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ABSTRACT

This work addresses the problem of pattern analysis in networks consisting of delay-coupled identical Lur’e systems. We study a class of
nonlinear systems, which, being isolated, are globally asymptotically stable. Assembling such systems into a network via time-delayed coupling
may result in the change of network equilibrium stability under parameter variation in the coupling. In this work, we focus on cases where
a Hopf bifurcation causes the change of stability of the network equilibrium and leads to the occurrence of oscillatory modes (patterns).
Moreover, some of these patterns can co-exist for the same set of coupling parameters, which makes the analysis by means of common
methods, such as the Lyapunov-Krasovskii method or the analysis of Poincaré maps, cumbersome. A numerically efficient algorithm, aiming
at the computation of the oscillatory patterns occurring in such networks, is presented. Moreover, we show that our approach is able to deal
with co-existing patterns, and both stable and unstable regimes can be simultaneously computed, which gives deep insight into the network
dynamics. In order to illustrate the efficiency of the method, we present two examples in which the instability of the network equilibria is
caused by a subcritical and a supercritical Hopf bifurcation. In addition, a bifurcation analysis of the subcritical case is performed in order to
further explain the occurrence of the detected coexisting modes.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0022610

We consider the dynamics of delay-coupled nonlinear systems
of Lur’e type. Although each system is globally asymptotically
stable in the absence of coupling, the collection of such systems
may induce an oscillatory behavior. In our work, we focus on
the case where oscillatory patterns arise from a Hopf bifurcation.
The bifurcation can be either subcritical and there is an unsta-
ble limit cycle in the neighborhood of the bifurcation point, or
supercritical, which results in a stable limit cycle. Two parameters
in the coupling function, namely, coupling strength y and time
delay 7, take the role of bifurcation parameters. Networks with
two (or more) bifurcation parameters show rich and complex
dynamical behavior. This implies that basic bifurcation analysis
is required in order to understand network behavior. Moreover,
the co-existence of several modes (patterns) often occurs in such
networks, which makes the usage of common methods of analy-
sis, such as the Lyapunov-Krasovskii method and the analysis of

Poincaré maps, cambersome. In this work, a numerically efficient
method for detecting (coexisting) oscillatory patterns (stable and
unstable) in delay-coupled Lur’e systems is presented. We develop
an approach based on the multivariable harmonic balance (MHB)
method.' The idea of the method is to turn the problem of deter-
mination of an oscillatory profile (offset, amplitudes, phases,
and frequency) into an eigenvalue problem. Solving the eigen-
value problem for chosen parameters y and t, by numerically
efficient optimization routine, structurally possible patterns can
be simultaneously found.

I. INTRODUCTION

The investigation of complex networks formed by coupled
nonlinear dynamical systems has been an important subject in
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mathematical biology, control theory, applied physics, and interdis-
ciplinary fields in recent years. Complex networks are prevalent in
the world and can be used to describe the behavior of neuronal sys-
tems, heart cells synchronization, social networks, flocks of birds,
and other kinds of collective behavior.”” Complex networks exhibit
rich dynamical behavior, with synchronized or partially synchro-
nized motion being only a few out of many possibilities. To explore
the complex behavior that can occur, bifurcation analysis is essential,
as it allows to characterize the behavior that appears due to param-
eter variations.” As such, it brings an insight into complex behavior
that may occur near well-understood dynamical regimes, such as
the synchronized state.” A second motivation to investigate bifur-
cations in networked systems is to assess the robustness of a regime
to parameter variations and to identify structurally possible regimes
that are defined by a network topology. While a well-developed
theory for bifurcations of nonlinear dynamical systems with delays
exists,”” these results are restricted to low-dimensional systems and
do not exploit the network structure. About one decade later, theo-
retical bifurcation results were pursued that take into account the
structure in the networks.® It is possible to exploit the theoreti-
cal results for the development of numerically efficient software
to assess the emergent behavior of complex systems and explore
different oscillatory regimes occurring in such systems.
Historically, the problem of the emergence of oscillations
in coupled systems (systems that are globally asymptotically sta-
ble when the coupling is absent) arises from Turing’s work on
morphogenesis.” About two decades later, a nonlinear analysis of
Turing instability or diffusion-driven instability was performed by
Smale.”” An example of two identical diffusively coupled fourth
order systems is studied. Each individual system takes the role of a
cell, which is inert or “dead” in the sense that it is globally asymptot-
ically stable in isolation. However, when the cells are interconnected
via diffusive coupling, “the cellular system pulses (or expressed per-
haps overdramatically, becomes alive!) in the sense that the concen-
tration of enzymes in each cell will oscillate infinitely.” The author
posed the question of determining conditions under which an oscil-
latory behavior in networks of initially globally asymptotically stable
systems can be caused by diffusive coupling. A partial answer to
this question was given in Ref. 11. The authors studied the dynam-
ics of two diffusively coupled Lur’e systems using frequency domain
methods and showed that diffusion-driven oscillations are possible
with third-order systems. In Ref. 12, it was proven that the emer-
gence of diffusion-driven oscillations from a unique equilibrium, as
a result of the first bifurcation, is not possible in systems of an order
lower than three. Moreover, in that same paper, conditions for the
emergence of diffusion-driven oscillations were presented. Results
for different synchronous regimes, such as synchronization,'*'* par-
tial synchronization,'>'® and pattern formation including standing,
traveling, and rotating waves,"'”'* are found in given references.
The above-mentioned studies all consider diffusive coupling,"
which is (usually) symmetric and delay-free. In this work, we focus
on pattern analysis of delay-coupled systems and study networks
of Lur’e systems interconnected via linear time-delayed coupling
functions. More precisely, the coupling function for a single sys-
tem in a network is defined to be the weighted difference of the
time-delayed output of its neighbors and its own non-delayed out-
put. Physically, the adopted delay model represents the time that
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a signal takes to propagate from its source to its destination, and,
therefore, the systems have access to their own outputs immedi-
ately. Such time-delay coupling functions appear, among others, in
the network of neurons,” electrical circuits,”' and networked control
systems.”* As a starting point for this research, the work of Ref. 23
is used. The authors derived conditions under which a network
of nonlinear dynamical systems which are globally asymptotically
stable by themselves, being interconnected via linear time-delay cou-
pling functions, display oscillatory behavior and different patterns
can emerge, such as partially synchronous oscillations and rotating
waves. The (network) equilibrium loses its stability via a Hopf bifur-
cation, which leads to the pattern formation. The Hopf bifurcation
changes the dynamics of the network from a stable equilibrium to
oscillatory patterns. As a corollary to these results, the authors have
shown that a network of inert systems with time-delay coupling can
be globally oscillatory (considering the case of a subcritical Hopf
bifurcation) only if the systems are at least of second order.

In this paper, we develop a numerically efficient method aim-
ing at detecting co-existing oscillatory modes (patterns) even if some
of them are unstable, in networks of nonlinear systems of Lur’e
form interconnected via linear time-delayed coupling functions.
Lur’e models are widely used in many fields (e.g., computational
biology, control theory, etc.) and simplify the analysis by means
of the harmonic linearization due to a scalar nonlinearity. The
harmonic function approximation is characterized by offset compo-
nents, amplitudes, phases, and a frequency of oscillations. We con-
sider the case where a Hopf bifurcation of both types (subcritical and
supercritical) causes the instability of the network dynamics. The
coupling strength and time-delay term take the role of bifurcation
parameters. A challenge is that there may be co-existence of differ-
ent oscillatory patterns for the same parameters (coupling strength
and time delay), e.g., stable relaxation oscillations and unstable har-
monic oscillations. Due to the co-existence of different modes, the
application of common methods for the analysis of delay-coupled
system behavior, such as the Lyapunov-Krasovskii method and the
analysis of Poincaré maps, becomes highly non-trivial.

To solve these problems, we present an extension of the
multivariable harmonic balance (MHB) method for delay-coupled
systems and elaborate it by a tool for bifurcation analysis called
ddebiftool. The method allows us to analyze the behavior of the
complex network and to determine an oscillatory profile that
approximates the output of the studied network without simulat-
ing delay differential equations (DDEs), which is time-consuming
for networks of many agents. The method presented in this paper
extends the approach presented in Ref. 1 toward networks with
a time-delay coupling and shows additional possibilities of the
multivariable harmonic balance method, such as the simultane-
ous detection of stable and unstable coexisting periodic solutions.
The MHB approach is numerically efficient and scalable due to the
exploitation of a network structure and allows us to compute all
co-existing regimes, even if some of them are unstable. The results
of the MHB analysis can be also used as an input for continuation
tools (e.g., DDE-BIFTOOL, AUTO-07P, MATHCONT), since they
require accurate initial conditions.

It is worth mentioning that the conventional harmonic balance
method is sometimes considered as a rather empirical approach.
This issue is overcome at least for scalar nonlinearities by the
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mathematical analysis in Refs. 24-26. The extension of these results
to the MHB method, which facilitates the study of the oscillatory
networks, is an open and interesting problem, which lies outside the
scope of this paper. This paper focuses on the numerical efficiency of
the MHB method. In addition, we provide numerical evidence that
the MHB method can accurately predict the oscillation profiles.

This paper is organized as follows. Preliminary results and
the problem statement are given in Sec. II. More precisely, in
Subsection I A, networks of Lur’e systems with time-delay cou-
pling are introduced. Conditions for the occurrence of oscillations
are presented in Subsection II B. We give some details about two
types (subcritical and supercritical) of a Hopf bifurcation and show
how to compute analytically critical values of the time-delay com-
ponent in Subsection II C. The problem is stated in Subsection
1T D. In Sec. III, the harmonic balance method is introduced and
the MHB equation for delay-coupled systems is derived. Numerical
examples are provided in Sec. I'V. The latter includes the results for
both the supercritical Hopf bifurcation case and the subcritical Hopf
bifurcation case. In Sec. V, the conclusions are given.

Throughout the paper, the following notations are used. Let R
and C denote the real and complex numbers, respectively. j stands
for the imaginary unit, j* = —1. Notation C, corresponds to the
open right half plane, {z € C: Re(z) > 0}. For a positive integer k,
we let I denote the identity matrix of the size k x k and 1, denotes
the column vector of length k with all entries equal to 1. The symbol
® stands for the Kronecker product and @ stands for the Kronecker
sum (i.e, A®B=A® Iz + I, ® B). Symbols " and * stand for the
transposition and conjugate transposition, respectively. Given posi-
tive integers p, g, for 2~ C R? and %" C R, we denote the space of
C’ r-times continuously differentiable functions from 2 into %" as
C(X,Y).

Il. PRELIMINARIES AND PROBLEM STATEMENT
A. Networks of Lur'e systems with delays

We consider a network of identical delay-coupled systems. N
single-input-single-output (SISO) nonlinear systems of Lur’e type
are and described by following equations:

X; = Ax; + Bu;,
yi = Cx;, (1)
u = ug + Y (i),

where i € 1,..., N stands for the system index, x; € R" is the state

of ith system, u; € R is the combined input of the ith system, which
consists of two components: ¥ (-), which is a C' scalar nonlinear
time-invariant memoryless function, and u,; € R, which is the input
receiving data from the coupling of multiple systems. y; € R is the
output of the ith system used for the coupling and A, B, and C are
constant matrices of appropriate dimension with CB being a positive
constant. In addition, we make the following assumption.

Assumption 1. The isolated (u. = 0) system (1), described
by x; := f(x;) == Ax; + By (Cx;), has a unique equilibrium point x;9,
which is globally asymptotically stable and locally exponentially
stable.

scitation.org/journal/cha
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FIG. 1. An example of the directed network consisting of dynamical systems.

We remark that local exponential stability of the equilibrium is
equivalent to the Jacobian matrix J = J(x,0) = %(x,-o) at x;p being
Hurwitz, i.e., all eigenvalues of J, have negative real parts.

The N systems (1) are interconnected via linear time-delay
coupling functions of the form

us(®) =y Y valy(t— ) = 3], 2)
1

where positive constant y stands for the coupling strength, positive
constant t stands for the time delay, and non-negative constants
yi € [0,1] are the interconnection weights. We remark that y; is
positive if and only if there is a connection from system [ to system i.
Graphically, the connection between the nodes [ and i is represented
by an edge (arrow) between [ and i (see Fig. 1). Positive constants y
and 7 will be used as bifurcation parameters later on.

In order to specify the interaction structure of the network,
we define the (weighted) adjacency matrix of the graph I' = (i)
€ RVN ag

0 vy ... Vi
ya 0 .. yx

r=|. ) (3)
Yo V2 ... O

We allow the graph to be directed in sense that all the edges are
directed from one node to another. The graph is assumed to be sim-
ple in the sense that self-connections and multi[al edges joining the
same pair of nodes are forbidden. Moreover, we assume that every
pair of systems can be joined by a sequence of directed edges, which
is equivalent to strong connectivity of the graph. In addition, the
following assumption is made.

Assumption 2. The sum of each row of the matrix T’
equals 1.

Previously, this assumption was used for the delay-coupled
nonlinear system analysis in Refs. 27 and 28, and it was used to
ensure that a synchronous (oscillatory) state exists in such networks.
Moreover, according to the Gershgorin Disc Theorem,” Assump-
tion 2 implies that all eigenvalues of I" are located in the closed unit
discin C.
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B. Conditions for oscillations

The goal of this subsection is to present conditions that guar-
antee that the network (1) and (2) exhibits oscillatory behavior. Let
o € €([0, 00], R) be uniformly bounded. Such a function is oscilla-
tory (in the sense of Yakubovich) if lim,, -, o (f) does not exist.”
Likewise, we say that a system is oscillatory if it admits the following
properties: (1) all its solutions are uniformly (ultimately) bounded
[0,00) and (2) the system has a finite number of hyperbolically
unstable equilibria. Note that nonlinear systems (1) connected via
coupling (2) are described by Delay Differential Equations (DDEs).
An equilibrium solution of a DDE is called hyperbolic if the roots of
its characteristic equation have nonzero real part.”!

Since the goal of this work is to analyze oscillatory patterns in
the networks, following Ref. 23, we establish conditions for oscilla-
tory behavior of networks (1) and (2). Suppose Assumptions 1 and
2 hold true and

« the solutions of the network (1) and (2) are uniformly bounded
and uniformly ultimately bounded;™

« networks (1) and (2) have a unique but hyperbolically unstable
equilibrium at xp = 1y ® x10.

Under these conditions, the coupled systems will exhibit oscil-
latory behavior. Uniqueness of the equilibrium is not necessary for
the existence of oscillations. However, the stability analysis of addi-
tional equilibria could be cumbersome as the locations of these
equilibria heavily depend on the overall coupling strength y. In
addition, for a unique equilibrium, the coupled systems can be oscil-
latory only if one of outputs is an oscillatory function of time. In
case none of the outputs is an oscillatory function, the value of
each coupling function converges to zero and the system cannot be
oscillatory by Assumption 1.

We now discuss conditions under which the solutions are
bounded. We consider a single system (1) and let u;(-) be a piece-
wise continuous input function defined on [0,T), T € Ry, and
taking values in a compact set 7 C R. Let x;(-) = x;(:, X0, t;{0, T))
be the solution of system (1) corresponding to input u,;(-) and initial
conditions x;y and t = 0. Then, a (strictly) €"-semipassive system is
defined as follows.

Definition 1. Assume that there is storage function S e
€"(R", R, U {0}), such that

S(xi(8) — S(xi(0)) =< / [(iui(s)) — H(xi(s))] ds, 4
0

with H € €(R",R) and ¢ € (0, T]. If there is a constant R > 0 and
a non-negative nondecreasing function h: R, U {0} - R, U {0}
such that

H(s) = h(|s]), VIs| = R, ®)

then system (1) is called €¢”-semipassive. If (5) holds for all |s| >
R and function h is strictly increasing and such that h(s) — oo as
s — 00, then system (1) is strictly 6" -semipassive.

Lemma 1 (Boundedness). Let wy, w; : [0,00) — [0,00) be
strictly increasing functions, which satisfy wy(0) = w;(0) =0 and
Wwo(s), wi(s) — 00 ass — 00. Suppose that each system (1) is strictly
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€ -semipassive with storage function S that satisfies
wo(lx:(D]) = S(x(8)) < wi(|x: ().

Then, for each fixed y and t, the solutions of the coupled systems (1)
and (2) are uniformly bounded and uniformly ultimately bounded.

The proof of this lemma can be found in Ref. 33. Note
that, unlike in the Ordinary Differential Equation (ODE) (finite-
dimensional) case, uniform ultimately boundedness does not imply
uniform boundedness in the DDE case.”

In order to verify the second condition, we need to show that
the equilibrium point x, is unique and unstable. Using Assump-
tion 2, we can write the network dynamics as

x(f) = F(x(®) + y[(I' ® BOx(t — 1) — Iy ® BOx(1)].  (6)

The linearization of (6) around the network equilibrium x, results
in
(1) = Iy ® (o — yBOIX®) + (yT @ BOX(t—1).  (7)

It is well known that the zero solution of the linear system (7) is
unstable for some y and 7 if its associated characteristic equation

Ay, 1) =0, (8)
with
Ay, 7T) == det(Ay, — Iy ® (Jo — yBC) — (yI' ® BC) ™),

which has a root in C,..”> However, computing the roots of the char-
acteristic equation in the (y, T)-parameter space is cuambersome for
large N. To address this issue, we use sufficient conditions for insta-
bility of the network equilibrium presented in Ref. 23. In order to do
s0, we denote by
H) = Ol — Joy B =22,
q(s)

the transfer function from u,; to y; of system (1), linearized around
its equilibrium. Here, p and q are polynomials of degree n — 1 and
n, respectively, because system (1) has relative degree one (CB > 0).
The following two lemmas are reported in Ref. 23:

Lemma 2 (Instability). Suppose that Assumption 2 holds true.
Let

V= igﬁ%’(ﬁf(}'w)).

If v < 0, then for each y > 33, there exists a T > 0 such that the
characteristic equation (8) has a root in C,.

Note that using Lemma 2, a value of y,,;,, := ;—vl can be com-
puted. It is important to mention that the condition for instability
is delay-dependent. We continue with conditions for uniqueness of
the network equilibrium.

Lemma 3 (Uniqueness of the network equilibrium). Let
Assumption 1 hold true and denote the eigenvalues of T by AT,
i=1,...,N. Let A* be the smallest real-valued eigenvalue of T.
Choose y € (0,00] as the largest number for which matrix

JO) —y(1 = A")BC

is nonsingular for all x € R" and all y € [0,y) with the Jaco-
bian matrix J(x) = (%(X). Then, the network equilibrium solution
Xo = 1In ® Xy is the unique equilibrium solution of (6) for y < [0, ).
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Using the conditions presented in Lemmas 2 and 3, one can
easily determine a range of coupling strengths y € [V, ¥) for
which there exists delay values such that oscillations are present.

C. Critical values of time delay

In this subsection, we discuss two types of Hopf bifurcations
that cause the instability of the network equilibria and may lead to
pattern formation in oscillatory networks and show how to compute
critical time delays. It will be shown how to detect Hopf bifurca-
tion in such networks for the bifurcation parameter space (coupling
strength y and time delay 7). Networks (1) and (2) are described by
DDEs of retarded type. We remark that for the considered class of
delay systems, even though they are infinite-dimensional, the Hopf
bifurcation theorem holds, and the center manifold correspond-
ing to a Hopf bifurcation is finite-dimensional. Accordingly, when
a linearized equilibrium becomes unstable, the number of unsta-
ble modes is always finite. This allows a direct extension of tools
for finite-dimensional systems to detect/compute bifurcations and
periodic solutions nearby.”’

The Hopf bifurcation results in the birth of a limit cycle from an
equilibrium in dynamical systems. For ODEs and DDEs, the Hopf
bifurcation is characterized by eigenvalues crossing the imaginary
axis. The bifurcation can be supercritical or subcritical, resulting
in stable or unstable limit cycle, respectively. According to nor-
mal form theory (see Ref. 36, and references therein), oscillations
are sinusoidal-like near the bifurcation point. It justifies using the
describing function method to replace the nonlinearity by its gain
approximation and then to analyze the system of nonlinear (die
to nonlinear dependence of the gain on the offset and amplitudes)
equations by means of the harmonic balance method.

In order to determine bifurcation points, we need to compute
critical values of 7, for y,,;,. In our approach, we fix y first and then
compute critical values of the delay parameter, values for which the
linearized system has imaginary axis eigenvalues. The critical delays
of a DDE can be computed by solving a nonlinear two-parameter
eigenvalue problem.” The solution of this two-parameter prob-
lem can be translated to solving a quadratic eigenvalue problem.
Recall the characteristic equation (8). In order to compute critical
delays needed to find bifurcation points, y is fixed at ¥ = yn. One
substitutes A by jw, with w > 0.

Define the time-delay component as follows:

P = exp(—jot,). )

Solve a quadratic eigenvalue problem for &
1
T T2\ =
det| (o + 22 0 @ +57(5))] =0 (0

with & =1, ® (Jo — YminBC) and B = (YmminI') ® (BC) and select
the eigenvalues on the unit circle. For each such eigenvalue &, we
compute the imaginary axis eigenvalues of &/ + #.%. Next, the
delay values 7. are derived from (9) for each pair (2, w). Note that
there are infinitely many values, separated by 27 /w. The key of this
approach is that we do not need to compute eigenvalues of a delay
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delay 1), it is convenient to combine the presented above approach
with the numerical computation of bifurcation curves. In order to
compute bifurcations curves, it is necessary to employ a numerical
bifurcation analysis tool for delay systems such as ddebiftool.”

D. Problem statement

Networks, whose individual dynamics and coupling functions
are represented by (1) and (2), respectively, exhibit oscillatory
behavior with a certain pattern and this pattern is a function of the
parameters y and 7. Such oscillatory patterns are characterized by
a set of parameters (oscillatory profiles): offsets oy amplitudes «,
phases ¢, and frequency w. These patterns, either stable or unsta-
ble, may co-exist for the same values of parameters y and 7. Since
we consider the case where oscillations appear via Hopf bifurca-
tion, either subcritical, or supercritical, the use of an approach based
on the harmonic balance method is justified. The harmonic bal-
ance method helps us to avoid the direct Lyapunov method, which
is cumbersome when we deal with co-existing periodic solutions.
Using the harmonic balance method, it is possible to compute the
oscillatory profile and approximate oscillations by

y(t) = oy + asin(wt + ¢ + ¢). (11)

Moreover, the harmonic balance method is numerically efficient, it
can be used as additional tool in terms of bifurcation analysis, and
it provides good oscillatory profiles for continuation procedures. In
this paper, we consider the problem of deriving oscillatory profiles
and computing approximations (11) of all patterns of oscillations in
a given network.

I1l. MULTIVARIABLE HARMONIC BALANCE FOR DELAY
COUPLED SYSTEMS

In this section, the harmonic balance method is introduced and
extended to networks consisting of nonlinear dynamical systems of
Lur’e type with linear time-delay coupling. The method allows us
to compute an approximation to a periodic solution of ODEs and
DDEs. We show how the Harmonic balance equation for a SISO
nonlinear system of Lur’e type is derived. Consider the following
system:

() = ALE(D) + Bow(b),
w(t) = ¢(n(H), (12)
n(t) = CL&(t),

where &(f) is the state of the system, w(t) is the input of the system,
n(t) is the output of the system, ¢(-) is a continuously differen-
tiable scalar nonlinear, time-invariant, memoryless function, and
Ay, By, and Cj, are constant matrices of appropriate dimension with
C.B. > 0.

Suppose (%) is w-periodic and let

system, only of matrices. too
Each pair (y,in» 7.) is @ Hopf bifurcation point. Since we have n() = Z ap €9, ap = a_y. (13)
a parameter space of dimension two (coupling strength y and time e—oo
Chaos 31, 033114 (2021); doi: 10.1063/5.0022610 31,033114-5

Published under license by AIP Publishing.


https://aip.scitation.org/journal/cha

Chaos ARTICLE

Using Fourier series, the system’s input is rewritten as follows:

+00
w(t) =¢(0) = Y e, =04 (14)

k=—0c0

We seek for a set of Fourier coefficients ay, cx and frequency o,
which satisfy the system’s equations. Using the orthogonality of the
functions {exp(kjwt)},, on an interval of length w, we find that the
Fourier coefficients a; and ¢, must satisfy

ar = W(kjw)c, (15)

for all integers k and W(s) = C;(sI — A;) "By, which is the trans-
fer function representing the linear time-invariant part of system
(12). Because W(kjw) = W(—kjw), ar = a_, and ¢, = ¢_y, we need
only look at (15) for k > 0. Since W(kjw) is strictly proper, most
information of the system behavior is contained in the first harmon-
ics (k = 1). Moreover, when the nonlinearity is not odd, an offset
component related to k = 0 appears. According to this, we con-
sider equations for k = 0, 1.** Relations between coefficients a; and
¢ can be established via the linear part of the system, which holds
(due to the separation principle) frequency wise, and via the expres-
sion w(t) = ¢(n(¢)) which is approximated using the describing
functions. Using these relations, we can rewrite Eq. (15) as follows:

[1 — W(0)Ko(ag,a1)] ag =0, 16)
[1 — W(jw)K:(ap, a1)] a1 = 0,

where Ky (a9, a1) and K (ay, a,) stand for describing functions which
are computed as follows:
Co 1

Ko(ag,a1) = — =
agy 26107'[

2
/ ¢ (n(wt)) d(wt),
’ 17)

C1
Ki(ap,a)) = —
a

2
— / ¢(n(wt)) sin(wt) d(wt).
ayw Jy

Note that describing functions K, and K, are real due to the fact
that nonlinear function ¢ () is time-invariant and memoryless.”* It
is worth mentioning that the describing function method approx-
imates a nonlinearity by a gain using the first harmonic, which
means that the approximation is the most accurate when high-order
terms are negligibly. In the neighborhood of the Hopf bifurcation
point, oscillations are sinusoidal and can be accurately described by
the harmonic balance method due to negligible small high-order
nonlinear terms. A rigorous mathematical justification of this fact
is outside the scope of our paper. For a classical harmonic bal-
ance method, its mathematical justification is derived in Ref. 25,
where the accuracy of the method is estimated by the contraction
mapping argument. The result in Ref. 25 provides a conservative
estimate, which is derived under restrictive assumptions; however,
these assumptions do not require the amplitude of the oscillations to
be small. It would be very interesting but challenging to extend the
result from Ref. 25 to the case of the multivariable harmonic balance
method, studied in this paper.

Our goal is to study a network behavior. The harmonic balance
method extended for networks is called Multivariable Harmonic
Balance (MHB). We are now going to apply the MHB method to
coupled systems (1) and (2). The idea of the method is to turn the
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problem of determining an approximate periodic solution in the
form of a harmonic signal, characterized by offsets oy, amplitudes «,
phases ¢ and frequency w, into an eigenvalue problem. By means of
the Laplace transformation, the time-invariant linear part of coupled
systems (1) and (2) is rewritten into the transfer function repre-
sentation, leading to the following description of the closed loop
system:

y = W(s)Iyu,
u=M(A)y+v, (18)
v =V(y),

where y, u, and v are of dimension N x 1, Iy € RM is an identity
matrix, W(s) = C(sI — A)7'B, M(A,) = y A T" — ylIy represents
the coupling structure, A is the delay operator (A f(t) = f(t — 1))
and ¥ (y) € RN is a column vector of nonlinearities. We remark that
s stands for the differentiation operator.

Recall (18) and rewrite the coupled system’s input u as

u= MA)W(s)Iyu+ v, (19)
W(s) ! Iy — M(A;) (20)
s)| ——Iy— Dlu=v.
W(s) N
-1
Defining R(s, A;) = [ﬁIN —M(A,)] , the input u takes the
form
1
= —R(s, Ay)v. 21
“= W (s Ay (21)

Substituting (21) in (18), we obtain

Y —R(s, A)¥(y) = 0. (22)
Premultiplying (22) by R(s, A7, we derive
1
[WIN — M(A,):| y—V¥(@y =0. (23)

The nonlinearities W (y) are approximated by their describing func-
tions, whose components can be computed using (17). The network
output signal y is approximated by a sum of the offsets and signal’s
first harmonic

Y= qo+ g1, go = @ = const, q; = asin(wt + ¢o + @), (24)
where oy = [@o1, Xz - - - don] |, & = [0, 02, .. .,0n] ', and
¢ = [, ...,¢0x]". The objective is to determine an oscillatory
profile consisting of the following parameters: « is a constant off-
set vector, « is a vector of amplitudes, ¢ is a vector of phases, and @
stands for the frequency of oscillations.

Recalling the Fourier expansion and substituting s by kjw, and
A by exp(—kjwt), we obtain

1
WIN — M(exp(—kjwt)) — diag [Ki(ctoi> 1), - . -, K (cton» oeN)]:|

qx = 0. (25)

We now have two multivariable harmonic balance equations for the
networks with delay coupling from (25) for k = 0, 1, respectively.
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These can be expressed as

1
Jo(ap, a)qo := |:7 - M(1)

1
w() "
- diag [Ko(ogi» ), - . ., Ko (ctons OlN)i| qo =0, (26)
and

1
Ji(a, o, 0)qy = [WIN — M(exp(—jowt))

—diag [K; (s> @i)s - - - » Ky (cons OlN)]i| q: = 0.
(27)

All parameters of the oscillatory profile are encoded in the relations
(26) and (27). These equations are nonlinear due to the describing
functions (17). In order to determine these parameters, we formu-
late an optimization problem. Since we are not interested in the
trivial solution go = 0 and g; = 0, we look for a set of phases ¢;,
amplitudes o;, offset components «y; and frequency w, which solve
nonlinear equations (26) and (27). We define the objective function
to minimize as

F@@ == QQ+ Qi +p'p, (28)
where
g=[haas0] e R, pi=a —|q| € RY,
Qo = Jola,@)go € CV, Q= Ji(ag, 0, w)gq; € CV,
where |q;| = [Iqul, |q12|,...,|q1N|]T. Vector g consists of phases,

amplitudes, offset components, and frequency, the component p
represents the second equation of (24). To simplify the problem,
the phase of the first node is fixed at ¢, = 0 without loss of gen-
erality, and boundaries are chosen as: ¢; € [0,27] Vi# 1, a; €
[0, B] Vi, ag; € [—B, B] Vi, w € [0, 2wp], where B is a user defined
number that bounds the region of interest in the search space.

It is worth mentioning that the relative phases in ring networks
can be extracted from the symmetry argument.””"’ An advantage
of the MHB approach is that it is not limited only to the networks
with a ring structure and aiming at computing the whole oscillatory
profile (i.e., the offset, amplitudes, phases, and frequency) in one
shot. Another large advantage of the multivariable harmonic balance
method is the small number of parameters of the harmonic approx-
imation looked for (at the price of a possible over-approximation of
the solution’s profile). This makes the method particularly suitable
for the efficient detection of coexisting patters, given the reduced
small space.

Solutions to nonlinear equations (26) and (27) are found by
minimizing the squared residual norm of the objective function
(28). The local solver fmincon included in MATLAB is used.”' The
solver uses the interior-point algorithm" in order to find a mini-
mum of a constrained nonlinear multivariable function satisfying
the imposed constraints. Since Egs. (26) and (27) are nonlinear and
multiple solutions exist, these solutions depend on the initial condi-
tions. Multiple values of the initial conditions are generated by the
MultiStart algorithm within the defined region of interest.”
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FIG. 2. Network structure for numerical examples.

A big advantage of the MultiStart method is that starting points
for the minimization procedure are not needed to be specified. A set
of random points choosing from the feasible region is used as initial
conditions. The key point in the procedure is to choose the correct
boundaries for the starting points and the unknown variables. More-
over, the approach can deal with co-existed periodic solution. Stable
and unstable solutions can be simultaneously found. Having a set of
parameters g, oscillatory profiles can be reconstructed using (24).

IV. NUMERICAL EXAMPLES

In this section, it is shown how the multivariable harmonic
balance method is applicable to networks consisting of dynami-
cal systems of Lur’e form interacting via linear time-delay coupling
functions. We present two different networks in terms of individ-
ual system dynamics to show that both cases result in instability of
the network equilibrium: supercritical and subcritical Hopf bifurca-
tions. Illustrative examples are given with the same network struc-
ture which is a directed ring (Fig. 2) in order to show different
possibilities of the MHB approach. Note that the MHB method can
be easily applied for different networks in terms of the structure.

The graph topology is described by the following adjacency
matrix:

0 1
r=|0 o (29)
1 0

o = O

The software package with demo examples, which are presented
below, can be downloaded by the following link: https://github.com/
RogovKO/DMHB git.

A. Network with a supercritical Hopf bifurcation

In this subsection, we present the example of coupled nonlin-
ear systems of Lur’e type that we studied in Ref. 1 with delay-free
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coupling. In this work, the coupling has a time-delay component
and is given by (2). The goal is to show that the MHB method
for delayed systems gives a very accurate approximation when
oscillations emerge as a result of a supercritical Hopf bifurcation.
The individual dynamics of the nodes, as in Ref. 15, are given by

x; = Ax; + Bu;,
U = ug — Y (z),
(30)
z; = Zx;,
Yi= Cx;,
with
1 —1 1
A= 1 0 ol,
—4 2 =3

B=(0 0 1)',c=(0 0 1),Z=B"P,
where P is the solution to the Lyapunov equation
ATP+ PA = —1I,.
The nonlinear function ¥/ (-) is given as follows:
Y(z) = Z,3 H

and computing the describing functions using (17), we obtain
3, 3 5
Ko (s> @) = agi + EOl,- » Ki(agi o) = 3o + Zai .

Note that nonlinearity ¥ (z;) is odd and, due to this, the offset
component satisfies op; = 0.

For coupled systems (30) and (2), MHB equations (26) and (27)
become as follows:

Jo(etos @) = [—1 ~ o)+ Qe )I] —0
0o, &)qo = W},(O) N Wy(O) 0o, @)IN | qo = U,
(31)
and
i Y = | Iy — Mjeo) + 222 ()] g1 = 0
1 (g, o, @ 91 '_|:W},(ja))N_ (lw) Wy(ja)) 1(“0)01)AE|Q1— s
(32)

with vectors Ko(()lo,(x) = [Ko(Ol(n, (11), e ,K()((X()N, C\!N)]T, Kl (C{o,Ol)
= [Ki (o1, )5 . . ., Ky (on> @n)] T, and frequency response func-
tions W, (jw) and W, (jw) defined as

W, (jw) = C(jwl; — A)~'B,
W, (jw) = Z(jwl; — A)"'B.

As the first step of the MHB procedure for delay systems, the crit-
ical values of coupling strength y and time delay t are computed
by means of Lemma 2 and (9) in order to detect a Hopf bifurca-
tion point. It is found that v = inf,,.( R(J (iw)) = —0.771, which
is attained at w = w* = 0.8146. Thus, the minimal coupling strength
to have characteristic roots on the imaginary axis for some v > 0
iS Ymin = 0.6481. The critical value of time delay 7, = 1.5304 is
computed by solving quadratic eigenvalue problem (10). The Hopf
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15 Rightmost Characteristic Roots
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FIG. 3. Rightmost characteristic roots computed for fixed y,, = 0.6481 and
7. = 1.5304.

bifurcation point is detected for the parameter values y,,;, = 0.6481
and 7. = 1.5304.

In order to verify our calculations, we compute rightmost char-
acteristics roots of our coupled systems described by DDEs using
the method described in Refs. 44 and 45. Figure 3 shows that the
rightmost characteristic roots are located on the imaginary axes.
They correspond to a Hopf bifurcation of the nonlinear system (note
that the bifurcation leading to instability of the network equilib-
rium must be a Hopf bifurcation because otherwise the condition
of Lemma 3 would be violated).

Now we fix the time-delay parameter at 7 = 1.5304 and
increase the coupling strength to make sure that there is a pair of
eigenvalues with positive real part. Figure 4 shows that there is one
pair of unstable eigenvalues with the magnitude of imaginary part
0.8162, which is used in the MHB analysis to set up the search space
for the frequency of oscillations. For this pair of parameters, there is
one pair of eigenvalues with Re(1) > 0 while all others are confined
to the open left half plane Re(A) < 0.

- Rightmost Characteristic Roots

057

___:4;__

O ittt ————

-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0.05

FIG. 4. Rightmost characteristic roots computed for fixed = 0.7129 and
7. = 1.5304.
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TABLE Il. Comparison of the DDE simulation and the MHB method outputs.

z,(t) z,(t) z,(t)

04

0.2

Tl

0.41

1

solution z
o

-0.6 3 * a '
200 210 220 230 240 250

time t

FIG. 5. Network behavior obtained by simulating DDEs.

The oscillatory profile obtained by simulating the system of
DDE:s is shown in Fig. 5. The results are obtained by simulat-
ing DDEs using the dde23 solver in MATLAB environment. The
standard set of options is used and the initial data are chosen as
a constant vector function defined on [—7,0] whose values are
(uniformly distributed) random numbers.

The oscillatory pattern emerges from the supercritical Hopf
bifurcation and has the sinusoidal-like form close to the bifurca-
tion point. It implies that the MHB method gives a very accurate
approximation of the pattern. In Table I, one can see the oscilla-
tory profiles derived from the DDE simulation and computed by the
MHB approach for delay-coupled systems.

In order to measure the accuracy of the MHB method, we pro-
vide the value of objective function (28) in computed minimum and
compare the offset components, amplitudes, and frequency with the
ones that are extracted from the DDE simulation as follows:

Acay = 100]|ag —(105||/||C{05||,
Aa = 100||a — a]|/]]exs]]s
Aw = 100(w — w;)/ws,

where a,, o, and w; are obtained from the numerical simulation.

The result presented in Table 1T shows that the MHB approach
for delay-coupled Lur’e systems accurately predicts oscillatory pat-
terns in the neighborhood of a Hopf bifurcation point.

TABLE I. Oscillatory profiles of the network extracted from the DDE simulation and
computed by the MHB method.

Method by ay o a; as Q1 ¢ P

DDE Sim 0.8239 0 0.3992 0.3991
MHB 0.8242 0

0.3992 0 240 120
0.3624 0.3627 0.3625 0 240 120

Residual Awin % Aagin % Ao in %

2.87 x 1078 0.02 0 0.94

In order to show that the MHB approach for delay-coupled
Lur’e systems is numerically efficient, we perform the pattern analy-
sis of 3 nodes, 10 nodes, 20 nodes, and 50 nodes ring networks (the
structure is given in Fig. 6) with node’s individual dynamics (30) and
coupling (2). Bifurcation parameter values are chosen as y = 0.7129
and 7 = 1.5304 for all networks. Results are given in Table III. The
direct simulation results depend on initial conditions and contain
only one pattern. Since there are co-existing patterns, it is nontriv-
ial to find the initial conditions for each mode. The MHB approach
deals with multistability. In our example, we have ten starting points
distributed in the region of interest and this allows us to compute
all structurally possible patterns in the network for selected param-
eters. Note that MHB computational time is given for all starting
points together.

Data in Table I1T show that the MHB approach is more numer-
ically efficient than the direct simulation by dde23 solver when we
need to analyze the behavior of complex networks. The value of
Auw increases as we take larger network. It can be explained by the
fact that amplitudes become smaller when the amount of nodes
increases. It is necessary to mention that frequency and phases are
accurately computed for all patterns.

B. Network with a subcritical Hopf bifurcation

In this subsection, we consider a collection of three inert
FitzHugh-Nagumo (FHN) model neurons interconnected by a
linear time-delay coupling functions.”® The network structure is

FIG. 6. Ring network structure with N nodes.
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depicted in Fig. 2 and the adjacency matrix is given by (29). The
bifurcation analysis is performed using the ddebiftool software pack-
age and shows that relaxation oscillations, observed in simulations,
are emerged from a subcritical Hopf bifurcation. The MHB analy-
sis is used to show that both stable and unstable oscillatory patterns
exist for the same set of parameters and can be simultaneously
computed by our approach.

The dynamics of this model neuron are given by the following
equations:

kil = 0.08(}(3,'2 — 0.8x,-1),
X = xp — (x)* /3 — xn — 0.559 + u;, (33)
Yi = Xi2.

One can easily verify that the FHN model has a locally exponentially
stable equilibrium at x; = (—1.225 — 0.980)". Moreover, the FHN
model neuron is strictly C*-semipassive with a quadratic storage
function (see Ref. 47). Hence, the solutions of any network consist-
ing of FHN neurons are uniformly bounded for any non-negative y
and T.

In order to simplify the MHB analysis of the network of
FHN neurons, we perform a change of coordinates. For that, we
define new variables z; = x;; — x;; and z;; = x;, — Xp. System (33)
is equivalent to the system

:Z,‘l = —0.06421'1 + 0.082,‘2,
Zn = —za + (1 — Xh)z0 — (2, + 3%025)/3 + i, (34)
Yi = Zip.

It is easy to see that this system has an equilibrium at the origin and
is of form (1), with

—0.064  0.08 T
A:[ -1 0.0391]’ B=[0 1], C=[o 1],

V(i) = —y;/3+ 098y,

and i = 1,2, 3. The network topology is defined by (29).

The nonlinear function ¥ (y;) is not odd, which leads to a
nonzero offset component of signal y;. This implies that y, # 0 and
both Egs. (26) and (27) have to be solved.

The describing functions for nonlinearity ¥ (y;) are given as

Koi(oti o) = 0.98atg; — 0.5} — 0.33a]; + 497 /(1000ty;),
Kyi(otgi, ;) = —0.25a2 — a2, + 1.960xy;.

TABLE lll. Computational time and comparison of the MHB approach and the direct
simulation.

Size of the ring 3 10 20 50
MHB (s) 2.14 9.09 35.07 629.5
dde23 (s) 2.45 160.5 355.7 4455
Awin % 0.02 0.009 0.04 0.89
Aa in % 0.94 6.97 14.35 20.82
Multistability No No Yes Yes
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FIG. 7. Rightmost characteristic roots computed for fixed i, = 2.5376 and
T, = 4.7643.

In order to determine the bifurcation point, we recall the condition
from Lemma 2. It is found that v = inf,., R(JZ(iw)) = —0.197,
which is attained at @ = * = 0.4202. Thus, the minimal coupling
strength to have characteristic roots on the imaginary axis for some
T > 018 Ymin = 2.5376. The critical value of time delay 7, = 4.7643
is computed by solving quadratic eigenvalue problem (10). We ver-
ify the calculations by computing rightmost characteristic roots by
means of the method described in Ref. 44. Figure 7 shows that a
couple of characteristic roots is located on the imaginary axis, which
corresponds to the Hopf Bifurcation.

The basic MHB analysis of the given network was performed
in Ref. 48. It was found that the simulation output consists of oscil-
lations of the relaxation type. According to normal form theory,”
oscillations in the neighborhood of the Hopf bifurcation must be
sinusoidal-like with zero offset. One may think that the Hopf bifur-
cation of the subcritical type occurs in the example under consid-
eration. In order to verify this, a bifurcation analysis of the FHN
neuron network is performed by means of the software package
ddebiftool.”

As a first step, we compute Hopf bifurcation curves in the
parameter space (y, ) which are shown in Fig. 8.

” Bifurcation curves

10

FIG. 8. Bifurcation curves in (z, y) parameter space.
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Branch of Periodic Solutions

amplitude

25

FIG. 9. Branch of periodic solutions that emerges from the subcritical Hopf bifurcation.

These curves computed for the (z, y) bifurcation parameter
space for networks (34) and (2). The gray area stands for the region
in which the network equilibrium is stable. When a bifurcation curve
is crossed, the Hopf bifurcation occurs and the network equilibrium
loses stability. The red dot represents a previously computed pair

Unstable Periodic Solution
T T

of parameters (7., ¥mi») and lies on a bifurcation curve, which also
verifies our computations of ,,;, and ..

The second step of our analysis is the continuation procedure.
We start from bifurcation point (t = 4.4063, y = 2.6733), compute
the first point of a branch of periodic solutions, and then we fix
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FIG. 10. Oscillatory profiles of the periodic solutions represented by red dots in Fig. 9.
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TABLE IV. Stable and unstable co-existing oscillatory patterns, which are computed
by the MHB method.

Periodic solution w o o, d1 103 3

Unstable
Stable

0.4491
0.4491

0.0011
0.7063

0.0529 0 120 240
1.8803 0 120 240

bifurcation parameter v and change parameter y with an adaptive
step in order to compute the next point of the branch. The com-
puted branch of periodic solutions is shown in Fig. 9. Each dot (320
in total) on this plot is a periodic solution computed by means of
ddebiftool. The branch is represented in the (y, amplitude) space.
The blue line and dots stand for the unstable periodic solutions that
emerge from the subcritical Hopf bifurcation. The brushed green
line and dots stand for the stable periodic solutions. This confirms
the hypothesis given in Ref. 48 about the subcritical type of the Hopf
bifurcation.

In order to show that the MHB for delay-coupled sys-
tems deals with coexisting patterns, we choose two periodic
solutions (red dots in Fig. 9). These solutions coexist for the
same set of parameters (v = 4.4063, y = 2.383). Oscillatory pro-
files, obtained by bifurcation analysis software, are shown in
Fig. 10.

One can see that the unstable periodic solution located in a
neighborhood of the bifurcation point has a sinusoidal-like shape.
The stable periodic solution that co-exists with the unstable one
for the same pair of parameters is represented by relaxation oscil-
lations. We employ the MHB method to simultaneously compute
the oscillatory profiles of these two regimes. The oscillatory patterns
are given in Table V.

Using data from Table IV and (24), the oscillations can be
reconstructed. The MHB approach gives good approximation of
the harmonic-like oscillation, which are in the neighborhood of the
bifurcation point.

It is clear that the accuracy of the MHB approach cannot
be good when it is applied for oscillations of relaxation type (see
Table V), but it gives an accurate prediction in terms of phases of
the oscillations and good starting points for the tools to accurately
compute periodic solutions such as collocation based approaches.
The MHB method for delay coupled systems deals with co-existing
patterns even if some of them are unstable. In addition, one may
say that since oscillatory profiles presented in Table IV share the
phases and the frequency and belong to one branch of periodic
solutions, the MHB approach can be used for basic bifurcation
analysis.

TABLE V. Comparison of the DDE simulation and the MHB method outputs.

Periodic solution Residual Awin% Awygin% Aain%
Unstable 3.67 x 10710 1.60 1.85 2.02
Stable 294 x10—13 2.25 26.04 4,95
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V. CONCLUSIONS

This work addresses the problem of detecting (coexisting)
oscillatory patterns in networks of delay-coupled nonlinear systems
of Lur’e form. We focused on the cases where oscillatory patterns
appear in the networks via both subcritical and supercritical Hopf
bifurcations. We developed fast and efficient numerical tools, which
help us to avoid time inefficient simulations of DDEs and can handle
co-existing periodic solutions. The multivariable harmonic balance
method was modified and extended for systems described by DDEs,
and applied to two examples with subcritical and supercritical Hopf
bifurcations in order to show that the method can successfully com-
pute a good approximation of periodic solutions, which appear in
such networks, even if the periodic solution does not occur in the
neighborhood of the bifurcation point. We showed that the method
is numerically efficient in comparison with the direct simulation
approach. Moreover, the MHB method for delay coupled systems
can simultaneously compute co-existing periodic solutions even if
some of them are unstable and perform basic bifurcation analy-
sis. In addition, we performed a bifurcation analysis of the delay
coupled systems with the subcritical Hopf bifurcation by means of
ddebiftool, using MHB results as starting points.

ACKNOWLEDGMENTS

This project received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie
Sktodowska-Curie Grant Agreement No. 675080.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

TK. Rogov, A. Pogromsky, E. Steur, W. Michiels, and H. Nijmeijer, “Pattern anal-
ysis in networks of diffusively coupled Lur’e systems,” Int. . Bifurcation Chaos 29,
1950200 (2019).

2. Strogatz, Sync: The Emerging Science of Spontaneous Order (Hyperion Press,
2003).

3 A. Pikovsky, M. Rosenblum, and J. Kurths, Synchronization, Cambridge Nonlin-
ear Science Series (Cambridge University Press, 2001).

4Y. A. Kuznetsov, Elements of Applied Bifurcation Theory, 2nd ed. (Springer-
Verlag, Berlin, 1998).

5M. Golubitsky and I. Stewart, The Symmetry Perspective: From Equilibrium to
Chaos in Phase Space and Physical Space, Progress in Mathematics (Birkhiuser,
Basel, 2012).

8. Hale, Theory of Functional Differential Equations (Springer-Verlag, New York,
1977). p. 366.

7T, Faria, “Normal forms for periodic retarded functional differential equations,”
Proc. R. Soc. Edinburgh, Sect. A: Math. 127, 21-46 (1997).

8N. M. Golubitsky and M. 1. Stewart, “Some curious phenomena in coupled cell
networks,” J. Nonlinear Sci. 14, 207-236 (2004).

9 A. Turing, “The chemical basis of morphogenesis,” Philos. Trans. R. Soc. London
B: Biol. Sci. 237, 37-72 (1952).

103, Smale, “A mathematical model of two cells via Turing’s equation,” in The
Hopf Bifurcation and Its Applications (Springer, New York, 1976), pp. 354-367.
g, Tomberg and V. Yakubovich, “On one problem of Smale,” Siberian Math. J.
4, 771-774 (2000).

12A. Pogromsky, T. Glad, and H. Nijmeijer, “On diffusion driven oscillations in
coupled dynamical systems,” Int. J. Bifurcation Chaos 09, 629-644 (1999).

Chaos 31, 033114 (2021); doi: 10.1063/5.0022610
Published under license by AIP Publishing.

31,033114-12


https://aip.scitation.org/journal/cha
https://doi.org/10.1142/S0218127419502006
https://doi.org/10.1017/S0308210500023490
https://doi.org/10.1007/s00332-003-0593-6
https://doi.org/10.1098/rstb.1952.0012
https://doi.org/10.1007/BF02679702
https://doi.org/10.1142/S0218127499000444

Chaos

13A. Pogromsky and H. Nijmeijer, “Cooperative oscillatory behavior of mutually
coupled dynamical systems,” IEEE Trans. Circuits Syst. I: Fundam. Theory Appl.
48,152-162 (2001).

141,S. Climaco and A. Saa, “Optimal global synchronization of partially forced
Kuramoto oscillators,” Chaos 29, 073115 (2019).

15 A. Pogromsky, N. Kuznetsov, and G. Leonov, “Pattern generation in diffusive
networks: How do those brainless centipedes walk?,” in Proceedings of the IEEE
Conference on Decision and Control (IEEE, 2011), pp. 7849-7854.

161 Su, Y. Wei, W. Michiels, E. Steur, and H. Nijmeijer, “Robust partial synchro-
nization of delay-coupled networks,” Chaos 30, 013126 (2020).

7M. Golubitsky, L. Stewart, P.-L. Buono, and J. J. Collins, “Symmetry in
locomotor central pattern generators and animal gaits,” Nature 401, 693-695
(1999).

8T, Twasaki, “Multivariable harmonic balance for central pattern generators,”
Automatica 44, 3061-3069 (2008).

197, Hale, “Diffusive coupling, dissipation, and synchronization,” ]. Dyn. Differ.
Equ. 9, 1-52 (1997).

20M. Dhamala, V. K. Jirsa, and M. Ding, “Enhancement of neural synchrony by
time delay,” Phys. Rev. Lett. 92, 074104 (2004).

21D. V. Ramana Reddy, A. Sen, and G. L. Johnston, “Experimental evidence of
time-delay-induced death in coupled limit-cycle oscillators,” Phys. Rev. Lett. 85,
3381-3384 (2000).

22p. Sipahi, S. Niculescu, C. T. Abdallah, W. Michiels, and K. Gu, “Stability and
stabilization of systems with time delay,” IEEE Control Syst. Mag. 31, 38-65
(2011).

23E. Steur and A. Pogromsky, “Emergence of oscillations in networks of time-
delay coupled inert systems,” in Nonlinear Systems: Techniques for Dynamical
Analysis and Control, edited by N. van de Wouw, E. Lefeber, and I. Lopez Arteaga
(Springer International Publishing, Cham, 2017), pp. 137-154.

24H. K. Khalil, Nonlinear Systems (Prentice-Hall, New Jersey, 1996).

25A. Mees and A. Bergen, “Describing functions revisited,” IEEE Trans. Automat.
Control 20, 473-478 (1975).

26D. J. Allwright, “Harmonic balance and the Hopf bifurcation,” Math. Proc.
Cambridge Philos. Soc. 82, 453-467 (1977).

27W. Michiels and H. Nijmeijer, “Synchronization of delay-coupled nonlinear
oscillators: An approach based on the stability analysis of synchronized equilib-
ria,” Chaos 19, 033110 (2009).

28, Steur and H. Nijmeijer, “Synchronization in networks of diffusively time-
delay coupled (semi-)passive systems,” IEEE Trans. Circuits Syst. I: Regul. Pap.
58, 1358-1371 (2011).

298, Gershgorin, “Uber die abgrenzung der eigenwerte einer matrix,”
Bull. Acad. Sci. USSR Classe Sci. Math. 6, 749-754 (1931).

30V. Yakubovich, “Frequency conditions for auto-oscillations in nonlinear sys-
tems with one stationary nonlinearity,” Siberian Math. J. 14, 768-788 (1973).

ARTICLE scitation.org/journal/cha

31]. Hale and S. Verduyn Lunel, Introduction to Functional Differential Equations
(Springer-Verlag, 1993).

32T, Burton, “Limit sets, periodicity, and stability,” in Stability and Periodic Solu-
tions of Ordinary and Functional Differential Equations, Mathematics in Science
and Engineering Vol. 178, edited by T. Burton (Elsevier, 1985), pp. 197-324.

33E. Steur, T. Oguchi, C. van Leeuwen, and H. Nijmeijer, “Partial synchronization
in diffusively time-delay coupled oscillator networks,” Chaos 22, 043144 (2012).
34]. Kato, “An autonomous system whose solutions are uniformly ultimately
bounded but not uniformly bounded,” Tohoku Math. J. 32, 499-504 (1980).
35W. Michiels and S. Niculescu, Stability and Stabilization of Time-Delay Systems
(Society for Industrial and Applied Mathematics, 2007).

36M. Han and P. Yu, “Hopf bifurcation and normal form computation,” in
Normal Forms, Melnikov Functions and Bifurcations of Limit Cycles (Springer,
London, 2012), Vol. 181, pp. 7-58.

57E. Jarlebring, “Critical delays and polynomial eigenvalue problems,” . Comput.
Appl. Math. 224, 296-306 (2009).

38]. Sieber, K. Engelborghs, T. Luzyanina, G. Samaey, and D. Roose, “Dde-
biftool manual—Bifurcation analysis of delay differential equations,” 2014, see
http://ddebiftool.sourceforge.net/doc/manual.pdf.

39M. Golubitsky and 1. Stewart, “Rigid patterns of synchrony for equilibria and
periodic cycles in network dynamics,” Chaos 26, 094803 (2016).

“OM. Golubitsky, L. Matamba Messi, and L. E. Spardy, “Symmetry types and
phase-shift synchrony in networks,” Physica D 320, 9-18 (2016).

“TMATLAB, MATLAB Optimization Toolbox (R2017a) (The MathWorks Inc.,
Natick, MA, 2017).

42R. H. Byrd, J. C. Gilbert, and J. Nocedal, “A trust region method based on inte-
rior point techniques for nonlinear programming,” Math. Program. 89, 149-185
(2000).

437. Ugray, L. Lasdon, J. Plummer, F. Glover, J. Kelly, and R. Marti, “Scatter
search and local NLP solvers: A multistart framework for global optimization,”
INFORMS J. Comput. 19, 328-340 (2007).

447.Wu and W. Michiels, “Reliably computing all characteristic roots of delay dif-
ferential equations in a given right half plane using a spectral method,” J. Comput.
Appl. Math. 236, 2499-2514 (2012).

45D. Breda, S. Maset, and R. Vermiglio, “Pseudospectral differencing methods
for characteristic roots of delay differential equations,” SIAM J. Sci. Comput. 27,
482-495 (2005).

46R. FitzHugh, “Impulses and physiological states in theoretical models of nerve
membrane,” Biophys. J. 1, 445-466 (1961).

47E. Steur, I. Tyukin, and H. Nijmeijer, “Semi-passivity and synchronization of
diffusively coupled neuronal oscillators,” Physica D 238, 2119-2128 (2009).

48K. Rogov, A. Pogromsky, E. Steur, W. Michiels, and H. Nijmeijer, “Pattern anal-
ysis in networks of delayed coupled nonlinear systems,” in 2020 European Control
Conference (ECC) (Institute of Electrical and Electronics Engineers, 2020).

Chaos 31, 033114 (2021); doi: 10.1063/5.0022610
Published under license by AIP Publishing.

31,033114-13


https://aip.scitation.org/journal/cha
https://doi.org/10.1109/81.904879
https://doi.org/10.1063/1.5097847
https://doi.org/10.1063/1.5111745
https://doi.org/10.1038/44416
https://doi.org/10.1016/j.automatica.2008.05.024
https://doi.org/10.1007/BF02219051
https://doi.org/10.1103/PhysRevLett.92.074104
https://doi.org/10.1103/PhysRevLett.85.3381
https://doi.org/10.1109/MCS.2010.939135
https://doi.org/10.1109/TAC.1975.1101025
https://doi.org/10.1017/S0305004100054128
https://doi.org/10.1063/1.3187792
https://doi.org/10.1109/TCSI.2010.2097670
https://doi.org/10.1007/BF00969914
https://doi.org/10.1063/1.4771665
https://doi.org/10.2748/tmj/1178229534
https://doi.org/10.1016/j.cam.2008.05.004
http://ddebiftool.sourceforge.net/doc/manual.pdf
https://doi.org/10.1063/1.4953664
https://doi.org/10.1016/j.physd.2015.12.005
https://doi.org/10.1007/PL00011391
https://doi.org/10.1287/ijoc.1060.0175
https://doi.org/10.1016/j.cam.2011.12.009
https://doi.org/10.1137/030601600
https://doi.org/10.1016/S0006-3495(61)86902-6
https://doi.org/10.1016/j.physd.2009.08.007

	I. INTRODUCTION
	II. PRELIMINARIES AND PROBLEM STATEMENT
	A. Networks of Lur'e systems with delays
	B. Conditions for oscillations
	C. Critical values of time delay
	D. Problem statement

	III. MULTIVARIABLE HARMONIC BALANCE FOR DELAY COUPLED SYSTEMS
	IV. NUMERICAL EXAMPLES
	A. Network with a supercritical Hopf bifurcation
	B. Network with a subcritical Hopf bifurcation

	V. CONCLUSIONS
	ACKNOWLEDGMENTS

