Chapter 4

Synchronisation and Emergent Behaviour
in Networks of Heterogeneous Systems:

A Control Theory Perspective

Elena Panteley and Antonio Loria

Abstract Generally speaking, for a network of interconnected systems, synchroni-
sation consists in the mutual coordination of the systems’ motions to reach a common
behaviour. For homogeneous systems that have identical dynamics this typically con-
sists in asymptotically stabilising a common equilibrium set. In the case of heteroge-
neous networks, in which systems may have different parameters and even different
dynamics, there may exist no common equilibrium but an emergent behaviour arises.
Inherent to the network, this is determined by the connection graph but it is indepen-
dent of the interconnection strength. Thus, the dynamic behaviour of the networked
systems is fully characterised in terms of two properties whose study may be recast in
the domain of stability theory through the analysis of two interconnected dynamical
systems evolving in orthogonal spaces: the emergent dynamics and the synchroni-
sation errors relative to the common behaviour. Based on this premise, we present
some results on robust stability by which one may assess the conditions for practical
asymptotic synchronisation of networked systems. As an illustration, we broach a
brief case-study on mutual synchronisation of heterogeneous chaotic oscillators.

4.1 Introduction

As its etymology suggests, synchronisation may be defined as the adjustment of
rhythms of repetitive events (phenomena, processes, ...) through sufficiently strong
interaction. In dynamical systems theory, we also speak of synchronised systems if
their movements are coordinated in time and/or space. It can be of several types: if one
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system “dominates” over the rest, we speak of master—slave synchronisation; in this
case, the motion of the so-called master system becomes a reference for the motion
of the so-called slave system(s). Alternatively, synchronisation may be mutual, in
which case a set of systems synchronise their movements without specified hierarchy.
Controlled synchronisation of dynamical systems consists, generally speaking, in
ensuring that two or more systems coordinate their motions in a desired manner.

Synchronisation has been a subject of intense research in several disciplines before
control theory: it was introduced in the 1970s in the USSR in the field of mechanical
vibration by Professor Blekhman. Ever since, research on synchronisation has been
popular among physicists, e.g. in the context of synchronisation of chaotic systems
since the early 1990s, but also among engineers, especially on automatic control.
In this community, the paradigm of synchronisation was largely popularised by H.
Nijmeijer. His seminal paper [12] is a landmark tutorial on master—slave synchroni-
sation and his pioneer work [13] on mutual synchronisation (of mechanical systems)
preceeds the bulk of literature on a paradigm that is nowadays better known in our
comunity under the name of consensus—see [19].

Consensus pertains to the case in which a (large) group of interconnected sys-
tems mutually synchronise their behaviours. In this case, we speak of networks of
systems. These are not just large-scale and complex systems but they are charac-
terised by decentralised, distributed, networked compositions of (semi)autonomous
elements. These new systems are, in fact, systems of systems. The complexity of
network interconnected systems may not be overestimated. For instance, in neu-
ronal networks, experimental evidence shows that inhibition/excitation unbalance
may result in excessive neuronal synchronisation, which, in turn, may be linked to
neuro-degenerative diseases such as Parkinson and epilepsy. In energy transforma-
tion networks, the improper management of faults, overloads or simply adding to or
subtracting a generator from the transportation network may result in power outages
or even in large-scale (continent-wide) blackouts.

In this chapter, we briefly describe a framework, which was originally and recently
introduced in [15], for analysis and control of synchronisation of networked heteroge-
neous systems that is, with different parameters or even completely distinct dynamic
models.

We limit our study to the analysis paradigm, as opposed to that of controlled syn-
chronisation. At the expense of technological and dynamical aspects related directly
to the network communication (delays, noise, etc.), we focus on structural properties
of the network that affect the synchronisation of the agents’ motions in one way or
another. More precisely, the following issues play a key role in analysis and control
of synchronisation of networked systems:

the coupling strength;

the network topology;

the type of coupling between the nodes, i.e. how the units are interconnected;
the dynamics of the individual units.
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Among the latter, our technical results establish how the coupling strength affects
synchronisation. Our analysis is carried out from a dynamical systems and stability
theory viewpoint.

4.2 The Networked Systems Synchronisation Paradigm

Let us consider a network of dynamical systems modelled via ordinary differential
equations,

x; = fi(x;) + Bu;, ie s ={1,...,N} (4.1a)
y; = Cx;, (4.1b)

where x; € R",u; € R™ and y; € R™ denote the state, the input and the output of the
ith unit, respectively. The network’s topology is usually described via graph theory:
a network of N nodes is defined by its N x N adjacency matrix D = [d;;] whose
(i, j) element, denoted by d;;, specifies an interconnection between the ith and jth
nodes. See [19].

The interaction among nodes depends, in general, on the strength of the coupling
and on the nodes’ state variables or on functions of the latter, i.e. outputs which define
the coupling terms. The interaction is also determined by the form of coupling,
i.e. the way how the output of one node affects another; this can be linear, as it
is fairly common to assume, but it may also be nonlinear, as in the well-known
example of Kuramoto’s oscillator model in which the interconnection is made via
sinusoids—see [3].

Here, we consider a network composed of N heterogeneous diffusively coupled
nonlinear dynamical systems in normal form:

Vi = fi O zi) +ui (4.22)
Zi= £ 2) (4.2b)

As it may be clear from the notation, each unit possesses one input u; and one
output y; of the same dimension, i.e. u;, y; € R™. The state z; corresponds to that
of the ith agent’s zero dynamics—see [7]. The functions f! : R" x R"™™" — R™,
f7 i R™ x R — R"™™ are assumed to be locally Lipschitz.

It is convenient to remark that there is little loss of generality in considering
systems in normal form, these are equivalent to systems of the form (4.1) under the
assumption that the matrices B € R"*" and C € R™*” satisfy a similarity condition
for CB that is, if there exists U such that U"'CBU = A where A is diagonal
positive—see e.g. [17, 18].

We also assume that the units possess certain physical properties reminiscent of
energy dissipation and propagation. Notably, one of our main hypotheses is that the
solutions are ultimately bounded; we recall the definition below.
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Definition 4.1 (Ultimate boundedness) The solutions of the system x = f(x),
defined by absolutely continuous functions (t, x,) — x, are said to be ultimately
bounded if there exist positive constants A, and B, such that for every A € (0, A,),
there exists a positive constant 7' (A) such that, forallx, € B, = {x € R" : |x| < A}
they satisfy

|x(t, x,)| < By forall t>T.

If this bound holds for any arbitrarily large A then the solutions are globally ultimately
bounded.

Ultimate boundedness is a reasonable assumption for the class of systems of
interest here, such as oscillators. In a more general context, boundedness holds, for
instance, if the units are strictly semi-passive—cf. [14].

Our second main assumption concerns the zero dynamics.

Assumption 4.1 For any compact sets B, C R"™™, B, C R" there exist N contin-
uously differentiable positive definite functions V. : B, — R, with k < N, class
Joo functions yy, y2 and constants &y, S; > 0 such that

yYe(zl) < Vo (2) < yau(1z))
Vot @) [fE(y.2) = f2(3.2)] < —aulz — 21 + B
where VV, . 1= %, forallz,z’ € B;and y € B,.

Assumption4.1 may be interpreted as a condition of incremental stability of the zero
dynamics in a practical sense. Note that when §; = 0, we recover the characterisation
provided in [1].

4.2.1 Network Model

We assume that the network units are connected via diffusive coupling, i.e. for the
ith unit the coupling is given by

N
Ui =—0 Zdij()’i -y 4.3)
=1

where the scalar o corresponds to the coupling gain between the units and the individ-
ual interconnections weights, d;;, satisfy the property d;; = d;;. Assuming that the
network graph is connected and undirected, the interconnections amongst the nodes
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are completely defined by the adjacency matrix, D = [d;;]; je.», Which is used to
construct the corresponding Laplacian matrix,

SNdi  —dn ... —diy
—dy) Z,N:u;ez dyi ... —don
L= ) ) . )
—dy —dyy N

By construction, all row-sums of L are equal to zero. Moreover, since L is symmetric
and the network is connected it follows that all eigenvalues of the Laplacian matrix
are real and, moreover, L has exactly one eigenvalue (say, A;) equal to zero, while
others are positive,i.e. 0 = A} < Xy <--- < Ap.

Next, we introduce a compact notation that is convenient for our purposes of
analysis. We introduce the following vectors of outputs, inputs and states, respec-
tively:

Y1 23] X1
: : : y
YN Un XN
as well as the function F : R*™Y — R"V, defined as
Fi(x1) 1
F(x) = : L R = | 150 : (4.4)
) 17Oz )iy
Fy(xn) '

With this notation, the diffusive coupling inputs u;, defined in (4.3), can be re-written
in the compact form
u=—0ol[L®Ily,

where the symbol ® stands for the right Kronecker product.! Then, the network
dynamics becomes

X=Fx)—0o[L®E,]y (4.5a)
y=I[Iy®E,]x, (4.5b)

where E,I = [Ln, Opx(n—m)]- The qualitative analysis of the solutions to the latter
equations is our main subject of study.

1For two matrices A and B of any dimension, A ® B consists in a block-matrix in which the i jth
block corresponds to a;; B.
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4.2.2 Dynamic Consensus and Practical Synchronisation

In a general setting, as for instance that of [13], for the purpose of analysis, synchro-
nisation may be qualitatively measured by equating a functional of the trajectories
to zero and measuring the distance of the latter to a synchronisation manifold, e.g.

S ={xeRV :x;=x,=---=xp}. (4.6)

For networks of homogeneous systems, i.e. if f; = f; for all i, j € ., synchroni-
sation is often described in terms of the asymptotically identical evolution of the
units, i.e. x; — x;. This is especially clear in the classical consensus paradigm of
simple integrators, in which we have x; — x; — const. In more complex cases, as
for instance in problem of formation tracking control, we may have that each unit
follows a (possibly unique) reference trajectory, that is, x; — x; — x*(¢). What is
more, controlled synchronisation is sometimes assimilated to a problem of “collec-
tive” tracking control—see e.g. [5, 13].

Hence, whether a set-point equilibrium or a reference trajectory, it seems natural
to formulate the consensus problem as one of asymptotic stability (or stabilisation
for that effect) of the synchronisation manifold .. Such stability problem may
be approached, for instance, using tools developed for semi-passive, incrementally
passive or incrementally input-output stable systems—see [6, 8, 9, 16, 17, 21]. If
the manifold .7 is stabilised, one says that the networked units are synchronised.
For networks of non-identical units, the paradigm is much more complex due to the
fact that the synchronisation manifold . does not necessarily exist. Yet, it may also
be recast in terms of stability analysis.

To that end, we generalise the consensus paradigm by introducing what we call
dynamic consensus. We shall say that this property is achieved by the systems
interconnected in a network if their motions converge to one generated by what
we shall call emergent dynamics. In the case of undirected graphs, for which the
corresponding Laplacian is symmetric, the emergent dynamics is naturally defined
as the average of the units’ drifts, that is, the functions fA_' (R™ x R — R™,
f2:R" x R"™™ — R"™™ defined as

1 N

fyl (Ves Ze) i= N IZ:;‘ fil (Ves Ze)s
1 N

FE e z0) = v D ez
i=1

hence, the emergent dynamics may be written in the compact form

Yo = fi(xe)  xe=Dy)z 1, fi=1AT £2110. 4.7)
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For the sake of comparison, in the classical (set-point) consensus paradigm, all
systems achieving consensus converge to a common equilibrium point, that is, f; =
0 and x, is constant. In the case of formation tracking control, Eq.(4.7) can be
seen as the reference dynamics to the formation. In the general case of dynamic
consensus, the motions of all the units converge to a motion generated by the emergent
dynamics (4.7).

Then, to study the behaviour of the individual network-interconnected systems,
relative to that of the emergent dynamics, we introduce the average state (also called
mean-field) and its corresponding dynamics. Let

1 N
xo= ;xi, (4.8)

which comprises an average output, y, € R™, defined as y; = E,) x; and the state of
the average zero dynamics, z; € R, thatis, x, = [y, , z; 1. Now, by differentiat-
ing on both sides of (4.8) and after a direct computation in which we use (4.2), (4.3)
and the fact that the sums of the elements of the Laplacian’s rows equal to zero, i.e.

|
NZ_U[dil(yi —yD) 4+ HdinGi —yw)] =

i=1

we obtain

Vs = £ iz, (4.9a)

2 |

s = Fris zi) (4.9b)

ﬁ

2 |

Then, in order to write the latter in terms of the average state x,, we use the functions
fland f? defined above so, from (4.9), we derive the average dynamics

2

N
Vo = £l ez + —Z (A i z) = £ G 20)]s (4.102)

N
= f7 (s 2) Z F20m ) = f2 5. 20)]- (4.10b)

It is to be remarked that this model is intrinsic to the diffusively interconnected
network. Indeed, since the row-sums of the Laplacian equals to zero, the intercon-
nection strength o does not appear in (4.10). Another interesting feature of Eq. (4.10)
is that they may be regarded as composed of the nominal part
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,).’s = fyl (,)’57 Zs)
Zy= f1 050 25)

and the perturbation terms [ £ (yi. z:) — fi' (s, 2)] and [ f2 (i, 20) — f2 (s 20) -
The former corresponds exactly to (4.7), only re-written with another state variable.
In the case that dynamic consensus is achieved (that is, in the case of complete syn-
chronisation) and the graph is balanced and connected, we have (y;, z;) = (¥, 25)-
Nonetheless, in the case of a heterogeneous network, asymptotic synchronisa-
tion is in general hard to achieve hence, y; > y, and, consequently, the terms
(£ v 20) = £ 0. 20)] and [ f2 (i, 20) — f2(3y. 25)] do not vanish.

Thus, from a dynamical systems’ viewpoint, the average dynamics may be con-
sidered as a perturbed variant of the emergent dynamics. Consequently, it appears
natural to study the problem of dynamic consensus, recast in that of robust stability
analysis, in a broad sense. On one hand, in contrast to the more commonly studied
case of state synchronisation, we shall admit that synchronisation may be established
with respect to part of the variables only, i.e. with respect to the outputs y;. More pre-
cisely, for the former case, similarly to (4.6), we introduce the state synchronisation
manifold

Fe={xeRY ixj—x;,=xp—x, =+ =xy —x;, =0} (4.11)
and, for the study of output synchronisation, we analyse the stability of the manifold
Sy=yeR™ iy —ys=ym—y = =yy -y =0} (4.12)

Since, in the general case of heterogeneous networks, the perturbation terms may
prevail it becomes natural to study synchronisation in a practical sense, that is, by
seeking to establish stability of the output or state synchronisation manifolds .} or
%, in a practical sense only. This is precisely defined next.

Consider a parameterised system of differential equations

%= f(x,e), 4.13)

where x € R", the function f : R” — R”" is locally Lipschitz and ¢ is a scalar para-
meter such that ¢ € (0, &,] with &, < 00. Given a closed set &7, we define the norm

X|o = Inf |x — y|.
x|z = inf x — yl

Definition 4.2 For the system (4.13), we say that the closed set &7 C R" is prac-

tically uniformly asymptotically stable if there exists a closed set 2 such that
o C 9 CR"and

(1) the system is forward complete for all x, € Z;
(2) foranygiven$ > Oand R > 0, there exist e* € (0, &,] and a class J#".Z function
Bsr such that, for all ¢ € (0, ¢*] and all x, € Z such that |x,|.s < R, we have
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|x(t, X0, &)|er <8+ Bsg(|Xolers ).

Remark 4.1 Similarly, to the definition of uniform global asymptotic stability of a
set, the previous definition includes three properties: uniform boundedness of the
solutions with respect to the set, uniform stability of the set and uniform practical
convergence to the set.

The following statement, which establishes practical asymptotic stability of sets,
may be deduced along the lines of the proof of the main result in [4].

Proposition 4.1 Consider the system x = f(x), where x € R" and f is continuous
and locally Lipschitz. Assume that the system is forward complete, there exists a
closed set o/ C R" and a C' function V : R" — R as well as functions a;, oy €
oo, 003 € K and a constant ¢ > 0, such that, for all x € R",

a1(|x|er) = V(x) < aa(lx]er)

V < —ar(|x|w) +c.

Then, for any R, ¢ > 0 there exists a constant T = T (R, €) such that for allt > T
and all x, such that |x.|.s < R

|x(t, x)|er <7+ &

where r = a; ' oy 0 ey (0).

4.3 Network Dynamics

In the previous section, we motivated, albeit intuitively, the study of dynamic con-
sensus and practical synchronisation as a stability problem of the attractor of the
emergent dynamics as well as of the synchronisation manifold. In this section, we
render this argument formal by showing that the networked dynamical systems model
(4.5) is equivalent, up to a coordinate transformation, to a set of equations composed
of the average system dynamics (4.10) with average state x; and a synchronisation
errors equation with state e = [eIr - e;]T, where ¢; = x; — x, foralli € 7. Itis
clear that x € ., if and only if e = 0; hence, the general synchronisation problem

is recast in the study of stability of the dynamics of e and x;.

4.3.1 New Coordinates

Let us formally justify that the choice of coordinates x; and e completely and appro-
priately describe the networked systems’ behaviours.
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Considering a network with an undirected and connected graph, the Laplacian
matrix L = LT has a single zero eigenvalue A; = 0 and its corresponding right and

left eigenvectors v,, v;; coincide with v = \/Lﬁl where 1 € RY denotes the vector

[11...1]7. Moreover, since L is symmetric and non-negative definite, there exists
(see [2, Chap. 4, Theorems 2 and 3]) an orthogonal matrix U (i.e. U~ = UT) such
that L = UAU T with A = diag{[0 A, ... Ax]}, where A; > Oforalli € [2, N], are
eigenvalues of L. Furthermore, the ith column of U corresponds to an eigenvector of
L related to the ith eigenvalue, A;. Therefore, recognising v as the first eigenvector,
we decompose the matrix U as:

1
U=|—=1 Ul], (4.14)
g
where U; € RV*N~=! is a matrix composed of N — 1 eigenvectors of L related to
A2, ..., Ay and, since the eigenvectors of a real symmetric matrix are orthogonal,
we have |

—1'U; =0, U/U =1Iy_.

VN
Based on the latter observations, we introduce the coordinate transformation
- o7
X=%"x, (4.15)

RnN xnN

where the block diagonal matrix % € is defined as

U =UQI,,

which, in view of (4.15), is also orthogonal. Then, we use (4.14) to partition the new

coordinates X, i.e.
c_[R]_[weh],
Tlxm| | UTel
1 n

The coordinates x; and X, thus obtained are equivalent to the average x; and the
synchronisation errors e, respectively. Indeed, observing that the state of the average
unit, defined in (4.8), may be re-written in the compact form

= 1(1T®1) (4.16)
xJ—N n)X, .

we obtain X; = ~/Nx,. On the other hand, X, = 0 if and only if e = 0. To see the
latter, let 27 = U, ® I, then, using the expression

(AR B)(C® D)=ACQ® BD, 4.17)
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we obtain
%1%11— = (U]UIT) ® I,

and, observing that

1
U] =1Iy— ﬁnT,

we get

1

MU = (IN - NHT) ® I,. (4.18)
Therefore, multiplying ¥, = %, x by % and using (4.18), we obtain

"o = | (1 111T)®1

1X2 = N N n|X
=x—l(11T®I)x
N n )

which, in view of (4.17), is equivalent to

= x (19 1) (7 ® 1)x

:x—(1®1,,)xs=e.

U x>

Since %, has column rank equal to (N — 1)n, which corresponds to the dimension
of x,, we see that x, is equal to zero if and only if so is e.

Even though the state space of (x;, e) is of higher dimension than that of the orig-
inal networked system (4.1), only both together, the synchronisation error dynamics
and the average dynamics, may give a complete characterisation of the network
behaviour. Thus, the states x; and e are intrinsic to the network and not the product
of an artifice with purely theoretical motivations.

We proceed to derive the differential equations in terms of the average state x;
and the synchronisation errors e.

4.3.2 Dynamics of the Average Unit
Using the network dynamics Eq. (4.5a), as well as (4.16), we obtain

1 1
Xy = ﬁ(lT ® I,)F(x) — ﬁa(f ® )L ® E,ly. (4.19)

Now, using the property of the Kronecker product, (4.17), and in view of the identity
1TL = 0, we obtain
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A" @ L)L ® Ey) = (1"L) ® (I,Ey) =0.

This reveals the important fact that the average dynamics, i.e. the right-hand side
of (4.19), is independent of the interconnections gain o, even though the solutions
x; (1) are, certainly, affected by the synchronisation errors; hence, by the coupling
strength.

Now, using (4.4) and defining

1 N
fil) = ; Fi(x,) (4.20)

we obtain

N
£ = S+ > [ - s

Therefore, defining

N

Gotew) 1= o X[ Fter +x) — Fix)],

i=1
we see that we may write the average dynamics in the compact form,
X5 = fi(xg) + Gy(e, x,). 4.21)

Furthermore, since the functions F;, with i € ., are locally Lipschitz so is the func-
tion G, and, moreover, there exists a continuous, positive, non-decreasing function
k:R, x R, — R4, such that

Gy(e, x;)| < k(lel, |xs])le].
In summary, the average dynamics is described by the Eq. (4.21). Thatis, it consists

in the nominal system (4.7), which corresponds to the emergent dynamics, perturbed
by the synchronisation error of the network via the term Gy.

4.3.3 Dynamics of the Synchronisation Errors

To study the effect of the synchronisation errors, e(¢), on the emergent dynamics, we
start by introducing the vectors
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F(x) = [FG)T . FyvGo)'] (4.22)
Fi(x1) — Fi(xy) Fi(er + x5) — Fi(xs)
F(e, xg) := : = :
Fn(xy) — Fy(xy) Fn(en +x5) — Fiy(xy)

i.e. F(e, x;) = F(x) — Fy(x,). Then, differentiating on both sides of
e=x—(1QI,)x;
and using (4.5a) and (4.21), we obtain
¢=—0[L®Enly+ Fx)— A® In) [fs(x5) + Gs(e, x5)]
= —0[L ® Emly + [F(x) — Fs(x5)] + Fs(xs) — A ® In) [fs (x5) + G (e, x5)]

= —0[L ® Emly + [Fs(xs) — A ® I) fs(x5)] + [Fle. x5) — A ® I)Gs (e, x5)].  (4.23)

Next, let us introduce the output synchronisation errors ey; = y; — ys, thatis, e, =
[eyTl, e, e)T,N]T, which may also be written as

ey =y—1Q®ys, (4.24)
and let us consider the first term and the two groups of bracketed terms on the right-
hand side of (4.23), separately. For the term (L ® Em)y we observe, from (4.24),
et [LREu]y=I[L®Eul[ey+1® y]
and we use (4.17) and the fact that L1 = 0 to obtain

Second, concerning the first bracket on the right-hand side of (4.23), we observe
that, in view of (4.20) and (4.22),

1
fv(xs) = _(IT ® I,,)FS(XS).
N
Therefore,
1
Fy(x) =A@ L) fi(xy) = Fi(x) = (1@ L)AT ® L) Fy(x,).
Then, using (4.17) we see that

1 R
N(1®In)(1 ®1I,) = N(ll ) ® I. (4.25)
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So, introducing
nN N 11 n»

we obtain
Fv(xs) - (1 & In)fv (xs) - PFY (xs)~ (426)

Finally, concerning the term Fe,x;) — (1® 1,)G, (e, x;) on the right-hand side
of (4.23), we see that, by definition, G(e, x,) = + (1" ® 1,) F (e, x,), hence, from
(4.25), we obtain

(1® 1,)G,(e, x;) = %[(113 ® I,]F e, x,)

and

F(e.x) = (1@ L,)Gs(e. x,) = (InN - %(llﬁ ® 1,,) F(e.x)
= PF(e, xy). 4.27)
Using (4.26) and (4.27) in (4.23), we see that the latter may be expressed as
é=—0[L® Eney + P[F(e, x,) + Fy(x,)].

The utility of this equation is that it clearly exhibits three terms: a term linear in
the output e,, which reflects the synchronisation effect of diffusive coupling between
the nodes, the term PF (e, x;) which vanishes with the synchronisation errors, i.e. if
e = 0, and the term

Fi(x,) — & 200, Fi(x) Fi(xs) — f5(x5)
PF(x;) = : = : ,
Fy(x) — % ZlNzl Fi(xy) Fn(xg) — fs(xs)

which represents the variation between the dynamics of the individual units and the
average unit. This term equals to zero, e.g. when the nominal dynamics, f; in (4.1a),
of all the units are identical that is, in the case of a homogeneous network (Fig.4.1).

Fig. 4.1 Interaction between

synchronisation and the >3 Synchronisation F————p >3 Collective
1 errors 2 behaviour

collective dynamics ’ dynamics ~— [mean-field dynamics]

v
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4.4 Stability analysis

All is in place to present our main statements on stability of the networked systems
model (4.5). For the purpose of analysis, we use the equations previously developed,
in the coordinates e and x;, which we recall here for convenience:

Xy = fi(xs) + G (e, x), (4.28a)
¢ =—0[L® Euley + P[F(e, x,) + F,(x,)]. (4.28b)

These equations correspond to those of two feedback interconnected systems, as it
is illustrated in Fig.4.1. For the system (4.28a), we study the stability with respect
to a compact attractor which is proper to the emergent dynamics and we establish
conditions under which the average of the trajectories of the interconnected units
remains close to this attractor. For the system (4.28b) we study robust stability of the
synchronisation manifolds .#}, and .7,

4.4.1 Practical Synchronisation Under Diffusive Coupling

We formulate conditions that ensure practical global asymptotic stability of the sets
& and .#,—see (4.11), (4.12). This implies practical state and output synchronisa-
tion of the network, respectively. Furthermore, we show that the upper bound on the
state synchronisation error depends on the mismatches between the dynamics of the
individual units of the network.

Theorem 4.1 (Outputsynchronisation) Let the solutions of the system (4.5) be glob-
ally ultimately bounded. Then, the set .7, is practically uniformly globally asymp-
totically stable with ¢ = 1/o. If, moreover, Assumption4.1 holds, then there exists a
function B € 2 such that for any ¢ > 0 and R > O there exist T* > 0 and o* > 0
such that the solutions of (4.28b) with ¢ = o* satisfy

le(t, xo)| < B, B, Ay) +&, Vit =T" xo € Br:={x;: [xo| < R}

where
Ay = max max {|fk2(xk) — fiz(xk)|]. 4.29)

|x|<By k,ieN

The bound on the synchronisation errors, 8, is a function of the constants oy, i
defined in Assumption4.1 as well as on the degree of heterogeneity of the network,
characterised by Ay. In the definition of the latter, B, corresponds to a compact
set to which the solutions ultimately converge by assumption. That is, Theorem4.1
guarantees, in particular, that the perturbing effect of heterogeneity in the network
may be diminished at will by increasing the interconnection strength.
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The proof of this theorem is provided in [ 15]. Roughly speaking, the first statement
(synchronisation) follows from two properties of the networked system—namely,
negative definiteness of the second smallest eigenvalue of the Laplacian metric L
and global ultimate boundedness. Now, global ultimate boundedness holds, e.g. under
the following assumption.

Assumption 4.2. For each i, the system (4.2) defines a strictly semi-passive map
u; — y; with continuously differentiable and radially unbounded storage func-
tions V; : R* — R, where i € .#. That is, there exist positive definite and radially
unbounded storage functions V;, positive constants p;, continuous functions H; and
positive continuous functions g; such that

Vi(x) < v i — Hi(x;)

and H;(x;) > 0;(|x;]) for all |x;| > p;.
Indeed, the following statement is reminiscent of [16, Corollary 1].

Proposition 4.2. Consider a network of N diffusively coupled units (4.5). Let the
graph of interconnections be undirected and connected and assume that all the
units of the network are strictly semi-passive (i.e. Assumption4.2 holds). Then, the
solutions of the system (4.5) are ultimately bounded.

Proof. We proceed as in the proof of [16, Lemma 1] and [22, Proposition2.1]. Let
Assumption4.2 generate positive definite storage functions V;, as well as functions
0i, H; and constants p;, defined as above and let

N
V() =D Vitx).

i=1

Then, taking the derivative of Vs (x) along trajectories of the system (4.5), we obtain

Vs (x)

IA

N
—oy"[L® L]y — Z Hi(x;)

i=1

IA

N
—> Hix), (4.30)
i=1

where for the last inequality we used the fact that Laplacian matrix is semi-positive
definite. Next, let p = max;<;<y{p;} and consider the function ¢ : [p, +00) — R>g
as o(s) = min;<;<x{0;(s)}. Note that ¢ is continuous and o(s) positive for all s >
0. Furthermore, for any |x| > Np there exists k € . such that |x;| > %|x| > p.
Therefore, for all |x| > Np,

al 1
> Hixi) = He(x) > 6(1xl) = 0 (Nm) :

i=1
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Using the last bound in (4.30) we obtain, for all |[x| > Np,

. 1
Ve(x) = -0 (lel) .

Hence, invoking [23, Theorem 10.4] we conclude that the solutions of the system
(4.5) are ultimately bounded. |

Some interesting corollaries, on state synchronisation, follow from Theorem4.1,
for instance, if the interconnections among the network units depend on the whole
state, that is, if y = x.

Corollary 4.1. Consider the system (4.5). Let Assumptions4.1 and 4.2 be satisfied
and let y = x. Then, the system is forward complete and the set ., is practically,
uniformly, globally and asymptotically stable withe = 1/o.

The constant A, defined in (4.29) represents the maximal possible mismatch
between the dynamics of any individual unit and that of the averaged unit, on a ball
of radius B,. The more heterogeneous is the network, the bigger is the constant A ;.
Conversely, in the case that all the zero dynamics of the units are identical, we have
A = 0. In this case, we obtain the following statement.

Corollary 4.2. Consider the system (4.5) under Assumptions4.1 and 4.2. Assume
that the functions fiz, which define zero dynamics of the network units, are all identi-
cal, ie. f?(x) = fiz(x)foralli, Jj € S andallx € R". Then the set %, is practically
uniformly globally asymptotically stable with e = 1/o.

4.4.2 On Practical Stability of the Collective Network
Behaviour

Now we analyse the behaviour of the average unit, whose dynamics is given by the
Eq. (4.28a). We assume that the nominal dynamics of average unit (i.e. with ¢ = 0)
has a stable compact attractor <7 and we establish that the stability properties of this
attractor are preserved under the network interconnection, albeit, slightly weakened.

Assumption 4.3. For the system (4.7), there exists a compact invariant set &/ C R”"
which is asymptotically stable with a domain of attraction Z C R". Moreover, we
assume that there exists a continuously differentiable Lyapunov function V, : R* —
R-¢ and functions «; € F#5, i € {1, ..., 4} such that for all x, € Z we have

a1(|xe|;z¢) < Vd(xe) < a2(|xe|d)
Vi (x0) < —a3(1xe] o)

'E)Vd

X,

< as(|x.]).
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The second part of the assumption (the existence of V') is purely technical whereas
the first part is essential to analyse the emergent synchronised behaviour as well as
the synchronisation properties of the network, recast as a (robust) stability problem.
The following statement applies to the general case of diffusively coupled networks.

Theorem 4.2. Forthe system (4.5), assume that the solutions are globally ultimately
bounded and Assumptions4.1, 4.3 hold. Then, there exist a non-decreasing function
y iRy x Ry — R, and, forany R, ¢ > Othere exists T* = T*(R, ¢), such that for
allt = T* and all x, such that |x,|s < R,

x5 (1, Xo)|or < ¥ (A, R) + €.

In the case that the network is state practically synchronised, it follows that the
set o7 is practically stable for the network (4.5).

Corollary 4.3. Consider the system (4.5) under Assumption4.3. If the set .%; is
practically uniformly globally asymptotically stable for this system, then the attractor

o defined in Assumption4.3 is practically asymptotically stable for the average unit
(4.21).

4.5 Example

To illustrate our theoretical findings we present a brief case-study of analysis of
interconnected heterogeneous systems via diffusive coupling. We consider three of
the best known chaotic oscillators: the Rossler [20], the Lorenz [10] and the Lii
system [11]. The dynamics equations of these forced oscillators are the following:

el | yOe—x0) tu
LORENZ OSCILLATOR: S rxe—ye—xoze |
| Ze = xeye— bz
p— . aﬂ
m ———Xm — Ymim +
s x = a+p e ¢ + U
L/ OSCILLATOR: I 3+ X
l Zm = IBZm + X Ym-
_xr arXy + yr +
.. = Uy
ROSSLER OSCILLATOR: 3, = )
l Z'r = b, + YrZr — CrZr.

The values of the parameters of the three systems are fixed in order for them to
exhibit a chaotic behaviour when unforced. These are collected in Table4.1.
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Table 4.1 Parameter values

- . Rossler Lorenz Lii 3rd order
of chaotic oscillators
ar =0.15 y =16 a=-10
b =02 rp =45.6 B=—4
¢ =10 b=4 §=1

Since the three chaotic systems are oscillators their trajectories are globally ulti-
mately bounded, they converge to the strange attractors depicted in Fig.4.2. In this
figure we also show the phase portrait for the average solutions x,(¢) for the three
unforced oscillators (with u, = u,, = u, = 0). Then, we apply the respective inputs

ug = —oldiz(y, —y,,) + duy, —y)], din=2, diz =4,
—o[din(y, —y) +du(y, —y,)]. ds =3,
_a[dIS(ym - Ye) + d23(ym - yr)]’

Uy

Um

where y ., are measurable outputs. We have simulated two scenarios: in the first case,
we assume that only the x( coordinates of each oscillator are measured hence,

ROSSLER LORENZ

Fig. 4.2 Phase portraits of the three chaotic oscillators, Rossler, Lorenz and Lii, as well as that of
the average dynamics, in the absence of interconnection, i.e. with o =0
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ye =[x 01" y, =[x, 0" y, =[x 0]

In Fig. 4.3, we depict the phase portrait for the Rossler system overlapped with that of
the average solutions. It is appreciated, on one hand, that the synchronisation errors
diminish as the interconnection gain is increased. On the other hand, the behaviour
of the oscillators’ solutions also changes: for relatively large values of o (50 and 80),
the chaotic behaviour is lost and the systems stabilise.
In the second scenario, we assume that both x(,, and y(, are measured hence,
yer=[xeyd" ¥ = vl Y, =1 ]’

The simulation results in this case, for different values of the interconnection gain
o, are showed in Figs.4.4 and 4.5. With two inputs, the systems “loose” the chaotic
response and stabilise to an equilibrium. In Fig.4.4 we plot the norm of the output
synchronisation errors |e, (f)| = |y(t) — 1 ® y,(?)]; it is clearly appreciated that the
errors diminish as the interconnection gain increases. Finally, in Fig. 4.5 we show the

phase portraits for four different values of o; it is clear that output synchronisation
occurs.

20
10
t"w
> 0
-10
-20 0 20 20 0 20
X (1) and x_(t) — Rossler
r s average
20
o=
80
0
::‘/fl) :tl)
> > _20
-40
-30 -20 -10 0 10 20 -30 -20 -10 0 10 20
coordinates xr(t) and xs(t) coordinates xr(t) and xs(t)

Fig. 4.3 Phase portraits of the Rossler oscillator compared to that of the average unit, for different
values of the interconnection gain o
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output synchronization errors

\}\/M ></ VM\)\}‘
VA

100 200 300 296 297 298 299 300
time [s] time [s]

Fig. 44 Norms of the output synchronisation errors, |ey (¢)|, for different values of the intercon-
nection gain o

25

20

15

10

Y.y, y 1),y 1)

v, y,®),y 1),y (1)

3 4 5 3 4 5 6
X (1), X0, x_(t), x (1) x (8, x(1), x_(t), x (1)

Fig. 4.5 Phase portraits of the three chaotic oscillators, Rossler, Lorenz and Lii, as well as that of
the average dynamics, with two inputs and for different values of the interconnection gain o
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