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Identifying the interactions in a colored dynamical network™
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The interactions of a colored dynamical network play a great role in its dynamical behaviour and are denoted by outer
and inner coupling matrices. In this paper, the outer and inner coupling matrices are assumed to be unknown and need to
be identified. A corresponding network estimator is designed for identifying the unknown interactions by adopting proper
adaptive laws. Based on the Lyapunov function method and Barbalat’s lemma, the obtained result is analytically proved. A
colored network coupled with chaotic Lorenz, Chen, and Lii systems is considered as a numerical example to illustrate the

effectiveness of the proposed method.
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1. Introduction

Many large-scale physical systems consisting of interac-
tive individuals are usually modelled by complex dynamical
networks, in which the nodes denote the individuals and the

I=101 Generally, the

edges denote the interactions among them. !
interactions are denoted by the outer and inner coupling ma-
trices. The outer coupling matrix denotes the topology and the
coupling strength of the network, from which one can know
whether a pair of nodes affect each other. The inner coupling
matrix denotes the interactive manner between a pair of nodes.
Take a network coupled with a chaotic Lorenz system as an
example, if the first, second, and third components of a pair
of nodes affect each other correspondingly, the inner coupling
matrix between them is an identity matrix. Due to the com-
plexity of real dynamical networks, the node dynamics and
the interactions may be different. Take a dynamical network
coupled with chaotic Lorenz and Chen systems as an exam-
ple, one pair of nodes interact only in the first component, and
another pair of nodes interact only in the last component. For
better describing this kind of network, namely a colored graph
in mathematics, a colored network consisting of colored nodes
and colored edges is proposed.[®!%1 Two nodes with different
colors have different node dynamics, and two edges with dif-
ferent colors denote the two pairs of nodes have different in-
teractions.

As we know, interactions of a network play a great role
in its dynamical behaviour. For example, a dynamical net-
work with different outer and inner coupling matrices can dis-
play a totally different synchronization region,!'!! even dis-
continuous synchronization regions.!'?! Moreover, the liter-
ature has studied the relationship between the network syn-
chronizability and network structural parameters.[!>!# How-
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ever, in many real networks, the interactions are not exactly
known beforehand. Therefore, how to identify the interac-
tions in a network becomes a hot topic and has been widely
studied.!>2% Yu er al. suggested a method for estimating the
topology of a network for the first time.!'>! Wu ez al. identified
the topologies of general weighted networks with time-varying
coupling delays.!'®! Mei ez al. considered the finite-time struc-
ture identification of a dynamical network.!??! In all the above-
mentioned literature, the inner coupling matrix is assumed to
be known, i.e., only the outer coupling matrix is unknown and
to be identified. Naturally, if the outer and inner coupling ma-
trix are both unknown, how to identify them is a challenging
and important problem. In particular, the inner matrices of a
colored network may be totally different, and how to identify
them deserves further studies.

Motivated by the above discussion, this paper considers
the identification of interactions in a colored network with
the same dimension node dynamics. By introducing proper
adaptive laws, an effective network estimator is designed for
identifying the unknown interactions. According to the Lya-
punov function method and Barbalat’s lemma, the proof is
completed. Section 2 introduces the network model and some
preliminaries. Section 3 gives the main result. Section 4 per-
forms a numerical simulation to verify the effectiveness of the
derived theoretical result. Finally, Section 5 concludes the pa-
per.

2. Model description and preliminaries

Consider a colored network consisting of N nodes, which
can be described by

N
@i(1) = filzi(0)+ ), aiiHij(x,(t) —xi(r),

J=Li#i
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i=1,2,...,N, (1)

where ;(t) = (x;1(t),x2(t), .- -, Xin(t))T € R" is the state vari-
able of node i, f; : R" — R" is a nonlinear vector-valued
function and denotes the local dynamics. Matrix A = (a;;) €
RN*N s the outer coupling matrix and denotes the coupling
strength and topology. If there is a connection from node j to
node i (i # j), then a;; # 0; otherwise, a;; = 0. The diago-
.,N. Matrix
H;; = (hkl ) € R™" is the inner coupling matrix. If the change
rate of the k-th component of node i (i.e., X (t)) is affected by
the difference between the /-th components of nodes i and j
(i-e., xi(¢) — xy(t)), then h’d = 1; otherwise, hkl 0.

In this paper, both the outer and inner couphng matrices

nal entries of A are zero, i.e., a; =0, i=1,2,.

are assumed to be unknown and need to be identified. Let
= auhk and Cj; = (c f‘jl) € R™", then the problem of iden-
tlfylng a;j and H;; becomes the problem of identifying C;;.
Define Cj; = —Z?’:L#ia,-jH,»j. Then, the network (1)
can be written as

ai(t) = fi(zi(r)) i=12,....N. ()

N
+Y Cijx(1)
=

For identifying the matrices Cj; in network (2), we design
the following network estimator:

(1) = Filwilt) +/_21Dl, (1) + i),
wilt) = —d(0)(wi(0) — (1),
() = nﬁl@l( ) — o) (anle) — 1),
(6) = —~8((t) ~ w0 0), G
where i,j = 1,2,....N, ki = 1.2,....n, wit) =
(i1 (1)32(1), ., yin(1))T € R" is the state variable of node

i in the network estimator, Djj(t) = (dlk]l (1)) € R, dl.kjl(t) is

the estimation of ¢!, u;(¢) is the adaptive feedback controller

l] ’
applied on node i, d(t) is the adaptive feedback gain, 1 and &
are positive constants.

Let e;(r) = y;(¢t) — x;(t) be the synchronization error, we

have the following error system:

N
)+ Y. Cije;(t)
=1

N
Y (Dij(t) = Cij)y;(t) — d(r)ei(r),

fl(ml

-+
I

dil(r) = —Sex(t)yj(t). 4)

Assumption 1 Suppose that there exists a positive L such
that
(y—a)" (fily) —

fi(x)) §L(y—w)T(y—w), i=1,2,...,N,

holds for any x, y € R".

Assumption 2 Suppose that {y;(1)}; 11 1 are linearly
independent for ¢ > 0.

Barbalat’s Lemma!®! If & : R — R* is a uniformly
positive function for r > 0 and if the limit of the integral
lim, e [ @ (7)d7 exists and is finite, then lim, .. ®(¢) = 0.

3. Main result

Theorem 1 Suppose that Assumptions 1 and 2 hold.
Then the unknown matrices C; = (c; ]) of the colored net-
work (2) can be identified by the estimated matrices D;;(t) =
(dlk][ (t)) of the network estimator (3).

Proof Consider the following Lyapunov function candi-

date:
1 y T 1 g C kl kl 2
V() = Y e teit)+ 553, 3 Y Y (dij (1) —cij)
2‘—1 26 i=1j=1k=1I=1
= =1j= =] /=
d _gx\2
L d0-a?
2n

where d* is an arbitrary positive constant to be determined.
Then the derivative of V'(r) with respect to ¢ along the
trajectories of Eq. (4) is

) N N N n n
Vi) = Yefwen+s Y Y Y Y (@) -

)kl o)

< LY e+ Y ¥ el 0)Che ) —d" ¥ el et
i=1 i=1j=1 i=1
= e (t)(LIy, + (C+C") /)2 —d* Iy,)e(t),
where e(t) = (el(t),el(?),...,eL()", Iy, is Nn-

dimensional identity matrix, and the matrix C'is defined as

Cn Cpp ... Cin

Cy Cyp ... O
C= . . .

CNl CN2 cen CNN
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Let Ac be the largest eigenvalue of matrix (C + CT)/2,

then one can choose d* = L+ A¢ + 1 such that

V() < —e'(r)e(r).

Then, one has

1 1
lim [ eT(s)e(s)ds < —lim [ V(s)ds

t—oo J() t—oo ()

= V(0)~ lim V().

and sup,( V(¢) <V(0), i.e., V(¢) is bounded. That is to say,
e(t) € L, and e(¢) are bounded, i.e., E(f) € L. From er-
ror system (4), E(t) exists and is bounded for ¢ € [0, +oo).
According to Barbalat’s lemma, we obtain lim,_,.e(t) = 0,
Then, as t — oo, y(t) =
,y5(t))T converges to the following largest

followed by lim;.é(t) = 0.
CHOBZION

invariant set:

[V]z

&={y(t): ) (D) —Cij)y;t) =

From Assumption 2, we have dl-k} (1) — ci‘]l . That is, the
coupling matrices of network (1) are identified when the syn-
chronization between networks (2) and (3) is achieved. Thus,
the proof is completed.

Remark 1 In colored network (1), the inner coupling ma-
trices H;; need not be diagonal. If the inner coupling matrices
H;; are diagonal, i.e., Hkl 0 for k = [, then the adaptive laws
about dlkjl( ) in (3) can be replaced by d,k]l( ) =0 for k # [ and

dif(t) = =8 ¥ ea()yu(t), k=1,2,...,n,i,j=1,2,....N

4. Numerical simulations

In this section, a simple colored network consisting of 3
colored nodes and 3 colored edges is considered in a numeri-
cal example to verify the effectiveness of the obtained result,
which is shown in Fig. 1. The first, second, and third node
dynamics are chosen as the Lorenz system[?®]

X1 :10()62 7x1),
Xp =28x1 — Xx1X3 — X2,

X3 =X1Xp — SX3/3,
Chen system!?’]

X1 235()62 —xl),
Xy =—Tx1 —x1x3 +28x3,

X3 =x1x2 — 3x3,

0.1 0.2

0.3
U3 V2

Fig. 1. (color online) A simple colored network consisting of 3 colored
nodes and 3 colored edges. The red, green, and blue nodes are chosen
as the Lorenz, Chen, and Lii systems, respectively.
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Fig. 2. (color online) The orbits of d% (¢), k,i = 1,2,3. Clearly, d}3,
d22 and d32 converge to 0.2 and 0ther§ converge to 0 as t — oo, which
ylelds aix =0.2and hl3 = k33 = i3} = 1. That is, the interactions be-
tween nodes 1 and 2 are identified.

and Lii system!?®]
=36(xy —x1),
Xy = —x1x3 +20x3,
X3 =x1x2 — 3x3.

The outer and inner coupling matrices in Fig. 1 are chosen as

follows:
0 02 0.1 0 0 1
A=|02 0 03|, Hp=({0 1 0],
0.1 03 0 1 0 0
1 0 O 01 0
Hi;=]10 1 0|, Hp= 1 0O
0 0 1 0 0 1

In numerical simulations, choose 1 =5, 6 = 5, the ini-
tial values df‘jl(O) = 0.5, and d(0) = 10. Moreover, choose the
initial values of x;(t) and y;(¢) randomly. From Fig. 2, one
can find dllg’, dlzg and d?21 converge to 0.2, and others converge
to 0 as t — oo, which yields a; = 0.2, h}3 =hi3 =hil = 1.
That is, the interactions between nodes 1 and 2 are identified.
Similarly, from Figs. 3 and 4, we have aj3 = 0.1, a3 = 0.1,
hi} = h33 =3 =1, and h}3 = h3} = 133 = 1. That is, all the
interactions in the colored network are identified.

Remark 2 In the above numerical example, for simplic-
ity, a colored network consisting of 3 colored nodes and 3 col-
ored edges is considered. From the network model (1) and the
proof of Theorem 1, a colored network considered in this pa-
per consists of N nodes. That is, the proposed method in this
paper can handle the networks with more than 3 nodes.
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Fig. 3. (color online) The orbits of d¥4(¢), k,/ = 1,2,3. Clearly, d}},
d12§ d?g’ converge to 0.1 and others converge to 0 as ¢ — oo, which yields
a13=0.1, h}} = h?% = h}3 = 1. That is, the interactions between nodes

Though the node dynamics of the colored network con-
sidered in this paper can be different, they have the same di-
mension. In real networks, the node dynamics may have dif-
ferent dimensions. How to design an effective network estima-
tor for identifying the interactions of a colored network with
different-dimensional node dynamics is a challenging prob-
lem and deserves further studies. On the other hand, if the
node dynamics of a colored network are also unknown, how
to extend the topology identification methods from observed
dynamical time series, such as Granger causality®"! and com-
pressive sensing!®4 method, to identify the unknown inter-
actions of a colored network will be considered in our future

1 and 3 are identified.

0.8

—0.2 —dyy ——dly ——di} - di - dB - oayy
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Fig. 4. (color online) The orbits of d&4(¢), k. = 1,2,3. Clearly, d}2,
d%, and d%; converge to 0.3 and others converge to 0 as t — oo, which
gives a3 = 0.1, h;% = h%% = hg = 1. That is, the interactions between
nodes 2 and 3 are identified.

5. Conclusions and discussion

In this paper, the identification problem of a colored dy-
namical network is considered. Compared with the existing re-
sults about the identification problem of dynamical networks,
not only the outer coupling matrix but also the inner coupling
matrices are unknown and need to be identified. The inner
coupling matrices can be totally different. For identifying the
unknown interactions (outer and inner coupling matrices), an
effective network estimator with proper adaptive laws is de-
signed. According to the Lyapunov function method and Bar-
balat’s lemma, the result is rigorously proved. Finally, a nu-
merical example is provided to illustrate the effectiveness of
the obtained result.

work.
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