(k) —

The proof is completed by stacking all y; into vector y(k), and
all x; into x. O

APPENDIX D
PROOF OF THEOREM 1

Proof: The proof is based on an application of [51, Th.
9.1.8] in a network setting. We first assume that E[q] is positive
definite and prove that the Markov chain in (13) is stochastic
phase-cohesive with respect to the in-phase set S (). Let us
assume that the chain lives in the set

U' ={0;,0; €S" : 16, ;(k)| € XYUTV(i,j) € E}

where Y and T are defined in (5) and (6), respectively.
Let us first assume that E[q] is positive definite and define
the positive and radially unbounded function

V(O(k) N D2 100+ Y 16, (29
62,5 (k)€Y [0:,5 (k)|eX
where O(k) = B'0(k), ¥° = ¥(0F), and V : Il — R*, with

m the total number of edges of the underlying graph. Notice that
in the view of Lemma 2, the level sets of V' are petite. Let us
assume that {3(¢, ¢) s.t. |0s(k) — 0,(k)| € T}. We now derive

conditions under which the one-step drift of V/, i.e.,
AV(0) = E[V(0(k 4+ 1))|0(k)] = V(O(k)) (30)

is negative. Notice that the oscillators’ phases at time k, i.e.,
0(k) is known. Let us denote the coefficients of V(O(k)) by
C € R™*!. Then, we can write V(O (k)) = C"|B"6(k)|. From
the relative phase dynamics in (13), we have

E[V(©(k+1))|0(k)] =C"E[|B"0(k + 1)|6(k)]
=C"E[|B"0(k) — 7B Ba(k)¥(B'0(k)) + 7B & (k)]
<CT|E[|B"0(k)—7xB"Ba(k)¥(B'0(k)) |+7|B& (k)|

I I
(€29
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where I, = (I1,...,I")" € R™™and I, € R™*!. According
to Lemma 4, we have

2
BI|1|609)] < |BI1|009]| + 57y 22~ BT BU(BT009)|.
(32)
For the clarity of presentation, we denote V(©(k)) and
U (B"0(k)) by V(k) and W' (k), respectively. Also, define

r= KT/ % Therefore from (30), we can write

AV(©) < O (|E[L]| +r|B"BY (k)| + E[L]) — V(k).
(33)
Based on the definition of ¥°, W° < |¥(6; ;(k))| for edges
with a nonzero ¥(-) at each time k. Also, since W(-) is an odd
function, and ¥(0) = 0, if 0; ;(k) = 0, we can replace ¥° with
U (6; (k) = 0. Thus, C < |¥(B"6(k))| holds elementwise,
and we can write

AV(©) < |7 ()| (|E[L]|+|BT BY (k)| +ElL]) -V (k)

(34)
Considering the definition of V(O(k)) in (29), at each time k
it holds that V,,(0(k)) < V(©(k)) < Vas(0O(k)), where V,,
represents the case in which at time k only one relative phase
belongs to Y, and all other relative phases are equal to zero, and
Vs is the case where all relative phases at time k belong to Y. In
what follows, we continue the proof by obtaining the conditions
under which both V,,, and V), decrease at one time-step. Thus,
V necessarily decreases.

Proof of AV,,,(©) < 0: Given the conditions of this case,
only one relative phase at time k belongs to Y, and all other
relative phases are equal to zero, i.e., |(0¢4(k))| >~ and
10,5 (k)| = OY(p, s) # (¢, q). From (34), all elements of the vec-
tor | T (k)|| E[1,]| are zero except the element corresponding to
0¢ 4. Therefore, the following equality holds:

(O W|IEL]| = [ (k) E[L]]
From (31) and (34), the on-step drift of V,,, obeys
AV, (0) < |9 (K)B'O(k) — 7k U (k)B' B E[a(k)]¥ (k) |
a b
+ B[ 7|97 (k)| B & (K)[]+r[ 0" (0)||B"BY (k)| -V, (k).

c d

(35)
To have AV, < 0, the following should hold:
1] Ela—b+c]+d<Vy(k) when E[a—b] >0
2] E[-a+b+c +d<V,(k) when E[a —b] < 0. (36)

We now discuss that the expectation of the term denoted by
b is positive. Assume E[q] is positive definite. Since B' B >
0 holds for a connected graph [50], and also ¥(-) is an odd
function, we obtain

E[b] > k TAmin(Ela]) ' (k) B'B¥(k). (37

Notice that inequality (37) is greater than zero. The reason is
that the range space of BT (i.e., R(B ")) and null space of B
(i.e., N'(B)) are perpendicular. As a result, BU(B'0(k)) = 0

holds if and only if ¥(B'0(k)) = 0. Since we assumed that
at time k, there is at least one edge of the graph whose cor-
responding relative phase belongs to Y, B'8(k) # 0 holds.
Thus, E[b] > 0. Now, consider the term d in (35). Since only
one element of ¥ (k) is nonzero and B'B > 0, we can write
d=r¥"(k)B"BY' (k).

Consider the first inequality in (36). Recall that |(6 4(k))| >
~vand |0, (k)| = 0V(p, s) # (¢, ¢). This gives a = y¥ (). Cal-
culating the term V,,, (k) under the same condition, we obtain
~|¥ ()| which cancels out with a. We now proceed to char-
acterize conditions which guarantee AV, < 0. From (36), two
following criteria should hold:

min {E[b]} —d > max E]c]

—min {a} + max {E[b] + E|c]} + d < min {V,,(k)}.
(38)

To obtain the lower bound of b, we write B' B = R" L.(G,)R,
where L.(G,) = B/ B, > 0 is the corresponding edge Lapla-
cian of a spanning tree of graph G at time k, and R = [I T]
([50, Th. 4.3], see Section II). Thus,

E[b] > ThAmin(Ea])Amin(Le(G,))¥ T (k) RT RU (k) > 0.
(39)
Under  conditions  [(Og4(k))|=~ and 10, .(k)| =
OV(p,s) # (¢,q) and assuming that (¢,q) € G, we have
UT(k)RTRU(k) = U2(y). Let p,, denote Amin(E[a]).
Computing the first inequality in (38), gives

(THEHm — T)\IJQ (V) min(Le(Gr)) > TV (7) [ Emax[| AD]].
(40)
Considering the second inequality in (38), max{b} is obtained
if U(0;,4(k)) = Upax- In this case, we have

Eb] < Thdmax(E[a])Amax(Le) VT (K)¥ (k). (41)

Denoting Amax (E[a]) by pas, we obtain
d+ E[b] < (Thpnr + 1) hmax(Le) U2

— max"*

Also, calculating min {a}, where a is defined in (35), gives
a > Uhax7- The reason is that for the edge belonging to Y, the
minimum angle is -y, and its corresponding ¥(-) value follows
same as in calculation of b, hence V¥,,.. We notice that based
on the definition of d in (29), for all edges that belong to Y,
min{d} = v|¥(v)|. Hence,

- 1\
—y+ (Thpr +7) Amax (Le ) Uimax +T Emax [| AD|] < |\I; (7)|7
!
(42)

should hold. Since |¥ ()| < Wmax, We can replace (42) with
f < . Thus, we obtain the second condition in (16).

Proof of AV (©) < 0: Given the conditions of this case, all
relative phases at time k belong to Y, i.e.,V(¢, q) : [(0¢,4(k))| >
~. In fact, each element of vector E[I;] in (33) is posi-
tive if either the sign of its corresponding term in vector
kTB" B E[a(k)]¥ (k) (31)is negative or the sign is positive and
the size is smaller than +. Hence, v > K7 (dmax + 1) ftar Pimax
should hold, where d,,,,x is the maximum degree of the nodes of
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the underlying graph. Since Apax(Le) > (dmax + 1), the bound
in (42) gives a smaller 7, hence, it satisfies the required condition.
Thus, ¥ (k)||E[11]| = ¥ (k)E[I;]. We now write AV, and
argue similar to the case of V,,, which gives (16).

The sufficient coupling condition x in the above result de-
pends on |¥(7y)|. For relative phases belonging to Y, | ()] is
the minimum of ¥(+;),v; € Y. That is, the obtained condition
guarantees that the chain will return to SZ (y) from Y. We notice
that even if the chain initiates from Sg(v), the presence of
stochastic uncertainties can transfer the relative phase of each
two oscillators from S& () tonotonly Y butalso Y. Considering
returning of the relative phases from Y to Sg (7), we shall
replace | ¥ ()] in (16) with ¥ (i) = min ¥(v;),7; € Y. This
substitution leads to x — oo (see Example 1). To verify whether
the arc set T is absorbing, we shall study the evolution of the
relative phase after exiting Y. We can prove that if E[a] > 0, the
chain is transient with respect to S& (Ymax ). Recall that similar
to X, the maximum value of W(-) for the arcs in Y is [¥(7)].
Define,

V(O(k)) =C"(rl,, — |B"0(k)|).

Computing the one-step drift, we obtain

AV (0) = —AV(0). (43)

Therefore, assuming E[q] is positive definite, the lower bound
for x in (16), which guarantees AV < 0, leads to AV > 0.
Based on [29, Th. 8.0.2], the chain is transient on Sg (Vimax)-
Thatis, the probability that the chain revisits Sg’ (Vmax ) infinitely
often is zero. From the analyses using both V and V, the condi-
tions in (16) guarantee that the chain is stochastic phase-cohesive
with respect to S& (7).

Now, assume that E[a] is negative definite, and the underly-
ing deterministic topology satisfies B'0 > Yax1m € R(BT).
The latter assumption is imposed dealing with the existence
of graph cycles (see [50]) composed of an odd number of
oscillators. In such a case, independent of the stochastic nature
of our problem setting, it is not feasible to have all relative phases
greater than some predefined limits, e.g., if Yyax > g Hence,
at least one of the relative phases should be confined to the arc
Y by the topological restrictions. Here, we exempt the latter
case. To have AV (0) <0, CT|BT0(k)| > CTE[|BT0(k +
1)]] should hold. Since E[|BT0(k+ 1)|] > |E[BT6(k + 1)]|
elementwise, therefore we should have

CTIBTOW)| > CTIBBTOM+ 1)) @4

Similar to the previous case, we study two cases of one edge
Vi and all edges Vi, belonging to Y. Considering the case of
Vin, we assume | (0 4(k))| < Ymax and |0, (k)| = 7¥(p, s) #
(¢,q). Since ¥ () = 0, we can replace C with |¥ " (k)| in both

sides of (44). As a result, the following should hold:
|97 ()B'0(k) + 7k U (k) B' B| E[er(k)][ ¥ (k)

a b
+ U (K E[B'@(k)]| > ¥ (k)B' (k).

(45)

c

Since ¥(-) is an odd function, b > 0 holds (as discussed above).
Then, if a + b= |¢c| > 0, to have a negative drift, min{b} >
max{|c|} should hold, which gives the condition on x, as in
(17). If the latter condition holds, a + b + || is always positive.
However, the relative phase at each time should be smaller
than 7 (definition of geodesic distance), thus max{b + ¢} <
U ax (T — Ymax) should hold, which completes the proof. [

APPENDIX E
PROOF OF COROLLARY 1

Proof: The proof is based on [29, Th. 11.0.1]. We derive the
conditions under which the following inequality holds:

E[V(®1)|®, = 2] — V() < =1 V&, €1\ SE(7).
(46)
The rest of the proof is similar to the proof of Theorem 1. [

APPENDIX F
PROOF OF PROPOSITION1

Proof: Take V = rln;ax|\11(0i7j)| and assume that at time
k, {3(¢,e) € E:|0pe| € T,V (k) = |¥(0r.)|}. To prove the
stochastic phase-cohesiveness w.r.t. U (), we use a drift-based
argument to derive conditions under which AV = E[V (k +
1)] — |¥(8s.e) (k)| is negative. Recall that from the definition
of the desired sets in Section III-B, W(-) for all arcs that
belong to Y is larger than the arcs in X or Y. So, instead
of computing ¥(6,..(k + 1)), we use an equivalent argument.
We compute the evolution of edge (relative phase) 6 ., that
is, Al = E[|0; (k4 1)|] — |0¢,e(k)|. We prove that an edge
for which sign(E[day,e]) > 0 holds is recurrent to Y while if
sign(Edy.e]) < 0 holds, it is recurrent to Y. In both cases,
AV < 0 is guaranteed. Assume 6y (k) > 0. First consider the
case E[|0;.(k+1)|] = E[0s(k + 1)]. Since the underlying
topology is a line graph, based on (12), we have

Abpe = Elfc(k+1)] = 0pc(k)

= =27t sign(Edye(k)]) | Elare (k)] U (00, (k)
— 7 £ sign(E|ay,q(k)]) | E[dp,q(k)][V(0p,q(k))
— 7 K sign(E|aq,s(k)]) | Elaq,s (k)] P (0a,s(k)) (47)

where (p,q) and (d,s) denote the neighboring edges. Our
aim is to prove that sign(E[dye(k)])Ab,. < 0. Recall
that | (6..(k))| > ¥(y), where |U(0p.(k))| is the maxi-
murn. That is, [ (0,4())| < |9 (0r.0())] and |9 (8,,,(K))] <
|W (0 e(k))|. Since the size of all mean-values are equal to A
and ¥ (0 (k)) is maximum, the sign of Afy . is always equal
to —sign(E[dy . (k)]) unless |Afy .| = 0. In fact, depending on
the sign and size of ¥ (6, ,(k)) and ¥ (64 s(k)), we have

0 <|Abpe| < ATEAT ax.

Let us look at the case of |Ad, .| = 0. Inthis case, the ¥(-) of the
neighboring edges are equal to ¥ (6, . (k)). We consider the dy-
namics of either of them and write their evolution similar to (47).
Now, either the same situation occurs or the maximum relative
phase is dominant w.r.t. its neighbors. In case of a zero difference,
we continue with a neighboring edge and repeat this process till
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reaching the tail of the graph or if we find a maximum edge
whose neighbors (at least one neighbor) do not possess a cor-
responding maximum ¥ (-). Since the graph is a line graph, the
final edge of the graph has only one neighbor. Then we can write,

Aeg,e = E[eg’e(k + 1)} — 9@)6(1{)

=27k Sign(E[dé,e(k)])|E[df,e(k)] |\I/(01,e(k))

— 7 ki sign(E|ay,q(k)]) | Elap,q(k)][¥(0p,4(k)).
(48)
From the above we conclude that for k > 0, |Af .| > TRAW., #
0 and sign(Afy.) = —sign(E[ay.]). This gives AV < 0.
Now, consider the case of E[|0y .(k + 1)|]] = —E[f.(k+ 1)].
Writing the inequality in (47) for the maximum case, we obtain

the condition on the sampling time, i.e., —y + 47KA W 0 < 7y
which completes the proof. U

APPENDIX G
PROOF OF PROPOSITION 2

Proof: Similar to the proof of Theorem 1, define

> i 10is(K)]

0,5 (k)€

>

16:,5 (k)|extux?

V(e(k)) = [¥, ()|

+ ¥ i 10,5 (K)|

where 1; ; = E[d; ;]. Assume that at time k, there exists an
edge 0y . such that |6y .| € Y. To characterize the lower bound
on k, we assume the worst condition, i.e., |(6¢,4(k))| = v and
10,.s(k)| < 7eV(p,s) # (¢,q) and ¥ (0, 5(k)) = —W. Similar to
the proof of Theorem 1, it holds V(O (k + 1)) < V(O(k + 1)),
where

V(Ok+1)) =¥,

T,

(B'0(k))||B"0(k + 1)

with ¥, ,(B"0(k)) = uV,.(B"6(k)), and i, is a constant
matrix equal to 4 = E[q]. Different from Theorem 1, there ex-
ists an arc in [0, 7r] on which ¥,.(-) may take positive or negative
values. Hence, W[ (B'6(k))B'6(k) > 0 does not necessarily
hold. Denote V(O(k)), ¥/ ,(BT6(k)), and ¥,.(BT0(k)) by
V(k), ¥ ,(k), and ¥, (k), respectively. Since, the variances
are assumed to be small, we have

AV(0) < —V(k) + E[ 7]V, (k)| B &(K) | [0(k)]

c

+ B[V, )BT0(k) —r |V, (k)BT Ba(k)¥, (k) |0(k)].

a b
(49)

Similar to the proof of Theorem 1, to have AV <0, the in-
equalities in (36) should hold. Now, we continue by charac-
terizing the lower bound on k, we assume the worst condi-
tion, k.. | (0.4 (k)| = 7 and |0, (k)| < 7.¥(p, s) # (£, ) and

U (6, s(k)) = — V. Considering the worst condition, assume that
Elds 4] = *min(Ea]) and E[d, 5| = Amax(FE[a]). From the

definition of V' (0(k)), we obtain a = V (k). Define,
@ = Jonin (E[e])[[¥(7)] 0...0]"
Y = hnax(BEla)0 T T .. 9],
Then, we can write |¥, ,(k)| =z +y and E[a(k)]¥, (k) =
x — y. Thus, computing the term b in (49) gives
Ep)=(z" +y")B'B(x —y) =2'B'Bx —y' B' By.
Notice that B" B is symmetric, and for a tree graph L, = B' B

is positive definite. Define A1 = Amin(E[a])| ¥, ()] and Ay =
Amax (E[a])P. Assume that

A=A — A/ (m—1)>0.

Denote f = iq —‘rigy/(m —1)>0. As a result, E[b] >
)»min(Le)Xf > 0. To obtain k, we should have x min { E[b]} >
max E|c|. This gives,

(s +32(m — 1)) Emacl|A2I]

Ain( LA (R + Ao/ im = 1))

To obtain the bound on 7, we assume that all edges of the network
belong to Y. The rest of the proof follows from the proof of
Theorem 1 which leads to the conditions in (23). O

R >

APPENDIX H
PROOF OF LEMMA 3

Proof: The network topology is a random graph, therefore,
at each time step k, the set of randomly established edges deter-
mines the space wherein the relative phases evolve until k + 1.
Thus, the probability space is the countable set of spaces that are
randomly selected by multiple independent Bernoulli processes.
The probability space may contain at least one space (correspond
to the null graph) and at most 2" spaces (corresponding to the
maximal graph). Since p is a fixed nonzero probability and the
topology of the network at a time k is independent of the states
0;(t), t < k, the dynamics ;(k + 1) only depends on 6;(k), and
the random topology determined by p and hence (24) is a Markov
chain. Due to the independence of the Bernoulli processes over
time and also p being a nonzero probability, the countable set
of probability spaces is i-irreducible (Definition 3, also [29,
Ch.4]). O

APPENDIX |
PROOF OF THEOREM 2

Proof: The proof is based on [29, Th. 11.0.1] for chains
evolving in a countable space. Notice that here, all compact
sets are petite since the space is countable. The trend of the
proof is similar to the proof of Theorem 1. Define function
V(©(k)), as in (29). Different from Theorem 1, here, the
randomness is governed by the Bernoulli distribution and we
can compute the finite set of all possible outcomes. In order
to compute the one-step drift for V,,, and V,, (as defined in
the proof of Theorem 1), we need to calculate EI|I;|], with
I, = B"0(k) — T« B" BB(k)¥(B'(k)). Since each of the
two oscillators, if connected, are linked undirectedly, we can
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write B such that B"6(k) = 0 holds. Recall that based on the
definition of V,,,, only one edge is nonzero, and for V}, all are
nonzero. Now, consider /7, also in the view of dynamics in (26).
If 7 is sufficiently small, for a given x, we can assure that all
elements of I; are positive, hence, E[|I|] = E[I;] holds. To
characterize the condition on 7, we write

v = min |01'7j (k)| >TK dmax\l/max

where dpax is the maximum degree, and dpax < Amax(Le)-

This gives the bound on 7. Then, based on a similar argument
as the proof of Theorem 1, we show that the one-step drift of V'
from T in (6) to X in (5) is negative if x is sufficiently large,
as in (27). Furthermore, since Vi, j,w; ; # 0 and the oscillators
are randomly connected, if the maximum relative phase enters
T, the probability that it exits this set is nonzero. In a similar
fashion to Example 1 and Theorem 1, we argue that Sg’ (Ymax)
is transient which ends the proof. ([

APPENDIX J
PROOF OF COROLLARY 2

Proof: The proof follows a similar trend as of Theorem
2. Set v = 0T which gives SE(0) = {6;,0; € S' : |0, ;(k)| =
YV(i,7) € £}. From the result of Theorem 2, we have

ET|P(Y)| P Amin(Le) > |Amaxw]- (50)

Notice that the above holds forany v € [0, 7~ |. By substituting
|Amaxw| = 0, we conclude that the condition is satisfied Vk >
0. From the proof of Theorem 2, we have 7 ~ % and hence
sufficiently small. This indicates that if the chain exits the origin,
it revisits the origin with probability one. Notice that this does
not hold for the antiphase arc T = . Since, exiting this arc, the
relative phases will return to the origin, as explained above. This
completes the proof. |
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