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DRIVE NETWORK TO A DESIRED ORBIT BY PINNING
CONTROL

QUANJUN WU AND HUA ZHANG

The primary objective of the present paper is to develop an approach for analyzing pinning
synchronization stability in a complex delayed dynamical network with directed coupling. Some
simple yet generic criteria for pinning such coupled network are derived analytically. Compared
with some existing works, the primary contribution is that the synchronization manifold could
be chosen as a weighted average of all the nodes states in the network for the sake of practical
control tactics, which displays the different influences and contributions of the various nodes
in synchronization seeking processes of the dynamical network. Furthermore, it is shown that
in order to drive a complex network to a desired synchronization state, the coupling strength
should vary according to the controller. In addition, the theoretical results about the time-
invariant network is extended to the time-varying network, and the result on synchronization
problem can also be extended to the consensus problem of networked multi-agent systems.
Subsequently, the theoretic results are illustrated by a typical scale-free (SF) neuronal network.
Numerical simulations with three kinds of the homogenous solutions, including an equilibrium
point, a periodic orbit, and a chaotic attractor, are finally given to demonstrate the effectiveness
of the proposed control methodology.
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1. INTRODUCTION

During the last few decades, the synchronization of complex dynamical networks has
been the subject of extensive research from various fields such as biology or ecology,
physics, and control engineering. Especially, special interest has been focused on syn-
chronization and control in large-scale complex dynamical networks composing of cou-
pled chaotic oscillators with variety networks topologies such as small-world, scale-free
features and random graph, etc., [1L 2 18] 27, 28]. Meanwhile, a great many synchroniza-
tion criteria (conditions) have also been addressed for different networks coupling such as
time delays, time varying and impulsive characters, etc, (see [9, [T}, [15] 16}, 19} 20, 2T, [38]
and relevant references therein).

As is well known now, the real-world complex networks generally have a large number
of nodes, which lead to the fact that it is usually difficult to control such complex network
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by adding the controllers to all nodes. To reduce the number of controlled nodes, some
feedback injections have been added to a fraction of network nodes, which is known
as pinning control. As a result, some researchers have focused on the investigations
different pinning control strategies for various complex dynamical networks [Bl 8, [0,
141, 22] 23, 241 25], 26], 29, 30} B1], 32, 33|, B4}, [35], [36, B9]. For example, Wang and Chen
[29] revealed that, it is much more effective to pin some most-highly connected nodes
than to pin randomly selected nodes since the extremely inhomogeneous connectivity
distribution of scale-free networks. Li et al. [10] proposed the concept of virtual control
to display that the control actions applied to the pinned nodes can be propagated to the
rest of network nodes through the couplings in the network, and eventually, result in the
synchronization of the whole network. While Chen et al. [5] proved that, if the coupling
strength is large enough, even one single pinning controller is able to control a large
network. Furthermore, Lu [14] introduced an adaptive dynamical network by integrating
the complex network model and adaptive technique, and discussed the synchronization
of such network. Sorrentino et al. [25] presented a scheme for the numerical exploration
of pinning-controllability by the master-stability function. In addition, Zhou et al. [39]
addressed an adaptive pinning control law with the property that a sufficient number
of controlled nodes are selected arbitrarily. And later on, Yu et al. [36] concerned
with pinning performance of complex dynamical network. Other research works about
pinning control of complex networks can be seen in [8, [12] [17], 22] 23] 24|, 26| 301 3T, 32,
33, 34 [35] [40, [41] and many references cited therein.

However, among the above control approaches, the controlled synchronization man-
ifold is only taken into account to be a special solution of the homogenous systems
[ 5L 8, 10, 18, 19, 20] 22 23] 24, 27, 29, Bl B0, B34 35, B3] 32] 36, B38|, 39, [40], 41].
To solve these problems, recently we developed a new and effective control approach to
synchronize an arbitrary given complex delayed dynamical network with directionally
coupling to a desired synchronization orbit, which could be chosen as a weighted average
of all the nodes states in the network in the aim of practical control tactics [42]. In view
of the reality, here the proposed control tactics considers the different influences and
contributions of all the nodes in synchronization seeking processes of the complex de-
layed dynamical network. On the other hand, most previous studies focused mainly on
pinning synchronization for time-invariant dynamical networks, i.e., the coupling con-
figuration matrix is invariable. However, time-varying networks exist in a wide variety
of natural and synthetic system [20], such as telecom communication networks, inter-
personal relationship networks, and social economic networks. Hence, it is necessary to
study pinning synchronization issue in time-varying complex dynamical networks. In
addition, a topic closely related to synchronization is consensus [6l [7], and it is clear
that the consensus is a special case of synchronization. Thus, all the results concerning
synchronization can be applied to consensus problem. This paper is an attempt toward
these goals. Therefore, these studies are especially important to understand dynamical
behaviors and practical architectures of more realistic complex networks.

Motivated by the aforementioned comments, the main contribution of this work is
to propose an approach for analyzing pinning stability in a complex dynamical complex
delayed dynamical network comprised of linearly coupled identical oscillator systems. We
intend to design an appropriate feedback controller such that the states of the dynamical
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network exponentially synchronize to a desired synchronization orbit, which is presented
in terms of a weighted average of all the nodes states in the network. In addition, it
is found that in order to make all of the nodes in the dynamical network synchronize
to a desired synchronization orbit, the choice of the coupling strength changes with the
choice of the controller. And some sufficiency conditions for synchronization stability
of such directed network are presented. Furthermore, the theoretic results are extended
to the time-varying complex networks, as well as the consensus of complex networks.
Finally, simulations of a typical scale-free (SF) coupled neuronal network are given to
verify the correctness of the theoretical results.

The organization of the paper is as follows. In Section 2, some mathematical prelimi-
naries relevant to complex delayed dynamical network are first introduced, and then the
problem formulations for pinning synchronization seeking in a general mode of complex
dynamical network with directionally coupling are presented. In Section 3, some sim-
ple yet generic sufficient conditions for pinning synchronization are derived analytically
based on the stability theory of dynamical system. These criteria can be easily used to
synchronize an arbitrary given delayed dynamical network to a desired synchronization
orbit. In Section 4, a typical scale-free (SF) coupled network composing of delayed cel-
lular neuron (DCN) oscillators is used as an example to illustrate the developed pinning
control strategy, and numerical simulations are also done to demonstrate the effective-
ness of the proposed control techniques. Finally, some concluding remarks are given in
Section 5.

2. PRELIMINARIES AND FORMULATIONS

Throughout this paper, the following notations and definitions will be used.

Let R = (—o0,+00) be the set of real numbers, RT = [0, +00) be the set of non-
negative real numbers, and ZT = {1,2,...} be the set of positive integer numbers. For
the vector u € R™, u' denotes its transpose. The norm of the vector u is defined as
|ul| = (u"u)/2. R"*" stands for the set of n xn real matrices. I,, € R"*" is the identity
matrix of order n. For the matrices A € R"*", A® = (A+ AT)/2 is its symmetric part,
Amin(A) and Apax(A) denote its minimum and maximum eigenvalue, respectively. For
the symmetric matrices A € R"*™, A > 0 (A > 0) means that A is positive definite
(semi-positive definite). The spectral norm of A is defined as || A = [Amax (AT A)]*/2.
Matrix dimensions, if not explicitly stated, are assumed to be compatible for algebraic
operations. For A = (a;;) € R"*™, B = (b;;) € RP*9, the Kronecker product of A and
B is defined as

auB almB
A®B = :

a1 B - apmB
For the later use, we need the following lemmas.

Lemma 2.1. (See Chen, Liu, and Lu [5]) If A = (a;;) € R™*™ is an irreducible matrix
with Rank(A) = n — 1 and satisfying a;; = aj;, if @ # j, and 327, a;; = 0, for
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i=1,2,...,n. Then, all eigenvalues of the matrix
ail —&€ a2 - Qip
. a1 a2 Q2n
A=
apl an2 Apn

are negative for any positive constant e.

Lemma 2.2. (See Zhou and Chen [37]) Let v(t) > 0 for t € R, 7 € [0,400) and ¢y € R.
Suppose that

0(t) < —av(t) + b( sup v(s)))7

t—7<s<t
for t > ty. If a > b > 0, then there exist constants v > 0 and k£ > 0, such that
v(t) < ke for > t.

Now we consider a general model of time-varying complex dynamical network con-
sisting of IV linearly coupled identical nodes, where each node of the network is an
n-dimensional nonautonomous dynamical system with time-varying delays. The state
equations of the whole network are described by the following differential equations:

N
CCZ(t) = f(t,xl(t),xl(t—T(t))) +CZb”(t)F(t)$](t), 1= 1,2,,N, (1)

in which x;(¢t) = (2i1(¢),...,2i,(t))T € R"™ are the state variables of the ith dynami-
cal node, f: R x R™ x R® — R" is continuously vector-valued function governing the
dynamics of isolated nodes, the time delay 7(¢) may be unknown but is bounded by a
known constant, i.e., 0 < 7(¢) < 7, the positive constant ¢ is the coupling strength,
I'(t) = (Va(t))nxn € R™™ is the inner-connecting matrix of the network at time
t, B(t) = (bi;(t))nxn is the coupling configuration matrix representing the coupling
strength and the topological structure of the network at time ¢, in which b;;(¢) is de-
fined as follows: If there is a connection from node ¢ to node j (j # ¢) at time ¢, then
b;;(t) # 0; otherwise, b;;(t) = 0 (j # ¢). Without loss of generality, we further assume
that the coupling matrix B possesses the following properties [3] (4 [42]:

N
D bi(t) =0, bi(t) =0 (i#ji=12...,N). (2)

Jj=1

As stated in literature [B, @, 5], the coupling matrix B(t) can be regarded as the
Laplacian matrix of a weighted graph with a directed spanning tree, it has an eigenvalue
0 with multiplicity 1, and all the other eigenvalues have negative real parts at any time
t. Tt should be noticed that, the coupling configuration matrix B(t) is not necessarily
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a symmetrical or irreducible matrix, and the inner connecting matrix I' is not assumed
to be diagonal or positive definite. Obviously, the network (1) is a generalization of the
model discussed in [l 10, 27, 28]. As usual, the model (1) is also called as the general
time-varying complex delayed dynamical network.

Next we consider an isolated dynamical node in the model (1), which is described by
the following form of n-dimensional differential equations with time-varying delays [3]:

&(t) = f(t,2(t), x(t = 7(1))) = Ax(t) + g(t, (1), 2(t = 7(1))), (3)
in which z(t) = (21(t),...,z,(t))"T € R*, A € R™*", and the vector-valued function
gt,z(t),z(t — 7)) = [g1(t, 2(t), x(t — T7(1))), . . ., gn(t,x(t),z(t — 7(t)))]T € R™ satisfies
uniform Lipschitz condition with respect to the time t, i.e.,

(Al) For any .'I}(t) = ($1<t)7 s axn(t))—r € Rna y(t> = (yl(t)a o ay’n(t))—r € Rn7 there
exist constants k;; > 0, and [;; > 0 satisfying

gi(t, 2(t), 2(t — (1)) — g (t, y(t), y(t — T(t)))‘

n

<

(kislos () = g (O] + lslary(t = 7(0) =yt = 7(®)]), i=150eime (4)

J

Remark 2.3. In general, we are mainly interested in control and synchronization of
complex networks composing of coupled dissipative dynamical systems, where the un-
coupled dissipative dynamical system may possess an equilibrium point, a periodic orbit,
or even a chaotic attractors [29]. Therefore, we always assume that all the solutions of
(3) are bounded. And it is not difficult to check that the class of systems in the form of
Egs. (3)—(4) includes almost all the well-known chaotic systems without or with time
delays such as the Lorenz system, Chen system, Chua’s circuit, Rossler system as well
as the delayed Hopfied neural networks, delayed Mackey—Glass system or delayed Ikeda
equations and delayed cellular neural networks (CNNs), and so on (see [3, 42] and their
references).

Now we shall address pinning synchronization in complex delayed dynamical network
(1) by feedback controllers. The primary objective here is to design and implement an
appropriate pinning strategy on a small fraction € (0 < ¢ < 1) of the nodes in network
(1) such that all the states of the controlled network will exponentially synchronize to a
desired synchronization state s(t), which is presented in terms of a weighted average of
all the states in the network. More concretely, this is to say,

N
Jim [l () —s()] =0, s(t) = ;kak(t), i=1,2...,N, (5)
where z;(t) (i = 1,2,..., N) are the solutions of the delayed dynamical network (1), and

&k (k=1,2,...,N) can be chosen such that chvzl & =1 and & > 0 for the purpose of
practical control strategy [3, 42]. In this case, the controlled network can be described
as

N
xl(t) = Axi(t) + g(t,xi(t),xi(t - T(t))) + CZbij(t)F(t)l‘j(t) + Ui7 1= 1, ce 7]\7. (6)
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Remark 2.4. Distinctly, it turns out that the developed control tactics consider both
the different influences and contributions of all nodes in synchronization seeking pro-
cesses. In general, among most previous studies, the controlled synchronization state
is only taken into account to be a special solution of the homogenous systems, that is,
$(t) = f(s(t)) M 4, B [8, 10, 18, 19, 20, 22 23] 24) 27, 29] BT, B0, B4, 35, B3], 32, [36]
38, 139, 40, 4T1]. Or consider an average of all the nodes states in the networks, namely,
s(t) = + Z]kvzl xi(t) [9, B7]. However, it is well known that, the synchronization of
the networks not only depends on the topology of the entire networks, but also heavily
depends on the dynamic of each node [3, [42]. In this paper, we present an effective
control approach to synchronize an arbitrary given complex delayed dynamical network
with directed coupling to a desired synchronization orbit, which could be chosen as a
weighted average of all the nodes states in the network in the aim of practical control
tactics, that is to say, s(t) = Eszl &k (t) with 25:1 & = 1. In addition, the con-
trolled synchronization state s(t) here may be an equilibrium point, a periodic orbit, or
a chaotic attractor, among the others [3] 42].

3. PINNING SYNCHRONIZATION

3.1. Time-invariant dynamical network

When B(t), I'(t) are constant matrices, network (1) becomes a time-invariant dynamical
network

N
ii(t) = f(t,xs(t), zi(t — 7(1))) —I—CZ bi;Tz;(t), i=1,2,...,N, (7)

Without loss of generality, let the nodes i1, 149, ...,%; be selected as the pinned nodes
and rearrange the order of the nodes in the network (7) such that the first | = [eNV]
nodes are pinned or controlled [29]. Let

Ui = —di(ilii(t) — S(t)), 1 S ) S l,
Ui =0, (I+1)<i<N,

(8)

where d; are constants called the control gains. Substituting (8) into (7), we have

wi(t) = Ami(t) + g(t,mi(t), wi(t — 7(1)) + ¢ 0, by T (1)
—d;(z;(t) — s(t)), 1<e<l, o)
Bi(t) = Awi(t) +g(t,mi(t), it — 7(8)) + ¢ S0y bigTw;(2),
(I+1)<i<N.

By introducing the synchronization error e;(t) = x;(t) — s(t) (i = 1,2,...,N), then
the error dynamical system is governed as follows:
Gilt) = Aei(t) + (glt,ws(0),ilt = (1)) = glt, (1), 5(t — 7(1))))
+c Zjvzl b,‘jF@j(t) — diei(t) + J, 1< <,
Gilt) = Aei(t) + (g(t,i(), il = 7(1)) — g(t, 5(0), 5(t — 7(1))))
“+c Z;\;l bijI‘ej(t) + J, (l + 1)
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where
J:g(t,s(t) (t—r(t ) Z«fkgtxk Jaw(t —T(t —cZZ@bk]Fe
st
We define
e1(t) J
o(t) = 62.(t) | i J |
en(t) J
and
g(t,z1(t), z1(t — 7(t)) — g(t, s(t),s(t — 7(¢)))
#(t) = g(t, za(t), m2(t — T(t))):* g(t, s(t), s(t — (1))
g(t,an(t),zn(t —T(t))j g(t,s(t), s(t — (1))
Let
A=(Iy®4), B=(BoTl), 1=(Iy®I,), D= (DI,
where the matrix D = diag(ds, .. di,0. .. 0), and the notation @ indicates the Kro-

N1
necker product of both matrices. Thus, the error dynamical system (10) can be given
by

é(t) = Ae(t) + §(t) + cBe(t) + J. (11)

Suppose that Amin (I'*) # 0 and ||T'|| > 0. In this section, let the matrix B be defined

as BN AT pA-3 + A 2BTA2 — A where the weight matrix A = diag(&y,...,¢N),

A% = dlag(\/iwnﬂ/ N)7 _% = (A ) 1 B (blﬂ NxN, A = dlag o1, .. 6N) with

- bis||T°[], i #J, 3 gj
bij = s ) . Z bzy + ]z
bii)\min(r )a =7, j=1

Then the matrix B is a symmetrical irreducible matrix with zero-sum and nonnegative
off-diagonal elements. This implies that zero is an eigenvalue of BA with multiplicity 1,
and all the other eigenvalues of BA are strictly negative. Its eigenvalues can be ordered
as 0 = Ay > Ay > -+ > An. Furthermore, the eigenvalues of the matrix (BA - %D) can
be ordered as 0 > p1 > o > ... > un.

Theorem 3.1. Consider the controlled complex delayed dynamical network (9). As-
sume that, the following condition is satisfied in addition to (A1),

(A2) There exists a number ¢ € [0, 1], such that a + cuy + 5 < 0,
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where
@ = Amax(24° 4+ P) + cAmax(A),
B = maxi<r<n oeoql 12079,
P = diag(p1,p2, ---,pn) with p, = >0 (K% + 12 + 2= 6))

Then the controlled complex delayed dynamical network (9) is exponentially synchro-
nized to s(t) = Zijjﬂ &y (t) with Zivzl & =1(& > 0).

Proof. Letv(t) = (v] (t),v] (1),..., vk (1) = (VEre] (), vVEed (1), VEneh(D)T,

construct a Lyapunov function as

1 1 Y
VW = 5T OO L)) = 53 &el (et
N
= %Z'U;r(t)’vi(t) = %UT({;)(IN ® In)v(t) (12)
i=1

Differentiating V (t) with respect to time along the solution of Egs. (10), we can get
V(t) = Z fl z
- }j@ 0{Aeit) + (ot 2i(0),2:lt (1) — a(t, (), s(t — 7()))

+cz bi;Te;(t) + J} @) ((AD) ® In>e(t)

Zfzz (A+A ) )+

=

N
1
N
—gr(t,5(t), st —7(D)| + ¢ Y& Z bise; (H)Te;(t)
1

Jj=1,j#i

IN

S ileir (1) - lgn (3 (8), it — 7(1)))

r=

=

N T
Y bl (1) (F +2F Jeilt) o (D & L)o(1).

By employing Condition (4;), we have

n

N N n
Zfie?(t)Asei(t) + Z Z€i|€zr )| Z ( rsl€is(B)| 4 rsleis (t — T@))')

1=1r=1 s=1

N N
ey D &binFH'”ei(t)”'”ej(t)”+CZfibii)\min(rs)e;(t)ei(t)

i=1 j=1,j#i i=1

—oT (t)(D @ I,)v(t)
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0+ Y e[t

=1 r=1s=1

N
Zfie;r(t)A e
i=1

+(alear (t)]) - (G leas(t — 7

—v " (t)(D @ I,)v(t).

By using the inequality zy < %(mQ +9?), we can obtain

n

V() 1@[(1&: 2. (t)

IN

1N
+22

=1 r=

N
D Gl (1)A°
1=1

1s=

N N
(B2 (6) + B9 (= r(1))] + D0 D &bisllel (1)

i=1 j=1

—vT (t)(D @ Ln)v(t)
Y T 1 algu 2 2
Zgiei (t) +§ZZZ£I{7T§ ir

N n n

1 g
LYY Y

i=1r=1s=

=1s=1
tce' (t) (AB) ) (t) —

N
Z EieiT(t)A e;(t

N
+;zzz£ﬂzz 0
1

1=1r=1s=

IN

IN
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) (kns®leis(t)])

N N
O] +e3 ¢ 2Pl s )]

+k21 5)2()>

I lle; @

N
Il
—
<
Il
-
»
Il
-

+%ceT(t) (AB+B™Me In)e(t) —oT(@(D @ L)o(b).

Based on the definition of the matrix B®, we further have

n

s=1

H~
\

\]

—

~

N

=
—

+
N — =
_|

exlt) + ;fj Sed [0k + 2+ 20 ez

eT(t)(A2 @ 1,7 ((BA TA)® In)
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N N n

Yol WAl +5 5> &met sz Gt - 7))
%mﬁ(t)(BA @ I,)v(t) + %cAmax(A)vT(t)(IN @ I,)v(t)

- T(t>(D ® In)o(t)

IN

IN

: Za A" 4+ P)ec(t) + BV (¢ — 7(6) + yev (1B ® L)o()

%oAmax(A)v () (In ® L)o(t) — v (£)(D @ L)u(t)

[Amax(2As L P+ cAmax(A)] V() + BV (t — 7(t))

IN

%M(t)(éA ® I)v(t) — v () (D ® L,)v(t).

Therefore, we can get

V() < aV(t)+B8V(—r(t)+ %ch(t)(BA @ I)o(t) — v T ()(D @ L)u(t)

1 ~ 2
= e’ [(%IN + BN ED) ® In} o(t) + BV (t — 7(t)). (13)
Based on Lemma 2.1, we obtain 0 > 1 > puo > ... > uy. Since (BA — %D) is a
symmetrical matrix, there exists a unitary matrix U = (uq,...,uy) with UU T = Iy
such that
~ 2 .
(B* = D) = Udiag(p1, pi2, -, pw)U T (14)

Let z(t) = (21 (1), 25 (1),...,2%(t)) ", and introduce a transformation z(t) = (U' ®
I,)v(t). Then

2T (W)z) =0 (U L) (UT @ L)) =v (#)(UUT @1,) = %V(t). (15)

According to Eqgs. (14)—(15), and the property of the Kronecker product of the
matrices, we obtain

%CUT(t) [(%IN +BA — %D) ® In}v(t)

1
- Je’HUe In){diag[% + o, % F o, % + MN} ® In}(UT ® I)u(t)
1

« o o
— fczT(t){diag[— +opr, — oy, — + HN] ® In}z(t)
2 c c c

< gel@ 4 )T @)

= (a+cu)V(1). (16)
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Thus, by (13) and (16), we have

V(t) < (a+cpn) V() + BVt —7(t) < (@ +em)V(E) + 5 sup V(s). (17)

t—17<s<t

It follows from Lemma 2.2 and Condition (Asz) that the proof of Theoremis complete.
O

Remark 3.2. Theorem [3.1| reveals that, for a given dynamical network (7) and the se-
lected weight matrix A, exponential synchronization of the controlled delayed dynamical
network (9) can be achieved by a suitable design of the control gain d; such that the
condition of Theorem is satisfied. It turns out that synchronization of the controlled
delayed dynamical network is heavily dependent on control gain. This point will be
further illustrated through the numerical simulations in the next section.

Finally, specify the weighted matrix A = diag(%, e %), the inner connecting matrix
I" = I,,, and the coupling matrix B be a symmetrical matrix, then its eigenvalues can be
ordered as 0 = A\; > Xy > --- > Ay. It follows that B* = 2B, A = diag(0,0,...,0), and
BA — %D =2(B - %D) Furthermore, it is easy to know the eigenvalues of the matrix
2(B — %D) satisfy 0 > puy > po > ... > uy. Thus, we can obtain the following result
can be derived from Theorem immediately:

Corollary 3.3. Let P and (3 be precisely the same as those of Theorem [3.1] and assume
that, Condition (A4;) holds, we have the following condition:

(A2) Amax(24% + P) + cup + B < 0.

Then the controlled complex delayed dynamical network (9) is globally exponentially
synchronized to s(t) = & Zf\;l x;(t).

Remark 3.4. Theorem and Corollary 3.3 have an advantage that simple and ef-
fective feedback controllers can be provided to synchronize a given delayed dynamical
network to a desired synchronization state. Furthermore the synchronization state con-
sidered here may be not a special solution of the homogenous systems. From condition
([12) in Corollary 3.3, it is easy to verify that if

— ¢y > Amax(24° + P) + 58 (18)

then condition (As) is satisfied with properly coupling strength ¢. It should be noted
that, here p; is determined by the topological structure of the network, the coupling
strength and the control gains. Therefore, it is clear from Corollary 3.3 that if the
coupling strength c is selected properly, then the coupled delayed network dynamical
network (9) is exponentially synchronized to a desired synchronization state.

Remark 3.5. If the controller is revise as [5 [30]:

Us = —cd;(z(t) — s(t)),
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then rewrite (18) as

max(2A4° + P
¢ Amax( M* )8 (19)
1

where p4 is the maximum eigenvalue of the matrix B* — 2D, which is irrelevant to the
coupling strength c¢. Therefore, it is clear from (19) that if the coupling strength c is
sufficiently large, then the network (9) is synchronized to a desired orbit, which is in
accordance with the conclusion in [5]. It should be noted that the theoretical coupling
strength given in (19) is too conservative, usually much smaller than the needed values.
In general, it is desirable to make the coupling strength as small as possible in practice,
while it is quite large in theory. Furthermore, from (18) and (19), we can see that the
choice of the coupling strength c is related to the choice of the controller U;.

Remark 3.6. In particular, if [ = 1, it can provide a simple and effective strategy to
pin a given delayed dynamical network to a desired orbit by a single feedback controller.
In addition, the conditions of Theorem and Corollary 3.3 are all sufficient conditions
but not necessary, i.e., error system may remain exponentially stable, although the
conditions of Theorem [3.1] and Corollary 3.3 may fail.

Consider the time-invariant dynamical network
N
i(t) = f(ti(t), z:i(t — 7(t) + ¢ >_byTa;(t), i=12,...,N. (20)

A topic closely related to synchronization is consensus. The basic idea of consensus
is that each agent updates its state based on the states of its neighbors and its own
such that the states of all agents will converge to a common value. The interaction rule
that specifies the information exchange between an agent and its neighbors is called the
consensus protocol. Let (f =0, = I,,,n = 1), then network (20) can be reduced as

N
t)=cY byzi(t), i=1,2,...,N. (21)

It is clear that the consensus is a special case of synchronization. Therefore, all the
results concerning synchronization can apply to consensus. Choose the controllers as
(8), substituting (8) into (21), we have

chwaj di(zi(t) — s(t), 1<i<l,
t)zczbijxj(t% (l+1)<i<N.
It was shown in [I5] that under some assumptions, we can obtain

Jim |5 (1) ng =0, i=1,2,...,N, (23)
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where [£1, ..., &n] is the left eigenvector of B corresponding to the eigenvalue 0 satisfying

Zszl fk =1.

As in the consensus problem

N N
> Gan(t) =Y &a(0), (24)
k=1 k=1

for all ¢t > 0, we get

N
Jlim fzi(t) =Y &an(0) =0, i=12,...,N. (25)
k=1
When § =& =--- =&y = %, Zi\;l 2(0)/N = Ave(x) = s is an invariant quantity,

then in this case the consensus should be called as the average consensus problem.
Let the matrix B be defined as B = B + BT — A, where A = diag(éy,...,0n) with
0 = Zévzl[bij + bji]. Then the matrix B is a symmetrical irreducible matrix with
zero-sum and nonnegative off-diagonal elements. This implies that zero is an eigenvalue
of B with multiplicity 1, and all the other eigenvalues of B are strictly negative. Its
eigenvalues can be ordered as 0 = Ay > Ao > --- > Ay. Furthermore, the eigenvalues
of the matrix (B — %D) can be ordered as 0 > puy > po > ... > un, where D =
diag(dy,...,d;,0,...,0). Then we have the following results, which is an immediate
—
N—1
consequence of Theorem

Theorem 3.7. Consider the controlled dynamical network (21). If the following con-
dition is satisfied

)\max(A) + 125} < O

then the controlled complex delayed dynamical network (8) is exponentially synchronized
to s(t) = Yorey Epap(t) with Yoo, & = 1(& > 0).

Then the controlled network (21) achieve average consensus globally exponentially to
Ave(z) = Y, 21,(0)/N.
Proof. The proof is omitted here since it can easily be deduced from Theorem [3.1
a
3.2. Time-varying dynamical network

In this section, we consider a time-varying complex dynamical network without delays
for the sake of simplicity, which is described as

N
i) = f(zi(t)) + ¢ > by (DT (H)a;(1), i=1,2,...,N. (26)

Jj=1
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When the network achieve synchronization, the coupling term c Zjvzl bij (T (t)x;(¢)
in Eq. (26) will vanish, it then follows that the synchronization state can be translated
into

N N
$(6) =Y Geiw(t) =D Gef(zn(t) = f(s(t)). (27)
k=1 k=1
Similar to the former section, choose the controllers as
{ (28)
U, =0, (I+1)<i<N.
Substituting (28) into (26), we have
B4(t) = Fla(®) + € 32 by (T () — dilwi(t) — s(), 1< <1,
7=l (29)
(1) = 1(@:(0) + ¢ 3 by (OF @)0), (+1<i<N.
By introducing the synchronization error e;(t) = x;(t) — s(t) (i = 1,2,...,N), then
the error dynamical system is governed as follows:
t) = Flerlt) + 5(0) — F(s(0)) + ¢ 3 by (OT@es (0) — diealt), 1< <1,
=1 (30)
éi(t) = fle(t) + s(t)) — f(s(t)) + ¢ i bij ()T (t)e;(t), (I+1)<i<N.
We define
.131%1‘5; elgtg S1 Etg
o (t eo(t sa(t
x(t) = : ) e(t) = ’ .
l‘N(t) €N(t) SN(t)
Then, (30) can be rewritten as
é(t) = 3(t, e(t)), (31)
and the Jacobian of (¢, e) at e = 0 is shown as
D3(t,0)
Df(s(t)) + b (t)0(t) b2 (t)I'(t) bin (t)L(t)
B b1 ()I(2) Df(s(t)) +ba2(t)I'(1) ban (8)L(¢)
bvi(OT(1)  DF(s(5) + baa () DF(s(0) + b (T (1)
—diag{dl,dg, ey dl,O, cen ,0}

Then we have the following result.



164 Q.J. WU AND H. ZHANG

Theorem 3.8. Suppose that ¥ : & — R™V is continuously differentiable on ® = {e €
R™]||le|l < p}. The controlled time-varying complex dynamical network (29) is expo-
nentially synchronized to S(t) if there exist two symmetric positive definite matrices, F,
P € R"N>1N such that

P(DZ(t,O)) + (DE(t,O))TP < —F < Ui,

and

diag{df (y1(t) — df (s(t))), ... df (yn (t) — df (s(1)))} " P
+ Pdiag{df (y1(t) = df (s(1))), ... df (yn (t) = df (s(1)))} < lalon < lilnw,

where I > 0, y(t) — S(t) € .

Proof. The proof of Theorem 3.8 is similar to the proof of Theorem 2 in [20] and is
omitted from this paper due to the limitation of space. O

4. ILLUSTRATIVE EXAMPLE

Recently, the collective dynamics analysis of complex networks has led to a host of
interesting effects. In particular, the study on controlling the dynamics of a network
and guiding it to a desired state, such as, an equilibrium point, a periodic orbit, or a
chaotic attractor of the network has become an interesting and important direction in
this research field.

In order to verify the effectiveness of the theoretical results, some feedback controllers
designed in Section 4 are applied to dealing with the problem of pinning synchronization
in a prototype composed of the representative neuronal models with scale-free (SF)
character [I], 2], where numerical examples are given to verify and also visualize the
theoretical results.

For convenience of explicit statement on the theoretical results, we consider a scale-
free (SF) network with 30 delayed cellular neuron oscillators. It is well known that the
connectively degree distribution in the scale-free networks obeys the power law form
[10, 29]. We here take the parameters N = 30, m = mo = 3 and yg4 = 3, then the
coupling matrix A = A,y of the network can be randomly generated by the SF model.

As is well known, the delayed neural network model has become a classic and popular
model for analysis of neuronal activity and has also been intensively investigated in the
last decade due to its intrinsic and complex dynamical behavior such as the period-
doubling bifurcation and chaos [I3]. The delayed neural network with two neurons are
described by the following differential equations:

@(t) = Ax(t) + g(t, 2(t), z(t — (1)), (32)

where x(t) = (z1(t),22(t)) ", g(t,x(t),x(t — 7(t))) = Mg(x(t)) + Ng(z(t — 7(t))) with
g(I(t)) = (tanh(zl( ) tanh( 2( )))T, T t) = 1, and

—1.0 0 20 -01 —-15 -0.1
A_< 0 10), M_<50 m22>’ N_(02 Nna2 )
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For simplicity, we always consider the weighted matrix A = diag(%, el ﬁ), the inner

connecting matrix I' = I, and the coupling matrix B be a symmetrical matrix. Three
pinning cases will be given below:

Example 4.1. Pinning a network to its equilibrium point. It is easy to know that
with the parameters may = 0.2 and ngs = 0.3, Eq. (32) has three equilibrium points
[3): z_—1 = (—0.37614,2.35978), o = (0,0), z; = (0.37614,—2.35978). Without
loss of generality, the simulation is pinning the network to its equilibrium state s =
(—0.37614,2.35978) ". Here g satisfies condition (A;) with k11 = 2, k1o = 0.1, kg =
—5.0, koo = 0.2, I117 = 1.5, l1o = 0.1, ls; = 0.2, los = 0.3, and hence we can get
P = diag(10.7,6), f = 1.7, Anax(24° 4+ P) = 8.7. It is easy to verify that if the following
condition hold,

10.4 + ey <0, (33)

then the condition of Corollary 3.3 is satisfied, which means the controlled delayed
dynamical network (9) is exponentially synchronized to s(t).

We select feedback controllers to pin three nodes chosen randomly, and we can get
p1 = —2.132. Here take the coupling strength ¢ = 5.0, the pinned nodes’ control
gains d; = d = 0.5. Figure 1 visualizes the change process of the state variables of the
controlled delayed dynamical network (9), which satisfies the conditions of Corollary 3.3.

10

%0

=1,2,...,30)
£

X, 0, %,0)

Time

Fig. 1. Pin 30 delayed cellular neuron oscillators to its equilibrium.

Example 4.2. Pinning a network to a periodic orbit. As is well known, for
maoy = 4.5 and ngy = —2.5, the numerical integration of Eqgs. (32) shows that the
neuron oscillator exhibits a periodic behavior, as shown in Figure 2. Figure 3 shows the
phase portrait, accordingly. In this simulation, we select randomly three nodes to be
pinned, the rest parameters are chosen as the the same as that in Figure 1. Figure 4 is
the simulation result corresponding to this situation, which shows that the network can
be pinned to periodic orbit s(¢) by some feedback controllers.
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x2(t

: | T

ni

X, 0, %0

I il
“[\/ TR

0 20 40 60 80 100 120
Time

Fig. 2. A periodic orbit of the delayed cellular neuron oscillator.

-4 I I I I I I I
-05 -04 -03 -02 -0.1 0 0.1 0.2 0.3 0.4 0.5

X

Fig. 3. The phase portrait of the periodic orbit.

Example 4.3. Pinning a network to a chaotic attractor. It is known that with
the parameters mao = 4.5 and ngy = —4.45, the solution trajectory s(t) = (s1(t), s2(t)) "
of the system (32) approaches a chaotic attractor, as shown in Figure 5, where the initial
value is taken as (z1(0),22(0))" = (—0.4,2.2)T. Here choose three nodes randomly to
be controlled, and let the control parameters are the same as that in Figure 1. Figure 6
indicates that the network can be pinned to chaotic orbit s(¢) via a few controllers.
Figure 7 shows the phase portrait, accordingly.
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Fig. 4. The phase portrait of pin 30 oscillators to a periodic orbit.
Stars denote the snapshots on the periodic orbit.

Fig. 5. A chaotic attractor of the isolated delayed neuron oscillator.

5. CONCLUSIONS

167

In this paper, we have investigated the issue of pinning synchronization in a complex
dynamical network comprised of linearly coupled identical dynamical systems with di-
rectionally coupling. We established some explicit and conclusive results of pinning
synchronization for such a directed network. These results can be used as an effec-
tive control scheme to synchronize an arbitrary given dynamical network to a desired
synchronization orbit, which is particularly meaningful for some practical applications.
More importantly, here the synchronization orbit could be chosen as a weighted average
of all the nodes states in the network in the aim of practical control tactics. It should
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...30)

=1,2,

X, 0, %, 0

Time

Fig. 6. Pin 30 oscillators to a chaotic attractor.

Fig. 7. The phase portrait of pin 30 oscillators to a chaotic attractor.

be noted that in order to make all the states of the nodes in a network synchronize
to a desired synchronization state, the coupling strength changes with the controller.
Furthermore, the theoretical result on the time-invariant network is extended to the
time-varying network, and the result on synchronization problem can be extended to
the consensus problem of networked multi-agent systems. Both theoretical analysis and
numerical simulations indicate the effectiveness of the proposed methodology. It is be-
lieved that the idea and approach developed in this paper could be further generalized
to deal with some other problems on chaos control and synchronization for more general
complex dynamical networks. In addition, it should be noticed that there exist unknown
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factors of the real-world complex networks in the mathematical models, which are called
uncertainty. Possible uncertainties include unknown parameters, unknown functions,
unmodeled dynamics, and disturbances. For uncertain systems, the problem is to devise
a control that uses the dynamic equation to govern the trajectory of the system with
acceptable performance. The main approach for designing the controller is the adaptive
technique, which can deal with structured uncertainties. These are the problems that
will be investigated in the future.
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