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This paper shows how different mechanisms may lead to clustering behavior in connected networks
consisting of diffusively coupled agents. In contrast to the widely studied synchronization processes,
in which the states of all the coupled agents converge to the same value asymptotically, in the cluster
synchronization problem studied in this paper, we require all the interconnected agents to evolve into
several clusters and each agent only to synchronize within its cluster. The first mechanism is that agents
have different self-dynamics, and those agents having the same self-dynamics may evolve into the same
cluster. When the agents’ self-dynamics are identical, we present two other mechanisms under which
cluster synchronization might be achieved. One is the presence of delays and the other is the existence
of both positive and negative couplings between the agents. Some sufficient and/or necessary conditions
are constructed to guarantee n-cluster synchronization. Simulation results are presented to illustrate the
effectiveness of the theoretical analysis.
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1. Introduction

Recently, the study of distributed coordination of multi-agent
systems has attracted significant attention from researchers
from diverse backgrounds. Simple local coordination rules can
sometimes lead to complicated collective behavior, such as the
synchronization that has been discovered in natural, social,
and engineered networks and systems (Strogatz, 2003). Various
algorithms have been successfully constructed to cause all the
agents in a group to converge to the same value asymptotically
(Cao, Morse, & Anderson, 2008; Jadbabaie, Lin, & Morse, 2003;
Ren & Beard, 2005). At the same time, there is an emerging
trend to study how an interconnected group may incorporate or
evolve into different subgroups, called clusters. In nature, multi-
species foraging groups have been observed, such as flocks of
bark-foraging birds (Dolby & Grubb, 1998), in which birds have to
coordinate through interactions with peers in their own and other
species. In the study of social networks, some opinion dynamics
models (Hegselmann & Krause, 2002 ) describe how the agents with
bounded confidence levels evolve into different clusters, where
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the agents in the same cluster hold the same opinion in the end.
The clustering behavior is also potentially useful for the formation
control problem for teams of autonomous agents (Anderson, Yu,
Fidan, & Hendrickx, 2008).

Motivated by the reported clustering phenomena, we aim to
study in this paper the cluster synchronization problem, in which
a coupled multi-agent system is required to split into several
clusters, so that the agents synchronize with one another in the
same cluster, but differences exist between different clusters (Xia
& Cao, 2010). Here, the model we adopt is obtained by carrying
out a modification to the existing synchronization model that
has been used extensively to explain how the states of all the
coupled agents converge to the same value asymptotically. In other
words, we are interested in identifying the mechanisms that might
lead to clustering behavior in diffusively coupled networks that
have mainly been used for synchronization studies. Such problems
are beginning to attract attention. For example, in Wu, Zhou,
and Chen (2009), some sufficient conditions have been derived
for coupled oscillators to realize cluster synchronization under
pinning control strategies. In this paper, we focus on the n-cluster
synchronization problem to be defined in the next section. We
present three different mechanisms to realize clustering behavior
in connected diffusively coupled networks. One is the existence
of different self-dynamics and the other two are the presence of
delays and negative couplings, respectively. When analyzing the
three mechanisms, we also list related results that are scattered in
the literature and make comparisons when possible.

The rest of the paper is organized as follows. We define n-cluster
synchronization in Section 2. Different sufficient and/or necessary
conditions to guarantee cluster synchronization under different
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mechanisms are discussed in Sections 3 and 4. In Section 5, we
provide some illustrative examples.

2. Cluster synchronization

We first give a formal definition of n-cluster synchronization.
Consider the following extensively studied model in the synchro-
nization study of a complex network (Kocarev & Parlitz, 1996; Lu
& Chen, 2004a,b; Pecora & Carroll, 1990) that consists of N coupled
agents:

N
q(0) = fit, x(0) +c Y gl (x(t) — xi(0))

J=1j#
N
= filt.xi(D) + ¢ Y giI'x(D), (1
=1
where x; € R™ denotes the state of agenti,i = 1,...,N, fi: RT x

R™ — R™ is continuous and globally Lipschitzian with Lipschitz
constant K;, namely

Ifi(t, §1) — fi(t, &)l = Kill§1 — &2, (2)

forall (t, &1), (t, &) € RT x R™ with | - || denoting the Euclidean
norm, ¢ > O is the coupling strength, g; is the coefficient for
the coupling from agent j to agentifori # j, i,j = 1,...,N,
gi = — Z]N:Lj# gij, and the diagonal matrix I" = diag{y1, ..., ¥Ym}
denotes the inner coupling with y, > 0 fork = 1, ..., m. System
(1) has a unique solution which exists for all t > 0 (Driver, 1977).
The condition g; = — ZJN: 1,ji 8ij guarantees that the inter-agent
couplings are diffusive, and hence such networks are also called
diffusively coupled networks.

Directed weighted graphs can be conveniently used to describe
the couplings between agents. For the matrix G = (gjj)nxn Whose
elements are the same as defined in (1), we define its associated
graph G to be the directed weighted graph with the vertex set
V(G) = {v1,v,,...,vn} and the edge set €(G) C {(vi, v)) :
v;, vj € V(G)} for which (v;, vj) is an edge of G if and only if i # j
and g; # 0, and the weight associated with (v;, vj) is gj;. A directed
path in G is a sequence of distinct vertices vy, ..., vj, such that
(vig» Vi) € €(G) fors = 1,...,k — 1. G is said to be strongly
connected if there is a directed path from every vertex to every
other vertex in G, and it is said to be balanced ifZJ"\’:l g = Z}Ll i
for all i.

We say that {Cy, G, ..., Cy}, n > 1, is a partition of the set
N ={1,2,....,N}if G # 4, GNG = ¥, and J_,C = N;
furthermore, we use i to denote the index of that subset of the
partition in which the number i lies, i.e., i € G. Obviously, 1 <i <

n. We say that agents i and j are in the same cluster if i= j Now,
we are ready to define what we mean by cluster synchronization.

Definition 1. For a given initial condition x(0) = [x1(0), ...,
xL(0)]", where x;(0) € R™, 1 <i < N, system (1) is said to realize
n-cluster synchronization with the partition {Cq, G, ..., G} if
lim, 0 IXi(t) — x;(t)| = O fori = jand limsup,_, o [Ix;(t) —
Xi(t)] > 0fori #].

Remark 1. In Yu and Wang (2009), a similar concept called the
“group consensus” of a multi-agent system is defined, which is
weaker than the cluster synchronization defined here, because we
require in addition that the differences between different clusters
do not go to 0 as time goes to infinity. A different type of clustering
behavior is considered in Aeyels and De Smet (2009) and De Smet
and Aeyels (2009), where the differences between agents in the
same cluster are bounded, while the differences between agents in
different clusters grow unbounded as time goes to infinity.

In the synchronization study literature, the f; in (1) are always
referred to as the self-dynamics of agent i. In what follows, we
discuss clustering mechanisms according to whether the agents’
self-dynamics are identical.

3. Clustering with different self-dynamics

We first illustrate how agents governed by different linear
dynamics might evolve into different clusters. We consider the
case when some agents are under constant forcings and the others
are not. The dynamics of the former are

N
WD) = —x() + G+ > g (b)), (3)
j=1

where g; > 0 fori # j, Z]N:] gi = 0, and the @; are constants with
@ # a; fori #]A'. The dynamics of the latter are

N
(6 =) gix(0), (4)

=

where the gj satisfy the same constraints as for (3). Comparing
(3) and (4) with (1), we have taken the f; to be linear functions,
I' an identity matrix, c = 1, and m = 1. The results derived in
this section can be easily extended to the more general case when
¢ > 0and m > 1. Since the constant forcing terms sometimes
come from the agents’ knowledge about their preferred values, the
agents described by (3) are called informed agents, and naturally
the agents described by (4) are called naive agents since they do
not have prior knowledge and have to rely on the interactions with
their peers to evolve. In the next two subsections, we provide some
sufficient and/or necessary conditions for systems of informed and
naive agents to converge to n clusters.

3.1. Systems of informed agents

In this subsection, we consider the case when the system only
consists of N informed agents described by (3) for 1 < i < N.
Assume that we have labeled the agents in such a way that the first
l; agents are under the forcing a;, the next I, agents are under a,,
and so on. Then the system can be written in a compact form:

x(t) = —x(t) + @+ Gx(t) = Gx(t) +a, (5)
where x = [x1, %, ..., xy]" € R, G = (gj)nxn, G = G — I, and
a= [a11,T1, e an_ﬂﬁ_l, anlﬁ]T. Here [ is the identity matrix, 1,
are the l,-dimensional all-one column vectors for k = 1,...,n,

andl; +---+ 1, =N.
We further write the matrix G in the following block matrix
form:

Gi1 G -+ Gy

Gy Gy -+ Gy
G=| . . s

Gnl GnZ tee Gnn

where G; € Ri*li, 1 < i,j < n. Since the row sums of G are zero,
we know the row sums of G are —1. In addition, G has non-negative
off-diagonal elements. Hence, G is invertible, and the eigenvalues
of G are all located in the open left-half plane. The equilibrium
of system (5) is x* = —G~'a. Define y(t) = x(t) — x*; then
y(t) = Gy(t). It is obvious that y(t) — 0ast — oo. Thus x* is a
globally stable equilibrium of system (5). In fact, we can say more
about the structures of x* as follows.
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Theorem 1. For any initial condition, system (5) of informed agents
achieves n-cluster synchronization for almost all (in the sense of
Lebesgue measure) a;, 1 < i < n, with a; # a; for i # j, if the
block matrices Gjj, 1 < i,j < nand i # j, have constant row sums.

The proof of this theorem makes use of the following lemma.

Lemma 1. Consider the matrix P = (Pj)nxn, Where P € Ri*li 1 <
i,j < n. Suppose that P is invertible and that its inverse is Q =
(Qij)n xn, where Q is partitioned in the same way as P. If the matrices
P; have constant row sums for 1 < i, j < n, then the matrices Q; also
have constant row sums for 1 < i,j < n. In addition, let r; denote
the row sum of Py and s;; denote that of Q;; then RS = I, where
R = (rj)nxn and S = (Sij)nxn-

Proof. From QP = I, one has
n .
I j=1
> QuPy = {o, P# 1,
k=1
where O is the zero matrix of appropriate dimension. Since the Py;

have constant row sums rj, summing up the elements in each row
of the Py; gives

M T e Tn Qi1 1
a2 T - Tn2 Q21 0

®1 =1 (6)
T'n Ton e T'nn Q]n‘l 0

where 1 and 0 are the all-one and all-zero column vectors
of appropriate dimensions, respectively, and ® denotes the
Kronecker product. Since P is invertible, so is R. Combining with
(6), we know that the Q;; have constant row sums for 1 <j < n.In
addition, the row sums sy; of Qy; satisfy

[s11, $12, - ... s1l” = RD7'[1,0,...,0]".

Using a similar calculation, it is easy to check that all the Q; have

constant row sums for 1 < i,j < n,and ST = R7TI; that is,
SR=1I1. O

Now we are ready to prove Theorem 1.

Proof of Theorem 1. Let Q = (Q;))wxn be the inverse of G. Since

the Gy, i # j, have constant row sums and the row sums of G are
—1, it follows from Lemma 1 that the Q; have constant row sums
for 1 < i,j < n.Denote the row sum of G; by r;; and that of Q;
by s;;. Then again from Lemma 1, we know that S = R~1!, where
R = (Ijj)axn, and S = (Sij)nxn. So all the agents in the ith cluster
have the same asymptotic value — Z]" Sijd;.

Next we show that all the g; that do not lead to n-cluster
synchronization come from a set which has zero Lebesgue
measure. Let § = {x = [x1,...,%:]T € R*: x; = x; for some i #
jwith 1 <i,j < n}, and let the smooth linear map g : R" — R"
be defined by g(x) = Rx. Then it is easy to check that $ has zero
Lebesgue measure; so does g(8).Let U = {a = [ai,...,a,]" €
R a # a fori # j (R 'a); = (R™'a); forsome i #
jand 1 < i,j < n}; one has U C g(4), which implies that U
has zero Lebesgue measure. If a & U, system (5) realizes n-cluster
synchronization, which completes the proof. O

The condition given in Theorem 1 is a sufficient condition, and
it may not be necessary when n > 2. However, for the special
case when n = 2, the condition is also necessary, as shown in the
following result.

Theorem 2. System (5) under any pair of distinct forcings a; # a;
achieves 2-cluster synchronization for any initial condition if and only
if the block matrices Gy, 1 < i,j < 2, and i # j, have constant row
sums.

Q1 Q2

G. It follows from the fact that the G; have constant row sums
rj and Lemma 1 that the Q; have constant row sums s; and

Proof (Sufficiency). Let Q = [Q“ Q“] be the inverse of
NxN

™ +1 B 12
— r2 +r1+1 r2 +121 +1 i
S = P RS . Thus solutions of system (5)
rp+r1+1 r2+nm+1
w _ _ -1z _ _ |(@sn +asi)y .
converge tox* = —G~'a = [(01521 + o, | It is easy to check

that —a;S11 — 3512 # —a1S21 — A3597, Since a, # a,. Thus 2-cluster
synchronization has been realized.

(Necessity) Suppose that system (5) realizes 2-cluster synchroniza-
tion with final values X; and x,. Let X = {k € V; the final value of
X (t) isx1}. We first show that every agent under the same constant
forcing is in the same cluster. Suppose on the contrary that the ith
and jth agents both under constant forcing a; have different final
values x; and x,; then one has

0=—-X%+a+ Z gik(X2 — X1),
KeN [ K keti

0=-x+a+ Z gik(X1 — X2).
ke X k#j

It follows that (x, — X1)(1 + Zke’wx’kﬁg,‘k + Zke’m#gjk) =
0, which contradicts X, — X1 # 0and 1+ > /s i 8k +
Zke?c ki 8ik > 0.

From the proof of sufficiency, we find that the equilibrium of

1 1
system (5) is x* = — [218;151 1228212] Let the ith row sums of

Q11 and Qg3 be t;; and tj, respectively. Then, forany 1 < i,j < Iy,
and a; # a, we have —a ity — axtpp = —aqtj; — axtp. It follows
that t;; = tj; and t; = tjp for 1 < i,j < I;. Thus, Qq; and Q;, have
constant row sums. Applying similar arguments to Q1 and Q,, one
can conclude that Gy, and G,; have constant row sums in view of
Lemmal. O

In the next subsection, we consider the systems that consist of
not only informed agents, but also naive agents.

3.2. Systems of informed and naive agents

Now, consider the system consisting of n — 1 clusters of
informed agents and one cluster of naive agents, whose dynamics
are described respectively by

N
(6 = —xi(0) + gt Y gix(D),

j=1

1<i<N-—I, (7)
and

N
50 =Y gx), N—l+1<i<N. 8)

j=1
The system dynamics can be written in a compact form:

X(t) = Gx(t) + @, 9)
where
Gy —1 Gin1 Gin
G= : : :
Gn71,1 anl,nfl —1 anl,n
Gnl e Gn,n—l Gnn

- T T T1T
anda = [a11,1, R an_11,n_],0,n .
Lemma 2. G is invertible if and only if, for any naive agent, there is a
directed path from some informed agent.
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Proof. See AppendixA. O

In what follows, we assume that for any naive agent there is
always a directed path from some informed agent. Similar to the
system consisting of only informed agents, since G is invertible, the
equilibrium x* of system (9) is x* = —G7la. Let y(t) = x(t) — x*;
then one has y(t) = Gy(t). It is obvious that y(t) — 0ast — oo.
Thus x* is a globally stable equilibrium of system (9).

In order to ensure that agents in the same cluster have the same
final values, we require the following. Suppose that the G; have
constant row sums rj fori = 1,...,n—1, j = 1,...,n,and
that the ith row sums of Gy, ..., Gy n—1 are mihy, ..., mihy_4 for
1 < i < I,, where the m; are positive constants. We require that
there is at least one h; # 0,1 < i < n — 1. Without loss of
generality, suppose that hy, ..., h, % 0, 1 < k < n — 1, and
hgt1 = --- = hy_1 = 0; it is easy to see that the ith row sums of
Gyp are —my; Z};l h;. Expanding the equation QG = I, following a
similar argument as in the proof of Lemma 1, one has

- Th-11 hy
12 e T'n_l,z hz Qll1 1
. Q21 0
: : . : R1 . =|.1:
n—1 . .
T'n et rnfl,n - Z hj anm 0
=1

A
wherem= [my, ..., m,]". Let

rharyy — hyryp harn_11 — hirp—127

M = | hkrii — harge hirn—1,1 — hara—k |
r],n—] tt rn—l,n—l
L -1 e -1 _
then we have
Qn1
Q21
M®I =[h1",... 1%, ..., 0", 17]".
Ql,nfl]

M is invertible, since G is. Then, we can conclude that the Qy; have
constant row sums for 1 < j < n — 1. In addition, the row sums s;;
of the Qy; satisfy

oStnal’ =Th, .o by, ..., 0,100

It is easy to check that the Q;, 1 < i < n,1 <j < n— 1, have
constant row sums s;,

M[s11, $12, - .

} S11 s St hy ---h O 1

S=1| : : : =| —ml o 1|MT,
Sn—1,1 Sn—1,n—1 0 I 1

and [Sp1, .-+ s Spno1] = [0,...,0, 1]M~T,

So S is invertible. For 1 < i < n — 1, Z}Ll rjg = —1,itis
easy to show that Y/
1<i<n—1and1 <k < I,, one can derive from GQ = I that

sj = —1,for 1 < i < n. Moreover, for

n—1
mghisyi + - - - + Mihp_1Sp—1,; — My Z hisni = 0.
=

1
D kq Mk

It follows that s,; = ZJ'LT b

., X, are the final values of the n clusters;
then each cluster converges to x; = — 21'7;]1 sjia;. It follows that

(X1, ..., %17 = =S[ay, ..., an_1]". Since S is invertible, using a
similar argument as in the proof of Theorem 1, one can conclude
that, for almost all a; with a; # q; for i # j, the final values of the
informed agents in different clusters are distinct from one another.
In addition,

Suppose that X1, ..

n—1 n—1 n—1
_ hyese
Ko=) swa=—) > —a
t=1 t=1 k=1 Z h]
=
n—1 n—1 n—1 =
hy hyxy
=) (- Dswa )= —, (10)
k=1 h: t=1 k=1 3k
j j
i=1 i=1

which implies that the final values of the naive agents have to be
a linear combination of the final values of the informed agents.
The coefficients hy/ Z]'Z]] h; are determined by the row sums of
Gn1, - - - Gp.n—1. Note that these final values only depend on the
row sums of the submatrices of G, but not on the number of agents
and the proportion of the informed agents in the system. Hence,
we have proved the following theorem.

Theorem 3. For system (9), if, for any naive agent there is a directed
path from some informed agent, the G;; have constant row sums r;;
fori = 1,...,n—1, j = 1,...,n, and the ith row sums of
Gni, ..., Gy aremihq, ..., mhp_q forsomem; > 0,1 <i < I,
then, for any initial condition, the final values of the clusters of the
informed agents are distinct from one another for almost all (in the
sense of Lebesgue measure) a; for 1 < i < n — 1witha; # q;
for i #£ j, and the final values of the naive agents converge to a
linear combination of the asymptotic values of the informed agents
as defined in (10).

Remark 2. In Lu, Liu, and Chen (2010), more general agent
dynamics are considered. Consequently, besides the condition of
constant row sums stipulated in Theorem 3, additional conditions
have to be imposed to guarantee clustering. Since more restricted
agent dynamics are considered here, the agents’ final values can be
predicted, whereas it is difficult to do so for the model considered
in Lu et al. (2010).

In this section, we have considered the clustering behavior
when the agents have different linear dynamics. In the next
section, we consider more challenging scenarios, in which agents
are governed by the same self-dynamics.

4. Clustering with identical self-dynamics

Now, we consider the case when all the agents have the same
self-dynamics:

N
(0 =f(tx(0)) +c ) gilx(), 1<i<N, (11)
j=1

where the notation is the same as in (1), and f is a continuous
map that is globally Lipschitzian in x; with Lipschitz constant K
and g; > Ofori # j. There are existing results discussing when
clustering might appear in (11). Now we compare such results.
Let % denote the manifold {x = [x](¢),...,xL(D]": x1(t) =
= x,(),x, 1) = = Xyih(8)s o XN (t) =
- = xy(t)} corresponding to the n-cluster synchronization. The
following result is from Lu et al. (2010).
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Theorem 4 (Lu et al., 2010). The manifold X is invariant if and only
if the block matrices G; achieved by partitioning G into submatrices
corresponding to the clusters have constant row sums.

A sufficient condition for the same n-cluster synchronization
manifold to be invariant is given in Pogromsky (2008); it can be
stated as follows.

Theorem 5 (Pogromsky, 2008). The manifold X is invariant if there
is a solution X to the linear equations

(In — )G = XUy — 1), (12)
where IT is a permutation matrix such that X = ker (Ilyy — IT ® Iy)).

We now prove that the conditions given in Theorems 4 and 5
are in fact equivalent.

Proposition 1. The block matrices G of G have constant row sums if
and only if there exists a solution X to the linear equations (12), where
IT is a permutation matrix satisfying X = ker (Iyy — IT ® Iy).
Proof. (Necessity) Since X = ker(lyn — 1 ® Iy), [T =
diag{I1,, ..., IT,}, where the IT; are permutation matrices with the
same dimensions of G;;. From (12), we have

(I = MGy = X(I — ITy),
Since the G;; have constant row sums, the row sums of (I — IT;)G;
are zero. Suppose that X;; is a u x v matrix. Let Gg(l —mT" =

[ﬂlv ﬂZ; L) ﬂu] andeT = [a]7 e Olu]' where (o4} and ﬂi- 1 = i =<
u, are column vectors. Jl‘hen (13) is equivalent to

(I — 1) oy = py,

Since rank(I — IT;))" = rank([(I — IT))" Bx]) = v — 1, there exist
solutions to (14). Then there exists a solution X to (12).
(Sufficiency) Without loss of generality, suppose that the permuta-
tion matrix I7 can be written as IT = diag{ITy, ..., Iy, 1, ..., 1},
——
n—q

where the ITy, 1 < k < q, are permutation matrices with the di-
agonal elements being zero. Then we can partition the matrix G
into n x n blocks with the dimensions of Gy, ¢ + 1 < k < n, all
being one. Thus we only need to prove that the G, 1 < i,j < q,
have constant row sums. Let G; = [64, ..., 6,17, where the 6; are
column vectors. From (13), it follows that

(I — )Gy =61 — Oy ..., 0y — 0,17 = Xy — IT)),

where {iq, ..., iy} isa permutationof {1, ..., u} determined by IT;.
The row sums of X;;(I — I1;) are zero because of the zero row sums
of I — IT;. In addition, the diagonal entries of IT; are zero, so the row
sums of@iT, 1 < i < u, are the same; namely the G;; have constant
rowsums. O

1<i,j<n. (13)

1<k<u (14)

We have just compared different conditions on when X is
invariant. To further guarantee clustering to take place, we now
introduce coupling delay into the system.

4.1. Delay-induced cluster synchronization

In view of Theorem 4, in this subsection we assume that the Gj;
have constant row sums rjj, 1 < i, j < n. We introduce a coupling
delay to (11) as follows (Lu, Chen, & Chen, 2006; Oguchi, Nijmeijer,
& Yamamoto, 2008):

N
(0 = f(t, x(0) +¢ Y gl x5t — 1) — x(0))

J=1#

N
= ft.x(0)) +¢ ) gilx(t — 1)
j=1

J
+cdil” (xi(t — ) — x;(1)), (15)

where the notation is the same as in (11), and in addition d; =
Z]N:L#i gjj is the in-degree of the ith agent, and T > 0 denotes the
time delay. The initial condition for (15) is given by x;(6) = ¢;(9),
for1 < i <N, 6 € [—r,0], where ¢;() € C([—7,0],R™).
Since f is a continuous map that is globally Lipschitzian in x;, and
the couplings among agents are linear, system (15) has a unique
solution which exists for all t > 0 (Driver, 1977).

When the N coupled agents achieve complete synchronization,
i.e, x1(t) = x(t) = --- = xn(t) = s(t), we have the following
synchronized state equation:

$(t) = f(t,s(t)) + cdi " (s(t — 7) — s(t)),

Then, when s(t — 7) # s(t), a necessary condition for the
synchronization manifold to be invariantis thatd; = dy = --- =
dy. When the N coupled agents achieve n-cluster synchronization,
e, x;i(t) = x;(t) = s;(t) fori = } and s;(t) # sj(t) fori #* j we
have

S0 =f(ts0)+¢ Y gl (st — 1) = 5(0)

J#1J€6

i=1,...,N. (16)

*e Z r?kr(sk(t —7)— S?(t))_

k=1,ks1

Then, a necessary condition for the cluster synchronization
manifold to be invariant is that d; = d; fori = jand d; # d; for
i#].

Let D = diag{dq,...,dy}. Assume that G(G) is strongly
connected; then G is irreducible. Hence, zero is a simple
eigenvalue of G associated with a positive left eigenvector £ =
(€1, &, ..., Ey]". Define E = diag{&y, ..., &)

Now, consider the ith agent. Define the average of the ith cluster
to be

1
X)) = = &xi(t),
© =5 25
i€G !
and the difference between agent i’s state and this average to be
ei(t) = xi(t) — x;(t). Then
&) = x(t) — X(t)

N
= f@®) +¢ Y gilx(t — 1)
j=1
+ediM(xi(t — 1) — xi(t) =%, i=1,...,N. (17)

Let e;(t) = [eq (D), en(t), ..., em(H)]T € R™ e(t) = [e{(t), .
en(M1, &(t) = [esi(t), ex(t), ..., en(H)]" € RN and &(t) =

[T (t), ..., el (t)]". Then one can check that
1

Z%’iei = Z&Xi — ZE:‘ — ZE:‘Xf =0.
ieC: ieCG ieG Z é:i ieG

1 1 1 1€C? 1
Hence,
Y Eelx() =0, Y &ef(t,x(1) =0,
ieq ieC?
> el (cd,-]“()'(;(t —7)— )’(;(t))) =0,
iGC?

n

> &el (Z Zg,»,-r)‘w)) =0.
ieG k=1 jeCy
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Since f(t, x) satisfies the Lipschitz condition (2), there must
exist a diagonal matrix A = diag{éy, ..., é} such that

x=y" . x) —f(t,y) — Ax—y))

<—akx—-y'x-y) (18)
holds for some @ > 0, all x,y € R™ and allt > 0. A simple
choice of A is (K 4+ «)I, while, for a specific f(t, x) of interest, a

less conservative A can be found. Now, we present the main result
in this subsection.

Theorem 6. Suppose that the G;; have constant row sums ry, for i, j =
1, ..., n, that the in-degree d; of each agent satisfies d; = d; for? =j
and d; # d; for i #+ j and that A is a diagonal matrix satisfying (18).
If there exist positive definite matrices Q; such that the linear matrix
inequalities

26;E — 2cy;ED + Q; cyE(G+ D) -0
cy(G" + D)E —Q

hold forallj = 1,...,
1,...,N.

Proof. Since the matrix inequalities (19) are valid, there exists a
positive constant € such that —2« + € < 0 and

A — [25E = 2c4ED + Qe cyEG+D)] _
e c(G" + D)E —Q

hold forallj=1,...,

Z Wi(0) = Z > e (Dei(e,

i=1 1€G

(19)

m, then ei(t) — O0ast — oo fori =

m. Let

= Z/ &/ (s)Q;j(s)e“*T7ds.
— Jit—1

Consider the candidate Lyapunov function V(t) = Vy(t) + Vo (t).
Then, for Wi(t) = >, &el (H)e;(t)e!, its derivative along the

solutions to (17) is

Wi = 2¢t Zaef(t)(f(t, xi(0)) — F (£, %(0) + £ (6, %(0)

IGC?

N
— Aei(t) + Aei(t) + ¢ Y gl (xi(t — ) — X(t — 7))
j=1

+c Z Zgul"xk(t — 1)

=1 jeCy
+cdiln (xi(t — 7) — x;(t)) — cdi " (X(t — 7) — X;(t))

+cdi M (%(t — 1) — %:(1) — i;(t))

+ee Y &el (Dei(t)

ieG
1

=2¢") ae?(t)(f (t, %:(£)) — f (£, %(0))

IGC?

N
— Aei(t) + Aei(t) + ¢ Y _ gilej(t — 1)
=1

+cdiIM(ei(t —T) — ei(f))> + eet Zgie?(t)ei(t)

lEC;

IA

(—20 + €)e* Zéief(f)ei(t)

ieG
1

+2¢ ) gel (0) <Ae,(t) +c Zgul"ej(t 1)

IGC
+edil(ei(t — ) — 6:‘(0))-

Then, it follows that

V(t) < (=2 + €)et Z Z g (t)ei(t)

i=1 iEC?

£2e0 Y Y kel ) (Aei(t)

i=1 IGC?

N
+c ) gilei(t — 1)+ cdil (et — 7) — e,~(t))>

j=1

+e 0N E (0)QE (1)

j=1

—et Y 8l (t— T)QE(t — 1)
j=1

(=20 + €)et Y D " &ie] (Dei(t)

=<
i=1 iEC?
Z (t —1)Qiei(t — 1)
Z <(25 E — 2cy;ED + Q;e")e;(t)
+ 2cy,E(G + D)ej(t — r))
= (20 +e)et Y > gel (Deilt)
i=1 1€G
. e;(t)
+e fZ[ (1), e (t — 1)]4; |:€j(f]— ‘L')]
< 0.

Therefore, V(t) < V(0), which implies that V;(t) is bounded.
In view of the definition of V4, this further implies that |le(t)]|
is bounded from above by an exponentially decaying signal that
converges to zero. This completes the proof. O

Theorem 6 has shown that the differences among the states
of the agents in the same cluster will converge to zero as time
goes to infinity. However, it is in general difficult to prove that
the differences between clusters do not converge to zero. Next, we
prove 2-cluster synchronization when f is periodic. Consider

f(t, xi(t)) = Bxi(t) + h(xi(t)) + B(1), (20)

where B = diag{by, ..., by} with negative constants b; < 0,
B:RT — R™is acontinuous, periodic function with period w > 0,
ie, B(t + w) = B(t),and h :R™ — R™ is a bounded function
which satisfies ||h(&1) — h(&) || < H||&1 — & ||. We first present the
following result.

Lemma 3. If there exist positive definite matrices P; such that the
linear matrix inequalities

[2(bj+H)1 —2cy;D+P; Cyj(c+D)] -0 (21)

cy(G" + D) —P;
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hold forallj = 1, ..., m, then the coupled system (15) with f in the
form of (20) has exactly one periodic solution with period w to which
all the other solutions converge exponentially fast as t — oc.

Proof. See AppendixB. O

With Lemma 3, we now prove 2-cluster synchronization.

Theorem 7. Suppose that the G;; have constant row sums ry, for i, j =
1,...,n, 7 # ko, for k > 0,and d; = djfor? :fanddi # d; for
i #+ j If there exist positive definite matrices P; and Q; such that (19)
and (21) hold with §; = bj +H for j = 1, ..., m, then, for any initial
condition, the coupled system (15) with f in the form of (20) realizes
2-cluster synchronization.

Proof. In view of Theorem 6, we only need to show that complete
synchronization cannot be achieved. Suppose that the contrary is
true. Then (16) holds foralli = 1, ..., N. It follows from Lemma 3
that s(t) is a periodic function with period w. Since T # kw for
k > 0, it follows that s(t — t) cannot be equal to s(t) for all t. Thus
we have d; = dy, which contradicts the fact that d; # dy, since
agents 1 and N do not belong to the same cluster. O

When n > 3, we show through simulations in Section 5 that
n-cluster synchronization can be achieved if (19) and (21) are
satisfied.

In the next subsection, we discuss a different mechanism to
realize cluster synchronization when the agents’ self-dynamics are
identical.

4.2. Clustering with negative couplings

In this subsection, we study how clustering may appear as a
pure effect of structured diffusive couplings. We assume that the
agents’ dynamics are completely determined by their couplings:

N
(0 =) gix(D), (22)
j=1

J

or, in a compact form,
x(t) = Gx(t). (23)

Comparing to (1), we have taken I" to be an identity matrix,c = 1,
and m = 1. The results derived below can be easily extended to
the general case when ¢ > 0 and m > 1. It is well known that, if
Gij > 0,1 # j, and G(G) contains a directed spanning tree, then the
system achieves consensus (Ren & Beard, 2005). In this subsection,
we assume that there might be negative couplings, and as a result
GjeR Letn =[1/,0y 1", m =1[0,1,,0,_; 1", ....00 =
[Oﬁf,n, 1[1]T, andletay, ..., o, be nindependent vectors satisfying
nla; = 1,ifi = j,and n] o; = 0, if i # j. Since the solution to (23)
is x(t) = e“x(0), it is obvious that, if

n
; G T
Jim ¢ = 2 e o
=

then n-cluster synchronization might be achieved. We provide
the following necessary and sufficient condition under which (24)
holds.

Lemma 4. Eq. (24) holds if and only if

Gni =0, O[ITGZO, i=1,...,n, (25)

where G has exactly n zero eigenvalues and all the other eigenvalues
have negative real parts.

Proof. See Appendix C. O

From Lemma 4, it is clear that, in order to realize n-cluster
synchronization, the G; have to have zero row sums. In the
following discussion, assume that G satisfies the condition that
the row sums of the G, 1 < i,j < n, are zero; then G has zero
as an eigenvalue whose geometric multiplicity is at least n. Let
n = [I,TI,UL_,]]T, Ty = [OL_,H, lﬁ]T, be n right eigenvectors
associated with 0, and let «q, ..., a, be the corresponding left
eigenvectors satisfying n/ o; = 1,ifi = j,and n] o; = 0,ifi # j. The
following result is a slightly modified version of the main result of
Yu and Wang (2009).

Theorem 8. Suppose that the initial values of system (23) satisfy that
the aiT x(0) with 1 < i < n are not equal to each other; then n-cluster
synchronization can be achieved if and only if G has exactly n zero
eigenvalues and all the other eigenvalues have negative real parts.

The conditions stipulated in Theorem 8 for achieving n-cluster
synchronization is an algebraic condition, which is difficult to
check in application. Now, we develop algorithms to construct
appropriate coupling topologies which satisfy the conditions in
Theorem 8.

Lemma 5 (Horn & Johnson, 1985). Let A and B be N x N Hermitian
matrices, and let the eigenvalues A;(A), Ai(B), and X;(A + B) be
arranged in decreasing order as Ay(:) < Ay_1(-) < --- < A().
Foreachk = 1,2, ..., N, we have

Ak(A) + An(B) < Ak(A+ B) < Ak(A) + A1(B).

Intuitively, if the inner couplings within the clusters are strong
enough, system (23) can achieve cluster synchronization. This is
verified by the following results.

Proposition 2. Let

0 Gn Gin
) G O Gan
G = diag{c1G11, ..., G} + . .
Gnl an e 0
be a symmetric matrix, Gy = diag{c;G11, ..., CcyGn}, and G, =

G — Gy. Suppose that the G have zero row sums, matrices G; are
irreducible, and the off-diagonal elements of G; are non-negative. If
c > % then G has exactly n zero eigenvalues and all the
other eigenvalues are negative.

Proof. Since the G; have zero row sums, G has at least n zero
eigenvalues. Using Lemma 5, one has

AN(G2) < Ai(G) — Ai(Gy) < Aq(Ga),

which leads to [A;(G) — Ai(Gy)| =< p(Gy). It follows from
c > % that maxj<i<n ¢iA2(Gii) + p(G2) < 0. From
the assumptions, one has that the —G; are irreducible Laplacian
matrices. It follows that A{(G;) = = M(Gy) = 0, and
Ant1(G1) = MaXj<i<p GiA2(Gj). Thus one concludes that A,11(G) <
maxi<i<n CiA2(Gi) + p(G2) < 0. O

Proposition 3. Suppose that the graphs G, . .., G, associated with
G1,...,Gy are balanced and strongly connected; then, for any
positive definite matrix S with proper dimension, zero is an eigenvalue

of S diag{Gy, ..., G,} of algebraic and geometric multiplicity n, and
all the other eigenvalues of S diag{G1, ..., G,} have negative real
parts.
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Fig. 1. The evolution of a system consisting of three clusters.

Proposition 3 can be proved using a similar argument as that in
the proof of Theorem 4.5 in Lin (2008).

Proposition 3 provides a way to construct a graph satisfying the
condition in Theorem 8. Let G’ be a graph with n disconnected
components, which are strongly connected and balanced. Let the
matrix associated with G’ be G’; then, multiplying from the left, a
positive definite matrix S gives us a matrix G = SG’ satisfying the
condition in Theorem 8.2

5. Illustrative examples

In this section, several examples are given to illustrate the
theoretical analysis results.

Example 1. Consider the network consisting of two clusters of
informed agents and one cluster of naive agents with l; = I, =
I3 = 2and a; = 1, a, = 7. The coupling matrix is given by

-2 0.1 1.0 0
0 -2,2 0,0 0
c—| 1 0u=1"0 .0 0
| 0 110 -110 0
10T 1 T3 0
o 2'4 o0'o0o -6

Since the final values of the first and second clusters are 4 and 5.5,
respectively, the values of the naive agents converge to 4 x % +

5.5 x % = 5. Fig. 1 shows the evolution of the three clusters.

Example 2. Let

T -3 2,0 1
|l 2 =3,.1 o0
=l |
L 0o 11 -2
r—4 2,0 1 0 1
2 4,1 0,1 0
c 10371 1 0
2710 111 =310 1
"0 1T VT 0 T=2 0
L1 0'o0o 1! -2

2 \We are indebted to I. Shames for pointing out this reformulation of some of our
earlier results.

All the agents in the diffusively coupled network (15) have the
same self-dynamics, which are (Zhou, Xiang, & Liu, 2007)

. —-3.6 0 xi1(t) acos(vt)
""“)=[ 0 —4.2} |:X,-;(t):|+[ 0 ]
1
—0.5] PO 1=l

15
+ [—2.1 18 || 1
5(|Xi2(t) + 1] — |xpp — 1))

When a = 1.6 and v = 2.6, system (26) has a unique and globally
exponentially stable periodic solution.

Consider the coupled network associated with the coupling
matrix Gi. Let T = 1, ¢ = 0.5, and I' = diag{1, 1}. Using
Matlab, we get solutions Q; and P; to (19) and (21)as Q; = P; =
diag{0.5550, 0.5550, 0.4717,0.4717},j = 1, ..., m. Assume that
every agent takes the same initial value x;(9) = [0.1,0.2]7,i =
1,...,4,60 € [—1,0]. The states of the agents finally evolve into
two clusters, as shown in Fig. 2(a). When t = 0, the states of the
agents achieve complete synchronization, as shown in Fig. 2(b).
So the delay indeed has induced the clustering behavior in this
example.

When the coupled network has the coupling matrix G, and
t = 1, from Fig. 3 it can be seen that the agents finally evolve into
three clusters.

Example 3. A network that realizes 2-cluster synchronization has
the topology shown in Fig. 4. The associated matrix G is

-2 2 0 0 ,-1 1
2 -2 0 0,0 O
o 0 -2 2,1 -1
0 0 2 210 o0 [
"0 10 —1r-2 2
o -1 0 1! —2

which has two zero eigenvalues and the other eigenvalues have
negative real parts. Let groups 1, 2, 3 be {1, 2}, {3, 4}, {5,6},
respectively. It is easy to see from Figs. 4 and 5 that, although there
is no direct connection between groups 1 and 2, the states of the
agents in these two groups finally achieve the same value via the
interconnection with agents in group 3, which have a different final
value.

6. Concluding remarks

This paper has investigated three different mechanisms that
lead to n-cluster synchronization in multi-agent systems. Some
sufficient conditions and/or necessary conditions have been
constructed for systems with different agent self-dynamics, with
delay, or having negative couplings. Numerical examples are given
to verify the effectiveness of the analysis. The three mechanisms
presented in this paper are just examples of different approaches
towards cluster synchronization. It is envisioned that after
gaining insights into the clustering behavior in natural, social, or
engineered systems, more mechanisms can be revealed, and thus
different cluster synchronization models can be constructed whose
advantages and disadvantages can be compared. The mechanisms
studied in this paper might lead to new understanding of the
clustering behavior in natural and man-made systems, and in the
end help to design efficient coordination algorithms for dynamic
multi-agent systems.

Appendix A. Proof for Lemma 2
(Sufficiency) Assume that |G| = 0.Then Gx = 0 has a non-trivial

solution x4, . .., Xy. Let r be one of the indices for which |x;|, i =
1,...,N,ismaximum. Then |x;| < |x,|,for1 <i<lj4+---4+1,_1.
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(a) When t = 1, the agents evolve into two clusters. (b) When t = 0, the agents achieve complete synchronization.
Fig. 2. The evolution of the states x;(t) fori=1, ..., 4.
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Fig. 3. The agents evolve into three clusters with G, when t = 1.

Group 2

Group 1

Group 3

Fig. 4. The topology of a network.

Suppose that the contrary is true. Then consider the ith row of Gx.
One has

(—gi + Dlxe| = (=g + DIxil < D _gilxil < > gyl .

i J#i
It follows that |x;| < 0, which contradicts the fact that |x.| > 0.
We conclude thatr > Iy + -+ - + [,_1.

For any k satisfying |x;| > [x|, one has g = 0. Otherwise,
consider the rth row of Gx; one has

Fig. 5. State trajectories. (Agents 1, 2, 3, 4 are in the same cluster.)

—grlx | <) gilxl < D glxel = —grlxil,
J#r J#T
which is a contradiction.

Let s be the number of indices j for which [x;| = |x,|. Then the
rthrow contains N —szerosand g = 0,for1 <k <lj+---+I,_.
All the s corresponding rows contain N —s zeros in the same places.
So, by the same permutations of the rows and columns, matrix G
can be transformed to

U U
11 12 , (A.1)
0 Uy
where U,; € R is a square matrix and Uj;; contains
G —1 G1,n—1
as a submatrix in the upper left corner.
Gn-1.1 Gn—1,n—1—1

Thus there is no directed path from any informed agent to the naive
agent in the block Us,.

(Necessity) If, for s naive agents, there are no directed paths
from any informed agent, then G can be transformed to (A.1) by
the same permutations of the rows and columns such that U,
only contains s naive agents. U,, having zero row sum implies that
|G| = 0, which is a contradiction.
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Appendix B. Proof for Lemma 3

Let € = C([—7, 0], R™). For any ¢; € C, we define ||¢i||. =

SUP_,<p<o lI4i(@) . For any ¢ = [¢], ..., {1, where ¢; €
C, 1 < i < N, we denote the solution of (15) through (0, ¢) as

x(t, ) = [XL(t, }), ..., xL(t, )]", and define x, (¢) = x(t+6, ¢),
6 € [—7,0],t > 0; thenx;(¢) € Cforallt > 0.

Now consider two solutions x(t, ¢) and x(t, ¢) of (15). Define
wi(t) = xi(t, ¢) — xi(t, @), w(t) = [wi(©), ..., w{ O, wi(t) =
[w1i(E), ..., wn(O)], and w(t) = [ﬁ){(t), o, wE(O]T. 1t follows
from (15) and (20) that

wi(t) = Bwi(t) + h(xi(t, ¢)) — hxi(t, @)

N
+c Zg,-jl’wj(t — 1)+ cdilM(wi(t — ) — w;(t)).
j=1

Since the matrix inequalities (21) are valid, there exists a
positive constant € such that

O — 2(bj + H)I + €l — 2cy;D + Pie"  cy;(G+ D)
= cy;(G" + D) —P;
are negative definite for allj = 1, ..., m. Consider the candidate

Lyapunov function
N m ¢

V(t) = Z wiT(f)wi(t)eet + Z/ ﬁ)]T(S)I)j&)j(S)eE(S+T)dS.
i=1 j=1Jt=1

By similar calculations as in the proof of Theorem 6, we obtain

w;(t) }<O
)| —

li)j(f -

V() < ety ] (0), W] (t — 7)1 [
j=1

Therefore, V(t) < V(0), from which it follows that

Ix(t, ¢) — x(t, )| < Me™2"||¢ — ¢l|-,
where M > 1is a constant. Then, it is easy to see that

I%(®) — X (@)l <Me 2 p — g, (B.1)

Comparing (B.1) and Eq. (5) in Cao (1999), it is easy to see that,
using similar arguments to that in Cao (1999), one can conclude
that system (15) has exactly one periodic solution with period w,
and all the other solutions converge exponentially to itas t — oo.

t>0,

Appendix C. Proof for Lemma 4

We give the proof for the case when n = 2. The proof for the
general case n > 2 can be proved following similar steps.

(Sufficiency) This has been proved as Lemma 6 in Yu and Wang
(2009).

(Necessity) Let ] = diag{Jy,...,Js} be the Jordan form of G,
i.e., there exists a non-singular matrix P such that G = PJP~!. Then
lim e® = P lim diag{e'", ..., 5}~
t—00 t—o00
lim;_, o € exists if and only if the J; are zero matrices or the
eigenvalues of the J; have negative real parts. Let uy, ..., uy be
the columns of P and v], ..., v} be the rows of P~!. Then the fact
that (24) holds implies that J has the form ] = diag{Oy, Z}, where
O is the k-dimensional zero matrix and the eigenvalues of Z have
negative real parts. We have

k
oot _pllk Ofp-1_ T
ime =g gJr =D ul
i=

Since rank(uv]) = 1and rank(Y_N, up] = 1) = N, Y&, up!
must have rank k. Combined with (24), one has k = 2 and u1v1T +

uvy = mal + npal, which implies that G has exactly two zero
eigenvalues and all the other eigenvalues have negative real parts.
In addition, one has

T

T T T T T
U1y + U1V =g, ..., U Uy + U Uy = o,

which implies that (uy; — ugvl + (Ui — ) vl = 0.Thenuy; = uy;
and uy; = uy; for 1 < i, j < I;. Using similar arguments, we have
Uy =---

= Uy, Uiy+1 = -+ - = i,

Uyp = -+ = Uy, Uzl 41 = UN.

If uj; = 0, then [0f, 1] 1" is a right eigenvector associated with
0, and so is [1T1,0,T2]T. Ifuy; # 0, [0,T1, Wlﬁf is a right
eigenvector associated with 0. So [OT1 , 1{2]7 and [lTl , O,TZ]T are right
eigenvectors associated with 0.

Without loss of generality, choose u; = 1, = [llTl, OITZ]T and

Uy =1y = [OTl, IE]T, then 771(1)1 —O{])T+T72(U2 —Olz)T =0, which
implies that vy = 7 and v, = «,. Hence, one hasa] G = 3 G = 0.
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