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This special issue focuses on distributed control and esti-
mation of networked agent systems. It is well known that,
nowadays, most of the real-world large-scale systems can
be modeled as networked agent systems, where examples
include biological systems, multivehicle systems, and dis-
tributed sensor systems. Within this context, centralized
control laws or estimation algorithms may be no longer valid
since the size of such a networked agent system can be huge.
Furthermore, each individual agent in such a networked
system may have limited computational and sensing abilities;
thus, distributed control and estimation design become
necessary but challenging. Recently, distributed control and
estimation of networked agent systems have been widely
applied in various domains including distributed computing,
formation control, spacecraft control, distributed sensor net-
works, and smart grids.

This special issue contains twenty-seven papers, most
of which are related to distributed control and estima-
tion of networked agent systems. In particular, six papers
discuss coordination control for networked agent systems
with communication constrains and higher-order dynam-
ics. There are seven papers investigating synchronization
in complex networks. In addition, modeling, identification,
and optimization of networked agent systems are studied
in another set of three papers. Furthermore, dynamics and
control of networked systems are discussed in five papers.
To apply dynamics and control of networked systems into
some practical problems, six papers studied some potential
applications in social network, water quality, UAVs, and so
on.

It should be noted that the selected topics and published
papers in this special issue are not a comprehensive study
in distributed control and estimation of networked agent
systems. However, they do provide some recent advances
covering many topics in this field, which could benefit the
current research to some extent.

Wenwu Yu
Ming Cao
Guanrong Chen
Guanghui Wen
Xinghuo Yu
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This paper investigates the synchronizability of small-world networks generated from a two-dimensional Kleinberg model, which
is more general than NW small-world network. The three parameters of the Kleinberg model, namely, the distance of neighbors, the
number of edge-adding, and the edge-adding probability, are analyzed for their impacts on its synchronizability and average path
length. It can be deduced that the synchronizability becomes stronger as the edge-adding probability increases, and the increasing
edge-adding probability could make the average path length of the Kleinberg small-world network go smaller. Moreover, larger
distance among neighbors and more edges to be added could play positive roles in enhancing the synchronizability of the Kleinberg

model. The lorentz oscillators are employed to verify the conclusions numerically.

1. Introduction

A complex network is a large set of nodes (or vertices) con-
nected by a set of links (or edges) such as coupled biological
and chemical system, neural networks, social interacting
species, the Internet, and the World Wide Web. Recently,
increasing interest has been devoted to the study of collective
behaviors in complex networks for its widely applications in
real world. Among the studies on the complex network, syn-
chronization phenomena attract the interests of most sci-
entists and engineers. Loosely speaking, synchronization is
the process in which two (or more) dynamical systems seek
to adjust a certain prescribed property of their motion to
a common behavior in the limit as time tends to infinity
either by virtue of coupling or by forcing. Synchronization of
complex networks is an important mathematical problem in
both the physical and biological sciences since it has potential
applications to diverse fields such as communications secu-
rity, seismology, and parallel image processing [1-6].
Complex networks could be classified as many types.
Among them, synchronization on small-world networks has
attracted considerable attention since the pioneering work of
Stanley Milgram in the 1960s [7]. A small-world network can

be generated by either random edge-rewiring, which gives
WS small-world network [8], or random edge-adding, which
yields the NW small-world network [9]. The Kleinberg small-
world network, in which the edge-adding probabilities are
proportional to the length of the edge to be added, could be
seen as a more general NW small-world network.

Various literatures have already been devoted to the
studies on synchronizability of small-world networks. In the
research articles [10-13], the synchronizability of a small-
world network generated by randomly adding a fraction of
long-range shortcuts to a ring network is investigated. It can
be deduced from the theoretical analysis and numerical sim-
ulation that the synchronizability of the small-world network
becomes stronger as the edge-adding probability p grows
larger. In [14], Tang et al. found that the synchronizability
of the network as a function of the distance is fluctuant
and there exist some distances that have almost no impact
on the synchronizability when they investigated the impact
of edge-adding number and edge-adding distance on both
synchronizability and average path length of NW small-world
networks generated from ring networks via random edge-
adding. Moreover, the relationship between the synchroniz-
ability and the average path length of a small-world network



is studied in [15-18]. The analysis and numerical simulations
show that the synchronizability of the small-world network
grows as p increases and the average path length becomes
smaller as p goes larger. Therefore, it can be deduced that
the decreasing in the average path length may result in the
increasing synchronizability. These phenomena are interest-
ing, and a natural question is that whether other small-world
networks have similar properties, which motivates us to take
a two-dimensional Kleinberg small-world network [19] as an
example and investigate the impact factors of such network.
It should be mentioned that the synchronizability of an undi-
rected Kleinberg small-world network was investigated in
[20]. However, the Kleinberg model is built as a directed
network in [19]. Thus, the directions of the edge-adding in
building the Kleinberg model are considered in this paper.
Moreover, [20] only discussed the relationship between the
edge-adding probability and the synchronizability of the
small-world network, while in this paper the three parameters
of the Kleinberg model, namely, the distance of neighbours,
the number of edge-adding, and the edge-adding probability,
would be analyzed for their impacts on its synchronizability
and average path length. Actually, this paper improves the
results in [20].

In this paper, we investigate the impacts of the distance of
neighbors, the number of edge-adding and the edge-adding
probability on the synchronizability of the Kleinberg small-
world network. The Kleinberg small-world network is an N x
N two-dimensional one. We add g edges on the nodes with
certain probability II. Then, we could get some conclusions
about impact factor on the synchronizability and the average
path length of the Kleinberg small-world network, which are
complementary to the studies on the synchronizability of the
small-world networks.

2. Preliminaries

First of all, we build a Kleinberg small-world network in the
way introduced in [19]. Figure 1 also comes from [19], and we
redraw it in our case to be studied. A Kleinberg small-world
network is composed of the set of lattice points in an N x N
square, which are denoted as {(i,7) : i € {1,2,...,N}, j €
{1,2,..., N}}. The lattice distance between two nodes (i, j)
and (k, 1) is defined to be the number of “lattice steps,” which
could be written as d((i, j), (k,1)) = |k —i| + |l - j|. Let p
and g be positive integers. The node u is connected with
every other node within lattice distance p, and we name it
local contact. We also construct edges from u to g other
nodes using independent random trials, which are called
the long-range contacts. The probability of edge connected
between u and v is proportional to [d(u,v)] ", where « is
a given constant. Precisely speaking, this probability of the
connections between u and v is denoted as II,,, and

[d (u,v)]™*

W= g o @
2, d . v)]

Figure 1 shows basic structures of a 10 x 10 Kleinberg

small-world network. In Figure 1(b), there are two long-rang

« »

contacts from a node “a” to a node “b” and a node “c”.

Mathematical Problems in Engineering

Actually, two long-range contacts are added to every node in
this network if g = 2.

Actually, this model could be interpreted in the point of
“geography” in [19]. Individuals live on a grid and know their
neighbors for some number of steps in all directions; they
also have some number of acquaintances distributed more
broadly across the grid. If we fixed p and g and let the value of
the exponent « vary, we would have a one-parameter family of
network models. When « = 0, the uniform distribution over
long-range contacts could be obtained, which means long-
range contacts are chosen independently of their position on
the grid. In this sense, the Kleinberg small-world network
could be seen as a kind of NW small-world network. As «
increases, the long-range contacts of a node become more and
more clustered in their vicinity on the grid. Thus, « could be
seen as a basic structural parameter measuring how widely
“networked” the underlying society of nodes is. Considering
that « could reveal some basic properties of the Kleinberg
network, in this paper, we investigate the effect of adding-
edges probabilities, namely, the effect of the parameter o on
the synchronizability of the Kleinberg small-world network.
Moreover, two other parameters of the Kleinberg small-world
network, namely, the distance of neighbors and the number
of edge-adding, are also considered for their influences of
synchronizability.

Next, the synchronizability analysis of the complex
dynamical system follows [21]. The complex dynamical sys-
tem considered in this paper consists of coupled continuous-
time nonlinear oscillators. Since chaotic behaviors are com-
mon since the intrinsic nonlinearity exists in each individual
oscillator, chaotic synchronization is addressed by choosing
the parameters of each oscillator such that it exhibits a chaotic
attractor in order to be general. Then, the network of N x N
identical dynamics nodes considered in this paper can be
written as

NxN

x;=F(x;)+c Z a;H (xj). 2)
=1

Here, if the node is located at (k, I) in the network, we denote
the indexi = N(k — 1) + [, and thus, i € {1,2,3,...,N°}.
x; € R" is the state vector of the ith node in all N x N nodes.
c is a positive constant coupling strength. F(-) : R* — R"
is a well-defined nonlinear function and H(-) : R" — R"
is a coupling function. A = (a;;)n2«n2 1s @ coupling matrix
determined by the connection topology. That is, @;; = 1 if
the node i and j have connections, and a;; = 0 otherwise.
NZ
j=vj#i %ij
1,2,...,N?. Note that A is not necessarily symmetric since
our considered network is directed. Moreover, there is only
one zero eigenvalue of the matrix A such that the eigenvalues
can be sorted as

Moreover, it is required that a; = - ) for any i €

0=A;, >Red, >ReA; >--- >Redpe. (3)

Let ds/dt = F(s), and s(t) is automatically a solution of (2).
Then, the synchronous state is defined as x; = x, = --- =
xnz = s. Let&; = x;(t) —s. For the system described by (2), the
variational equations governing the time evolution of the set
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FIGURE 1: (a) A two-dimensional Kleinberg network with 10X 10 nodes, the distance of local contacts p = 1, and it has no long-range contacts

« _»

thus g = 0. (b) The contacts of a node “a” with the distance of local contacts p = 1 and the number of long-range contacts g = 2. “ab” and

“ac” are the two long-range contacts.

of infinitesimal vectors about the synchronous solution &;()
are

NZ

& =DF(s)§+c) agDH(s)&;, i=12,...,N°, (4)
j=1

where DF(s) and DH(s) are the n x n Jacobian matrices of the
corresponding vector functions evaluated at s(t), respectively.
Let& = {&,,&,,..., 852} Then, (4) can be rewritten as

& = DF (s) & + cDH (s) £A. (5)

By using Jordan transformation with respect to the coupling
matrix A, we have

0
A=P'AP= B, . , (6)
B
where P is composed of the eigenvectors of A. And B; in (6)
are blocks of the form

B; = N , (7)
1 A
where A is one of the eigenvalues of A.

Letting = {1, ..-> 2} = E(P’l)T and employing
(6), (5) could also be written as

7§ = DF (s) 5 + cDH (s) nA”. (8)

Then, each block of the Jordan canonical form corresponds
to a subject of these columns in #, which obeys a subset of

equations in (8). For instance, if block B; is mxm, and suppose
the corresponding columns of 77 are denoted by 7, %5, . . ., 9>
which could be seen as the modes of perturbations in the
generalized eigenspace associated with eigenvalue A;, then
the equations have the following form

fiy = [DF (s) + k;DH ()] .

i = [DF (s) + k;DH (s)] 1, + ¢DH (s) 1,
€)

fim = [DF () + k;DH (s)] 11, + ¢cDH () 1,1,

where k; = cA;. Each block of the previous decoupled equa-
tion (9) is structurally the same with only the factor of k; being
different [21].

Define k as a normalized coupling parameter that takes
values in the set {k = cA, i = 1,2,...,N?}. Denote
L(k) as the largest Lyapunov exponent, which is determined
from (9). In order to achieve the synchronization of the
network, L(k) is required to be negative. It can be explained
that a small disturbance from the synchronization state will
diminish exponentially so that the synchronous solution is
stable. On the contrary, the synchronous solution is unstable
and cannot be realized physically if L(k) is positive because
small perturbations from the synchronous state will lead
to trajectories that diverge from the state. For the reasons
mentioned above, in order to achieve the synchronization of
the coupled oscillator network (2), all normalized coupling
parameters k = cA; for i = 2,..., N should fall in a region
in which L(k) should be negative. This region is called the
synchronized region. In case that the synchronized region is
bounded, namely, k < — Rek < k, then from (3), we have

k<-cRel,<—cRed;<---<—cRedy <k (10)



When the spread in the eigenvalue Re A; goes smaller, it
becomes easier that all the numbers —c Re A5 fall into the
bounded region k < k < k, which means that the synchro-
nizability of the network is better. Thus, we need the ratio of
eigenvalue satisfying

_ Re)LNz

1
Re A, b

=)

to be smaller. In case that the synchronized region is un-
bounded, then k < —cRe A, < co fori = 1,2,..., N2 Thus,
the synchronizability of the network is better if the eigenvalue
Re A, is smaller. Thus,Re A, and Re A 52/ Re A, are used as the
measure to evaluate the synchronizability of the network.

3. Influencing Factors the
Synchronizability of a Network

An extensive numerical analysis is employed to investigate
the influences of the distance of neighbors, the number of
edge-adding, and the edge-adding probability on the network
synchronizability. The Kleinberg small-world networks we
considered have 10 x 10 nodes and 15 x 15 nodes, respec-
tively. Identical dynamics are assumed for all the nodes in the
Kleinberg small-world network.

Let p = 1,2, which means that each node in the Kleinberg
small-world network is connected with its nearest neighbors
in distance 1 or in distance 2. They form the local contacts.
Then, g long-range contacts are added with the probability
IT defined in (1). Thus, different g and « would result in
different corresponding Laplacian matrix. The eigenvalues of
such Laplacian matrix could be calculated. Since the nodes
with long-range contacts added are chosen randomly, the
Laplacian matrix would be different on each trial. Thus, in the
simulation, 100 and 225 different realizations were performed
and the results were averaged.

Let g = 1,2, respectively, for the network with 10 x 10
nodes and 15 x 15 nodes. The parameter « in (1) on the
probability of adding the long-range contacts is chosen from
0.1 to 10 with step size 0.1. Their corresponding Laplacian
eigenvalues Re A, and Re A2/ Re A, as a function of « are
found, which was shown in Figures 2 and 3, respectively.

Figures 2 and 3 reveal that the values of Re A, and Re A 2/
Re A, are continuously and monotonically increasing as «
increases. It means that the synchronizability of the Kleinberg
small-world network becomes stronger as the edge-adding
probability increases. Note that when « = 0, Kleinberg small-
world network could be seen as the NW small-world network.
This result corresponds with the observations in references
[10-13]. Also, we can see from Figures 2 and 3 that the
synchronizability is enhanced as the number of long-range
contacts g and the distance of neighbours p increase. It could
be explained that the average path length is reduced as more
long-range contacts are built and more short-range contacts
are constructed. We illustrate this relationship in Figure 4.

It is well known that as the distance of the edges added
increases, the synchronizability of the network becomes
stronger since the average path length is shortened. The
probability of edge-adding between u and v is proportional

Mathematical Problems in Engineering

Re(A,)
|
&

-F
~ #’iﬁ) 2
N HE x
S L@ X
g &
~ &
-15F ® X
o KX
& x
X
—2F x
X
X
X
-2.5 s
0 2 4 6 8 10
(o4
* p=Lq=1 +p=2q=1
op=lg=2 x p=2,9=2

(b)

FIGURE 2: The relationship between Re A, and « for the Kleinberg
small-world network with (a) 10 x 10 nodes and (b) 15 x 15 nodes.

to [d(u, v)]™*, which is to say that the shorter distance of the
edge-adding has larger probabilities than the longer distance
of edge-adding for any given «. Then, it can be concluded
that if « is fixed, the synchronizability of the Kleinberg small-
world network would be better though the probability of
edge adding will become smaller. Figures 2, 3, and 4 show
that if g is fixed, in other words, g edges would be added
into the network, the synchronizability becomes weaker as
we take a larger value of . Then, it means that if distance
of the edge-adding and the number of edges are fixed, the
synchronizability is enhanced as the probability of the edge-
adding increases. Meanwhile, in the Kleinberg small-world
network, the probabilities of the long-range contacts decrease
as the distance between two nodes increases, especially for
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FIGURE 3: The relationship between ReAy2/Re A, and « for the
Kleinberg small-world network with (a) 10 x 10 nodes and (b) 15x 15
nodes.

large . As « increases, the long-range contacts of a node
become more and more clustered in their vicinity on the grid.

4. Numerical Simulation for
Lorentz Oscillators

The linearly coupled Kleinberg small-world network con-
taining identical Lorentz oscillators is used for numerical
simulations. Such oscillators can be written as

& (xiZ - xil) >
YsXin = Xi1Xiz — Xip» (12)

XinXpp = PsXizs

F(x;) =

5.5

x p=1,9=1,SP
op=19=2°SP

+ p=2q=15P
x p=2,4=2,5P

* p=1,q=1,SP
o p=19=2SP

+ p=2,q=1,SP
x p=2,9=2,SP

(b)

FIGURE 4: The average path length as a function of « with different
values of p and g for the Kleinberg small-world network with (a)
10 x 10 nodes and (b) 15 x 15 nodes.

fori=1,2,...,N* Here, a, = 10, 8, = 8/3, and y, = 28. Let

(13)

o O O
S O O

In the simulation, we consider a network with N = 10 (100
nodes). Define the error term as

E(t) = \/mz EAGEE? (t)”z. (14)

j>i



E(t)

(a)

FIGURE 5: The errors of synchronization among 10 x 10 different
Lorentz dynamics oscillators over time for p = 1, g = 0,1,2, and
a = 0.1, 5, respectively. The inset is an amplified figure on some time
interval.

If lim, _, . E(t) = 0, the complex network achieves synchro-
nization. We consider that the synchronizability would be
better if E(t) goes to zero faster.

For the network (2), let the coupling strength ¢ = 70, the
distance of local contacts p = 1, the number of long-range
contacts g = 0,1,2, and the parameter « = 0.1,5 in the
probability of edge-adding (1), respectively. Figure 5 shows
how E(t) evolved in network with the same initial values
chosen randomly in the interval [-10, 10]. It can be seen
from Figure 5 that the synchronizability of the network is
enhanced as the number of long-range contacts increases,
and the synchronizability of the network becomes better as
o goes smaller, which means that longer distance of the edge-
adding could still enhance the synchronizability though the
probabilities of longer distance of the edge-adding are small
compared with the probabilities of shorter distance of edge-
adding. Moreover, it can be seen that the synchronizability
goes better as the number of edges added becomes larger.

5. Conclusion

The impact factors of synchronizability of two-dimensional
Kleinberg small-world network are investigated in this paper.
Through mathematical analysis and numerical simulations,
we show that the Kleinberg small-world network shares sim-
ilar properties as NW small-world networks but Klein-
berg small-world network is more general. Namely, we see
that synchronizability of two-dimensional Kleinberg small-
world network is enhanced as the edge-adding probability
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increases, and the average path length of the Kleinberg small-
world network decreases with the increasing edge-adding
probability. Moreover, larger distance among neighbors and
more edges to be added could play positive roles in enhancing
the synchronizability of the Kleinberg model. A network of
Lorentz oscillators is taken to make numerical simulations in
order to verify the observed phenomena.
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The synchronization problem of stochastic complex networks with Markovian switching and time-varying delays is investigated by
using impulsive pinning control scheme. The complex network possesses noise perturbations, Markovian switching, and internal
and outer time-varying delays. Sufficient conditions for synchronization are obtained by employing the Lyapunov-Krasovskii
functional method, It6’s formula, and the linear matrix inequality (LMI). Numerical examples are also given to demonstrate the

validity of the theoretical results.

1. Introduction and Model Description

Collective behaviors in complex networks and systems have
attracted increasing attention in recent years due to their wide
applications in physics, mathematics, engineering, biology,
and so forth (see [1, 2] and references therein). While complex
networks are ubiquitously found in nature and in the modern
world, such as neural networks, socially interacting animal
species, power networks, wireless sensor networks, Internet,
and the World Wide Web.

In the past few decades, the synchronization problems
in complex networks have attracted increasing attention.
Many synchronization patterns have been studied, including
complete synchronization [3], cluster synchronization [4-6],
phase synchronization [7], and partial synchronization [8].
There are several control methods to guide the dynamics
of a complex network to a desired state, such as adaptive
control [9], feedback control [10], intermittent control [11],
fuzzy control [12], impulsive control [13, 14], and pinning
control [5, 6, 15, 16]. Synchronization of complex networks
holds particular promise for applications to many fields [17-
21.

Synchronization in complex dynamical networks is real-
ized via information exchanges among the interconnect
nodes [22]. The signal traveling along real physical system is

usually perturbed randomly by the environmental elements,
such as noises, the structures of the interconnections, time
delays, and the positions of nodes [9]. One popular model is
the Markovian switching model driven by continuous-time
Markov chains in the sciences and industries (see [23-26] and
references therein). In [23, 24], Mao et al. studied stability
and controllability of stochastic differential delay equations
with Markovian switching, while [25, 26] discussed the
exponential stability of stochastic delayed neural networks.
Liu et al. [26], on the other hand, investigated the syn-
chronization of discrete-time stochastic complex networks
with Markovian jumping and mode-dependent mixed time
delays. In [16], Wang et al. investigated the mean-square
exponential synchronization of stochastic complex networks
with Markovian switching and time-varying delays by using
the pinning control method, which is described as

dx; (t)

=1f(tx®),x (t-1(1)

N
+ Y agr @)= (x; 0 - x (1)

j=Li#



N
Y B (x (-7 () - x (-7 (1))

j=Lit ]

+u; (t) ¢ dt

to;(x@),xt-7@),x(t-7.@),r@®)dw, @),

i=1,2,...,N,
@

where u;(t) (i = 1,2,...,N) are the linear state feedback
controllers that are defined by

—&(x; () -s®), i=12,....1,

(t) = 2

i () {o, i—l+11+2,..N, @

andeg >0 (i =1,2,...,1) are the control gains.

Pinning control has been proved to be effective for
the synchronization of complex dynamical networks with
continuous state coupling [15, 16, 27]. In many systems,
the impulsive effect is a common phenomenon due to
instantaneous perturbations at certain moments [27, 28].
Impulsive control strategies have been widely used to stabilize
and synchronize coupled complex dynamical systems, such
as signal processing system, computer networks, automatic
control systems, and telecommunications [13]. In [27], pin-
ning impulsive strategy is proposed for the synchronization
of stochastic dynamical networks with nonlinear coupling.
Zhou et al. studied synchronization in complex delayed
dynamical networks with impulsive effects in [28]. And Zhu
et al,, in [29], investigated the exponential stability of a class
of stochastic neural networks with both Markovian jump
parameters and mixed fixed time delays. Can the stochastic
dynamical network with Markovian switching and time-
varying delays be synchronized by impulsive pinning control?
This paper is devoted to solving this problem.

In this paper, we study the synchronization of stochastic
complex networks with Markovian switching by using the
impulse control method. We consider a kind of stochas-
tic complex networks with internal time-varying delayed
couplings, Markovian switching, and Wiener processes. By
applying the Lyapunov-Krasovskii functional method, It6’s
formula and the linear matrix inequality (LMI), some suf-
ficient conditions for synchronization of these networks are
derived. Numerical examples are finally given to demonstrate
the effectiveness of the proposed impulsive pinning strategy.

Notations. Throughout this paper, R” will denote the n-
dimensional Euclidean space and R™" the set of all n x n
real matrices. The superscript T will denote the transpose of
a matrix or a vector. And Tr(-) stands for the trace of the
corresponding matrix. 1, = (1,1,..., DT € R” and I, is
the n-dimensional identity matrix. For square matrices M,
the notation M > 0 (<0) will mean that M is a positive-
definite (negative-definite) matrix. A, (A) and A ;, (A) will
denote the greatest and least eigenvalues of a symmetric
matrix, respectively. p = max{p;,p,,....p,}> and p =

min{py, pss-- > Pul-
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2. Preliminaries

Let (Q, F,{F }120, %) be a complete probability space with a
filtration {#,},., that is right continuous with % containing
all the &-null sets. C([—7,0]; R") will denote the family of
continuous functions ¢ from [—7,0] to R” with the uniform
norm ||(;5||2 = suprgSO(/)(s)T(p(s). And ngo([—‘r, 0]; R™)
denotes the family of all %, measurable, C([-,0]; R")-
valued stochastic variables & = {£(0) : —t < 0 < 0} such that
LOT [E||E(s)||2ds < 00, where E stands for the correspondent
expectation operator with respect to the given probability
measure P.

Consider a complex network consisting of N identical
nodes with Markovian switching

dx; () = 1 f(x;(t), % (t -7 (1))

N
+ Za}jf“” Zx; (t)
=1

N
+ Y b (¢ -7 (1) p dt
=1

+ 0" (x (1), x (t -7 (), x (t -7, (1)) dw (£),

i=1,2,...,N,
(3)

where x;(t) = (x,-l(t),x,»z(t),...,x,-n(t))T € R" is the state
vector of the ith node of the network, f(x;(t), x;(t — 7(t))) =
LG (0, (=), f(8), x,(E=T(E)), - f(ocs(8), %t
7(t)))]” is a continuous vector-valued function, ¥ = diagfo,,
03>+ --> 0y} is an inner coupling matrix of the networks that
satisfies ¢; > 0, j = 1,2,...,n, and r(t) are the continuous-
time Markov processes that describe the evolution of the
nodes at time t. Here, AI'®! = [ai[jr(t)]] € R™" and BI'®! =

[bi[;(t)]] € R™" are the outer coupling matrices of the network
at time ¢ at nodes r(t), t — 7.(f), respectively, such that

a2 0 foritjaf® = ~ 3 a0 2 0 for
i#jand b7 = — Zﬁ\; ki bg(m. Figure 1 shows the topology

structures of the switching networks for 5 nodes. 7(¢) is the
inner time-varying delay satisfying 7 > 7(f) > 0 and
7.(t) is the coupling time-varying delay satistying 7, >
7.(t) > 0. Finally, o/ (x(t), x(t — 7(t)), x(t — 7.(1))) =
oV (), ..o, (), (8 = T(1), .., x,(E — T()), X, (¢ —
7.(8), .., x,(t — T.(1) € R™ and w(t) = (w(),
wz(t),...,wn(t))T € R" is a bounded vector-form Weiner
process, satisfying
Fuw;(t)=0,  Ew}()=1,
4)

Ew; () w; ()=0 (s#1).
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FIGURE 1: The topology structures of the switching networks for 5 nodes; (A1) and (A2) the topology structures of the coupling matrix A" and
A?, respectively; (B1) and (B2) the topology structures of the coupling matrix B' and B, respectively.

Let r(t), t > 0 be a right-continuous Markov chain on a
probability space that takes values in a finite state space S =

1,2,...,Mwithageneratorr=[yij]G[R{MXMgivenby
) . YA + 0 (A) ifi#j,
Pir(t+A) = t)y=i}=4"'"
sy =jlr® =i {l+yﬁA+o(A) ifi=j,
(5)

for some A > 0. Here y;; > 0 is the transition rate from i to j
ifi# jandy; = -}, ;¥; In this paper, A" is assumed to be

symmetric and irreducible, and B! is assumed to be sym-
metric, forr = 1,2,..., M.
The initial conditions associated with (3) are

x; (s) = Ei (),

where T = max{r(t), 7.()}, & € C?;O([—%, 0], R"™) with the

norm [§1” = sup_s,<&(s)"&(s).
The impulse controllers are defined by

Ax; (ti) = x; (1) = x; (1) = egex; (),

keZz",

—¥<s<0, i=1,2,...,N, (6

7)

t=t, i=1,2,..,N,

where € are constants, and {t,,t,,t;,...} is the impulsive
sequence of strictly increasing impulsive instants satisfying
limy _, ot = +00,and t;, —t;_; = T fork > 1.

In the case that system (3) reaches synchronization, that
is, x;(t) = x,(t) = --- = x5(t) = s(t), we have the following
synchronized state equation:

ds(t)= f(s(t),st—1(t)))dt
+o(s(t),st—-1())dw(t).

(8)

In the paper, we would control the system (3) to the
desired trajectory s(t). Define e;(t) = x;(t) — s(t) (i = 1,
2,..., N) as the synchronization error. Then, according to the
controller (7), the error system is

de;(t) = 1 f(x; (), x; (=7 (1) - f(s(t),s(t—7(1)))

N N
+Yase; (1) + Y bl VSe; (£ -7, (1) | dt
j=1 j=1
+0" M e(t),e(t—1(1),e(t—7.(t)) dw (),
t#t, keZ',

Ae; (ty) = exe; () s

i=1,2,...,N,

kez', i=12,...,N,

€)

where 0" (e(t), e(t — 7(t)), e(t — 7.(1))) = 0" (x(t), x(t —
7(£)), x(t — 7.(£))) — o(s(t), s(t - 7(2))).

Definition 1 (see [16, 27]). The complex network (3) is said to
be exponentially synchronized in mean square if the trivial
solution of system (9) is such that

tztk,

N
S Elleitsto ) < Ke ™, (10
i=1

for some K > 0 and ¥ > 0 under any initial data §; €
&% ([-,0};R").
0

Definition 2 (see [9, 11, 16]). A continuous function f(x, y) :
R"xR" — R"is said to belong to the function class QUAD,



denoted by f € QUAD(P, A, #,0) for some given matrix
¥ = diagfo;, 05 --.,0,} if there exists a positive definite
diagonal matrix P = diag{p,, p,,..., p,}, a diagonal matrix
A = diag{$,,9d,,...,6,} and constants # > 0, & > 0 such that
f(-) satisfies the condition

((f (x,2) = f (y,w)) - AZ (x - y))
< -n(x - y)T (x—y)+0(z- w) (z - w)

(x-y)P
(11)

forall x, y,z,w € R".

The following assumptions are usual and will be used
throughout this paper for establishing the synchronization
conditions [9, 11, 16].

(HI) 7(¢) and 7.(t) are bounded and continuously differen-
tiable functions such that 0 < 7(t) < 7, 7(t) < T < 1,
0 <7.(t) <t.and 7.(t) < T, < 1. Let T = max{7, 7.}.

(H2) There exist positive definite constant matrices Yl[lr ],

Yl.[zr] anle.[;] fori = 1,2,...,Nandr = 1,2,....M
such that

Tr [of (e (t) e (t—T(8) e (t -7, (1))
(), e(t- 7. (1)))]

X ai[r] (e(t),e(t-

z

< Ye; )Y e; ()
=

(12)

N
+ et —1(t) Y5 e, (t -
j=1

7(t))
N

+ Y et —1.0) Y e, (¢ - 7. (1)
j=1

Remark 3. Considering Definition 2 and assumption (H2),

there exists a unique solution of (9) under the initial data
b

& € %go([—r, 0]; R™) (see [23, 24]).

Lemma 4 (see [23, 24]). Consider a stochastic delayed differ-
ential equation with Markovian switching of the form

dx(t)= f(x(t),x(t-1),r(t))dt
+o(x@),x(t—-1),r(t)dw(t)

ont > 0 with initial value x, = £ € CZ;O([—T, 0]; R™), where

0:R"xR"xS —» R™™,
(14)

fR"XR"xS - R",

Let C*'(R, x R";R,) be the family of all the nonnegative
functions V(t, x,r) on R, x R" x S that are twice continuously
differentiable in x and once differentiable in t. Let V. €
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C*' (R, xR"xS; R, ). Define an operator £V from R"xR, x S
to R" by

LV (t,xr)=V,({t,x, 1)+ V, (t,x,1) f(x,7)

+ = Tr [a(x, r) 0 (%, r)]
(15)
+ Z)’z] t,%, ),
where V,(t,x,r) = 0V(t,x,r)/ot, V.(t,x,r) = (OV(t x,
r)[0xy,...,0V(t,x,7)/0x,), and V. (t xr) = (*V(tx,
1)/0%;X ) psn- If V € CZI([R{ x R" x S R,), and then

EV (t,x(t),r) =EV (ty, x(t,).r) + E J-t FV (s,x(s),r)ds
° (16)

foralloco >t > t, > 0, as long as the expectations of the
integrals exist.

3. Main Result
In this section, we will deduce our main results.

Theorem 5. Let assumptions (HI1) and (H2) be true and let
f € QUAD(P, A, #,0). If there exist positive constants &, and
B, such that

. Bl
A L 8Ty - o Iy
Bl 2 <0, forr=12,...,M,
2 _BrIN
- g(b+¢)
T<O0T, 7<(1-6)T, 0<T<1- ,
1+0

¢(%+T)+21ng|l+ev|—yT<0,
q

T
1 1 1 -
> >T 1,
<bl+c1 b+c¢ bM+CM) M

17)
where
p=1 +6+yq+ﬂew+ ieVTf,
1-7  1-7,
T =diag{a,, a,,...,ay} +T,
Amas (=211, + p X, Y + 2, PX)
d = maxa,, a, = ~ )
res P
§ Amax (XN, PY) 4 201
b:maxbr, br: ma: ( =1 A12 N),
res P
max (Zl 1 PY[Y] + zﬁrpz)
¢ = maxc,, ¢, = , o (18)
res p
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then the solutions e, (t), e5(t), ..., and ey(t) of system (9) are
exponentially stable in mean square. It means that the complex
dynamical network (3) can be exponentially controlled to the
objective trajectory s(t) under the controllers (7).

Proof. By (44), there exists a sufficiently small constant & > 0
such that

( ! 1 1 >T>(1+9)f11 (19)
by+c¢ bte, Ubytey) '

Set (1+0)'1 =
that is,

q4=(q19p---»qu)"-ThenTg = (1+0)1,,,

M
a4, + ) Vs =1+6.  (20)

s=1

(b +c)g, <1,
For 1 < r < M, define the Lyapunov-Krasovskii function
1Q o7
Vie(t),r)= qrEZei(t) Pe; (1), (21)
i=1
and let &(t) = (e (t), ex(t), .. rene () k= 1,2,...

anyt € (t;,_;,t;), k= 1,2,..., by Lemma 4, we have
ZV (e(t),r)

,n. For

—f(s(t),s(t-T() + Za“ Se; (

Zb[r]Ze (t-r. (t))}

N

+ %q,z T {0 (x(8), (¢ — 7(0), x(t - ,(0)), 1)

i=1
x Po; (x (£),x (t—T (D), x (t - 7. (1) ,7) }
M 1 N
+ ZYrsqsizei(t)TPei (t)
s=1 i=1
N
<q, {—nzei(t)T

+ Y peod @ ()2 (1) + Y prod ()T AE (1)
k=1 k=1

N
e (t) +0) e(t — () e, (t - 7 (1))

+Zp 0 () BTE (£ - 7. (1))

k=1

M 1 N
+ zyrsqs Ezei(t)TPei (t)
s=1 i=1
N 1 N
=q, {Ze,-(tf <—nIN T IRE och2> e (t)
i=1 j=1
+Ze(t— <e+ pZYm>e(t— (1))
+ Ze (t-7.(t)) < pZY”] +B, PZ) (t-r, (t))}
M 1 N
+ ZYrsqs Ezei(t)TPei (t)
s=1 i=1
+4q, {ipkekék(tf (A + (8 -a,) Iy] & @)
k=1

+ iPkekék ©)"BME (¢t — 7. (1))

k=1
=Y ot -7, (1) B (¢ -1, (t))}
k=1
N , 1. N .
<4q, Zei(t) —nly + EPZle + o, PY |e; (t)
i=1 j=1
N 1 N
+ et —1(1)" <91N +3 py Yy ) e, (t—1(t))
i=1 j=1

+Ze (t-.(t) < ZY[’]+/3PZ> t-1, (t))]»
st Ze ) Pe; (£).

(22)
Let
E(t) = lie-(t)TPe- (t); (23)
P 4 i i >
then we have
A% (t) < arqrE (t) + brqrE (t -7 (t))
(24)
+64,E(t—7.() + ZME OF
s=1
and by (20), we have
V) <A+O0)E@®)+ BQE (t—1()+CcGE(t—1.(1)).
(25)
Define
W (t) = "V (1). (26)



Use (25) to compute the operator
FW(t)=e" [yV () + ZV ()]
<" [ydE(t) + 1+ 0)E(t) (27)
+bgE (t - 7(1)) + &GE (t - 7. (1)) .
The generalized It6’s formula gives

t
e"EV (t) = "™ EV (t,) + E J FW (s)ds, (28)
ty

foranyt, >t > t, > t;_; > 0. Hence we have

e"EV (t) < "™ EV (t,)
+E Jt e [ygE (s) + (1 +60) E(s)
f

+bgE (s — 1(s))
+¢GE (s —1.(s))] ds

< ge"™EE (t,) + (yg+1+6) (29)

t
x J e”EE (s)ds
t

0

t
+bge"” J. S TOEE (s - 1 (s)) ds

ty

t
+ége’™ J e EE (s - 7 (s)) ds.

to

By changing variable s — 7(s) = u, we have

t
I CTOEE (s 7 (s)) ds
t,

0

t—1(t) du
YEE
L CEEM 155

(30)
O_T(to)

IN

t
! — J e™EE (u) du.
1-7 to—T

Similarly, we have

to 1 t
| OB r(ydss o [ "EE@dn
t 1- Te Jty-r,

(31)
Substituting (30) and (31) into (29), we get
t
e"EV (t) < q,e"EV (t,) + ¢ J e™EE (u)du.  (32)
ty—t

By using Gronwall inequality, we have

EE(t) < %[EE (t,) P ot DHrto=t) (33)
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On the other hand, from the construction of E(t), we have
E(t) < (1+e)E(t), (34)

where |1 + €| = max;_;, nI1+ €yl
According to (33)-(34), let k = [(t — t,)/T], for any t €
[te_1> 1), and we get

EV (t) < TEE (t,) e D76

q
< % EV ( t1:-1) Pt + DY ()2 In [ Lee | (35)
<\ k-1 k-1
< (ﬂ) EE (0) PUEHKD-yE+ T 21n 14e, |
q
Let |1 + €| = max,,+|1 + €,], and we have
EE (t) <EE (0) e(p(t+k‘f)—yt+2(k—1)1n(é/§)|1+€|. (36)

Using condition (43) of Theorem 5, there exist a number
# such that EE(t) < EE(t,)e™. Hence, Elle;(t)| < (E(t,)/
P)2e”21) The proof of Theorem 5 is completed. O

Remark 6. The stochastic networks studied before are with-
out topological switch, and the time delays are always
assumed to be fixed. However, for the sake of applications
in the real work, these two points above should be taken
into consideration. Of course, it will enhance the difficulties
of the investigations on this network. For example, if the
network has Markovian switching topology, the structure of
the network is fast varying and the Lyapunov function is
hard to be determined. By using the Lyapunov-Krasovskii
functional, Itd’s formula, and LMI, the exponential stability
criterion of the pinning impulsive controlled Markovian
switching stochastic dynamical network with time-varying
delays was obtained. This also showed that the impulsive
pinning control is a kind of cheap control strategy for guiding
complex dynamical networks to the objective trajectory.

To make Theorem 5 more applicative, we give the follow-
ing corollaries.
When complex dynamic networks (3) are considered

without coupled delay time (B! = B), we can get the fol-
lowing corollary.

Corollary 7. Let assumptions (H1) and (H2) be true and let
f € QUAD(P, A, #,0). If there exist positive constants «, and
B, such that

A Sy — oIy <0, forr=1,2,...,M,
T<0T, 1<(1-0)T, 0<7<l--2
1+6

g (37)
e(T+T)+2In=|1+€l-yT <0,
q

T
11 1 -
— =, — ) >T 1,
<b1 b, bM) M
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where
p=1+0+yd+ n —e'”,
-7
T =diag{a, a5 ....ay} + T,
- oN
o Amax (_Z’ﬂn + p Zi:l Yllr] + Z(erz)
a = maxa,, a, = . ,
resS p
N
/\max (Zi:l PYl[Zr] + 201N)
b = maxb,, b, = = )
resS p

(38)

then the solutions e, (t), e,(t), ..., and ey(t) of system (9) are
exponentially stable in mean square.

In another case, when we consider the system (3) without
Markov switching, that is, A"®) = A, B! = B, and o[
(e(t), e(t — (1)), e(t — 7.(t))) = o;(e(t), e(t — 7(¢)), e(t — 7.(t))),

we can get another corollary.

Corollary 8. Let assumptions (HI) and (H2) be true and let
f € QUAD((P, A, 1,0). If there exist positive constants « and
B such that

A+8Ly—aly =
B <0,

- -pI

: By
_bte (39

a b

T < 0T, F<(1-0)T, 0<T<1

q)(‘f+T)+21n|1+eV|—yT<0,
b+c<a,

where

(o

=a+yp+——e"+ ——
4 Y 1-7 1-7,

Amax (_2’7171 + }3 Zf\:rl Yil + Z(XPZ)
a= <

p
Mnax (X1 PY;, + 201

b = = >
p

Max (X, PY;5 + 2,PX)
p

then the solutions e, (t),e,(t),. .., and ey(t) of system (9) are
exponentially stable in mean square.

Cc =

>

Furthermore, when we address the system (3) with fixed
time delays, thatis, 7(¢) = 7, 7,.(t) = 7., the following corollary
also can be obtained.

Corollary 9. Let assumptions (H1) and (H2) be true and let
f € QUAD(P, A, #,0). If there exist positive constants &, and
B, such that

G B
A"+ 61y —a Iy
Bl 2 <0, forr=12,...,M,
P _ﬁrIN
(41)
P<OT, +<(1-60)T, (42)
¢(%+T)+21n%|l+ev|—yT<O, (43)

T
1 1 1 -
> yeens >T "1, (44
<bl+c1 b, +¢ bM+cM> M )

where
Q= 1460+ yq" + qu)"f + qu)’fc)
T = diag{a;, a,,...,ap} + T,
d =maxa a Minax (_2’71n +p Z,I\:]l Y,Ir] + Z(erZ)
= X ) — - ’
res r 3
N

b = maxb, b = Minax (Zi:l PYi[zr] + ZOIN)

resS r r ﬁ N

N

: Amax (Z81 PYY) + 2B, P5)
¢ = maxec¢,, ¢ = _ ,

res p

(45)

then the solutions e, (t),e,(t), ..., and ey(t) of system (9) are
exponentially stable in mean square.

Remark 10. In [29], the exponential stability of a class of
stochastic neural networks with both Markovian jump
parameters and mixed fixed time delays were investigated.
Therefore, we could see our results as a further research about
the stochastic dynamic network of [29].

4. Numerical Simulation

In this section, we present some numerical simulation results
that validate the theorem in the previous section.
Consider the chaotic delayed neural network

ds(t) = {-Cs(t) + Af (s(t)) + Bg (s(t — 7 (t)))} dt

(46)
+o(st),st—1(@)))dw(t),

where f(s) = g(s) = tanh(s), 7(t) = 1, o(s(t), s(t - 7(t))) =
diag{s, (¢),s,(t)},

10 2 -01
C‘[o 1]’ A_[—S 4.5]’
(47)
-1.5 -0.1
B= [—0.2 —4 ]
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FIGURE 2: The trajectories of the state variables of x;, and x;,
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FIGURE 3: The time evolution of e;; and e;, (i = 1,2,...

Taking P = diag{1,2} and A = diag{5, 11, 5}, we have = 0.15
and 0 = 3.25 so that condition (11) is satisfied. Thus

dx; (t) = 1 f(x; (), %, (t -7 (1)) + Za[’]zx (t)

Zb[’]Zx (t—7. (1))} dt

+ a}’] (x(@),x(t—1@),x(t -7 (1)) dw (1),

i=1,2,...,5 r=1,2,
(48)
andT =3 3], 7.(t) = 0.1(e' /(1 + €)),
ol (x (), x (- T (), x (t - 7.(1)))
= 0.1diag {x;; (1), x;, (1)}, (49)

o (x @), x(t-7@),x(t-7.())
=0.1diag{x;; ¢t —7(t)), x5, (t—7(1))}.

=0,7. = 01,7 = 0.1
Then the solutions of

Computations then yield 7 =
and Y;; = 0.1I, for i = 12
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10 : : :
51 0 M
8
0 6
< 8.4
- 8.2 /
8
~10 | 7.8
7.6
s 22 23 24 25 26 27

0 1 2 3 4 5 6 7 8 9 10
t

()

(i=1,2,...,5) in system (48) by impulse control.

ep(t)

(b)

,5) in system (48) by impulse control.

inequalities (41)-(44) are (by using the Matlab LMI toolbox)
a = 2.500, B, = 0.001, a, = 4.305, b, = 5.055, ¢, = 0.109
a, = 4.006, B, = 0.009,a, = 5.105,b, = 5.030,and ¢, = 0.065.

The initial conditions for this simulation are x;;(¢,) which
are constants, fori = 1,2,...,5,j = 1,2 and the trajectories
of the impulse control gains are shown in Figure 2. Figure 3
shows the time evolution of the synchronization errors with
impulse control.

5. Conclusion

In this paper, we investigated the synchronization problem
for stochastic complex networks with Markovian switching
and nondelayed and time-varying delayed hybrid couplings.
We achieved synchronization by applying an impulse control
scheme to a small fraction of the nodes and derived sufficient
conditions for stability of synchronization. Finally, we consid-
ered some numerical examples that illustrate the theoretical
analysis.
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Distributed mutual exclusion is a fundamental problem which arises in various systems such as grid computing, mobile ad hoc
networks (MANETSs), and distributed databases. Reducing key metrics like message count per any critical section (CS) and delay
between two CS entrances, which is known as synchronization delay, is a great challenge for this problem. Various algorithms use
either permission-based or token-based protocols. Token-based algorithms offer better communication costs and synchronization
delay. Raymond’s and Suzuki-Kasami’s algorithms are well-known token-based ones. Raymond’s algorithm needs only O(log, (N))
messages per CS and Suzuki-Kasami’s algorithm needs just one message delivery time between two CS entrances. Nevertheless,
both algorithms are weak in the other metric, synchronization delay and message complexity correspondingly. In this work, a new
hybrid algorithm is proposed which gains from powerful aspects of both algorithms. Raysuz’s algorithm (the proposed algorithm)
uses a clustered graph and executes Suzuki-Kasami’s algorithm intraclusters and Raymond’s algorithm interclusters. This leads to
have better message complexity than that of pure Suzuki-Kasami’s algorithm and better synchronization delay than that of pure

Raymond’s algorithm, resulting in an overall efficient DMX algorithm pure algorithm.

1. Introduction

Using shared resources among different processes is a pri-
mary need in distributed systems. For this reason, distributed
mutual exclusion (DMX) has drawn great attention over the
years and a good number of algorithms have been proposed
in this area. These algorithms are used in distributed systems
such as mobile ad hoc networks (MANETS), sensor networks
[1, 2], grids, and distributed databases. Messages sent for
acquiring and releasing CS are an important measure for
DMX algorithms and have a great effect on system’s overall
performance. Safety, liveness, and fairness are the main
requirements for any mutual exclusion algorithm. Lamport’s
algorithm [3] and Ricart-Agrawala’s (RA) [4] algorithm are
considered as two of the most important fair distributed
mutual exclusion algorithms in the literature. Generally,

DMX algorithms can be classified into two major groups,
token-based algorithms and permission-based ones. In the
first case, a node enters a CS after receiving permission from
all of the nodes in its set for the critical section. For token-
based algorithms, however, processes are on a logical ring
and possession of a system-wide unique token provides the
right to enter a critical section. Suzuki-Kasami’s algorithm [5]
and Raymond’s tree-based algorithm [6] are milestone token-
based algorithms.

Suzuki-Kasami’s algorithm has a low synchronization
delay of one message between each two consecutive CS
entrances, meanwhile its message communication number
per any CS is N and that is fairly high for vast distributed sys-
tems which can restrict system scalability. On the other hand,
Raymond’s algorithm requires low message communication



for each CS entrance, but its delay is order of O(log,(N))
messages between two consecutive CS entrances.

In this study, a new hybrid DMX algorithm is proposed
that is called Raysuz. Raysuz’s algorithm uses a clustered
graph infrastructure. Suzuki-Kasami’s algorithm is run inside
the clusters and Raymond’s algorithm is run among cluster
leaders. Therefore it has better synchronization delay than
pure Raymond’s algorithm and better message complexity
than pure Suzuki-Kasami’s algorithm.

In addition, cluster leaders collect internal CS requests
and serve them once they receive token from other clusters.
This prevents ping-pong style communication of token which
is the matter of issue in Raymond’s algorithm. Also using
shortest paths inside clusters, Raysuz’s algorithm gains even
better performance than Suzuki-Kasami’s algorithm too.

In rest of the paper, we have presented related work in
Section 2. In Section 3, the new hybrid algorithm is described
both formally and informally. The description of the algo-
rithm is supported by the sample scenario in this section.
Then in Section 4, the proposed algorithm is evaluated.
Finally, in Section 5, we discuss the proposed algorithm and
conclude the paper.

2. The Literature Study

In this section the related studies are elaborated and some
performance metrics are discussed which are used in com-
parison of related algorithms.

2.1. Related Work. DMX algorithms can be classified as
permission-based and token-based. In the permission based
approaches, if a node needs to enter the CS, it should take
permission from all other nodes. There are many algorithms
which use this approach, for example, the studies of Singhal
[7], Maekawa [8], Agrawal and El Abbadi [9], and Lodha
and Kshemkalyani [10]. In the Lamport’s algorithm, a node
which needs to enter CS should broadcast its CS request, wait
for acknowledge from all nodes, and finally enter the CS.
After exiting CS, the node should broadcast a release message
indicating I have exited the CS. This algorithm sends 3(N — 1)
messages for each CS [3].

In order to reduce message complexity, Ricart Agrawala
has made improvements to Lamport’s algorithm which sends
only 2(N — 1) messages per each CS [4]. Ricart Agrawala
achieved this by removing release message step of Lamport’s
algorithm. Instead, the node exiting the CS only sends release
message to the nodes which have sent request messages and
wait for permission. A queue for holding requests that come
from other nodes is also added to the algorithm.

Agrawal and El Abbadi [9] and Maekawa [8] have pro-
posed quorrum-based algorithms which dramatically reduce
the message complexity and belong to permission-based
approach [8, 9]. Agrawal and El Abbadi use tree-structured
quorums which require permission from only O(log,(N))
nodes in best case, and O(N) in the worst case. Maekawa
proposed a new DMX algorithm which only uses ¢ VN mes-
sages to create a mutual exclusion in a computer network. The
network consists of number of subsets whose intersection set
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is not empty. DMX algorithms in [11-15] are also permission-
based algorithms.

Additionally, there are also a number of algorithms which
use token-based DMX approach [5, 6, 16-21]. Main idea of
token-based algorithms is that the node having the token
will have opportunity to enter CS. One of the most popular
approaches is Suzuki-Kasami’s algorithm [5] which uses N
messages per each CS. Another one is Raymond’s tree based
algorithm [6] which reduces the message complexity using
its dynamic tree structure. Raymond’s and Suzuki-Kasami’s
algorithms are basis for our new approach which is described
in Sections 2.2 and 2.3. In [22], a new DMX algorithm which
is based on path reversal is proposed.

Although many DMX algorithms exist, the state-of-the-
art technologies still require adapted DMX algorithms for
their circumstances. For example, Edmondson et al. [23]
propose a QoS-enabled DMX algorithm for public clouds
[24].

2.2. Performance Metrics. Performance bounds of DMX
algorithms can vary due to the network load. When a few
number of nodes want to enter a CS, the network is assumed
as lightly loaded; otherwise it can be called highly loaded.
There exist some metrics for evaluating performance and effi-
ciency of DMX algorithms. “number of messages per request”
is one of them which denotes the total number of messages
used for entering CS. It is a critical metric for determining
limits of required network bandwidth. Another key metric
is “response time” which implies the time interval between
one node’s requesting of a CS permission and entering the
CS. The last metric is “synchronization delay.” It denotes the
latency between one node exiting and the next permitted
node entering the CS.

2.3. Suzuki-Kasami’s and Raymond’s Algorithms. One of the
most important token-based DMX algorithms is Suzuki-
Kasami’s algorithm [5]. It works on fully connected network
and its main idea is to reduce the synchronization delay. The
algorithm has three data structures. The first one is N-sized
array named request which is used for holding requests of all
nodes in the network. The number of requests which is made
by some node i is stored in iy, place of request array. When a
new request comes from node j, j;, element of the request
array is incremented by one. The other two structures are
stored only in token. One of them is an N-sized array named
last which holds the number of CS entrances for each node.
SuzQ is a queue for holding node identities that are waiting
for the token.

When node i wants to enter the CS, it increments its
request number on the request array and broadcasts it. Upon
receiving request from node i, any node j#i updates its ith
element of request array with new value of variable in arriving
message. After exiting the CS, a node compares the last and
request arrays and enqueues node v if v,;, element of request
array is one more than the v,;, element of /ast array and v does
not already exist in queue.

Suzuki-Kasami’s synchronization delay is lower than
Raymond’s algorithm (0 or T') but its “number of messages
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per request” is higher than many of the other token-based
algorithms (N).

Considering message complexity, Raymond’s algorithm
is one of the most powerful algorithms amongst token-
based solutions for DMX [6]. The algorithm is based on
unrooted minimum spanning tree. The tree can be physically
or logically built. Each node does not need to know about
all the network topology; they only have to know about their
neighbors.

Entering a CS for a node requires having the PRIVILEGE.
Every node in the tree has a variable named HOLDER
indicating the direction to its neighbor which is on the
shortest path to the node that has the PRIVILEGE. If the
node owns the PRIVILEGE, its HOLDER variable shows
itself. If a nonprivileged node wants to enter the CS, it sends
REQUEST message to HOLDER. When a nonprivileged node
receives the REQUEST message from its neighbor, it sends
the REQUEST message to its HOLDER node. This process
continues until the REQUEST message reaches the privileged
node. When the privileged node receives request message and
finishes executing its CS, it becomes a nonprivileged node
and sends PRIVILEGE message to the sender. If the privileged
node receives a REQUEST message while executing its CS, it
sends PRIVILEGE message to the sender after it finishes CS.

As can be inferred from the description of the algorithm,
the “number of messages per request” is decreased dramati-
cally in comparison with the other DMX algoritms. However,
this improvement comes with a trade-oft. While achieving a
reasonable decrease on the “number of messages per request,”
“synchronization delay” increases. In Table1, performance
metrics of Raymond’s tree-based algorithm are shown as well
as information for some other algorithms.

2.4. Comparison. In this section, some of the DMX algo-
rithms are evaluated with respect to performance metrics and
their results, as shown in Table 1. In centralized algorithm,
three messages are sent per any CS both in high and low
network loads [16]. Its synchronization delay is measured as
2T. Its primary drawback is known as single point of failure.
However, Lamport’s algorithm requires 3(N — 1) messages
per CS, and its synchronization delay is only T' [3]. Ricart
and Agrawala (RA) have made an improvement and their
algorithm uses only 2(N — 1) messages per CS both in high
and low network loads. Also, it has synchronization delay of
only T [4].

Maekawa’s algorithm is quorum based and sends 3VN
messages and 5VN messages per any CS for low load and
high loads, respectively [8]. Its synchronization delay is
evaluated as 2T. Another quorum-based algorithm, Agrawal
and El Abbadi’s algorithm, uses O(log,(N)) messages per
CS in low load and (N/2) messages per CS in high load
[9]. Suzuki-Kasami’s algorithm, which is one of the token-
based algorithms, uses N messages per CS in low load, and
its synchronization delay is to be measured as T [5]. While
Suzuki-Kasami’s algorithm uses N messages per CS, Ray-
mond’s tree-based algorithm uses only O(log,(NN)) messages
per CS. Although synchronization delay of Suzuki-Kasami’s

3
TaBLE 1: Comparing different DMX algorithms.
Criteria
Algorithm Number of Number of  Synch

messages per  messages per (CS)
CS (low load) CS (highload) delay

Permission based
Centralized 3 3 2T

Message passing

Lamport 3(N-1) 3(N-1) T
Ricart-Agrawala 2(N-1) 2(N-1) T
Singhal N-1 3/2(N -1) T
Lodha N-1 2AN-1) T
Quorum based
Maekawa 3VN 5VN 2T
Agrawal-El Abbadi  log,(N) N/2 —
Token passing
Token ring N/2 — N/2
Suzuki-Kasami N N T
Raymond log,(N) log,(N) 4T

algorithm is only T, Raymond’s algorithm spends 4T as
synchronization delay [6].

As a result, Suzuki-Kasami’s algorithm and Raymond’s
algorithm have less synchronization delay and less message
count per CS, respectively. Their message count per CS and
synchronization delay is not efficient correspondingly and we
have dealt with these weaknesses.

3. Raysuz Algorithm

Suzuki-Kasami’s algorithm is known to have lower synchro-
nization delay than Raymond’s with the expense of higher
message complexity. Raymond’s algorithm has much less
message complexity, but synchronization delay is higher
because of using only the edges of the minimum spanning
tree (MST).

In this section, we propose an algorithm which combines
the better sides of these algorithms. Initially, the nodes are
grouped in clusters and each cluster has a leader node.
Suzuki-Kasami’s algorithm is used inside clusters and Ray-
mond’s algorithm is used to pass token among the cluster
leaders. Among the leaders, token can travel only on the
edges belonging to the MST paths, but inside clusters shortest
paths can be used. The high message traffic of broadcasting
CS requests of Suzuki-Kasami’s algorithm is decreased by
limiting broadcast only inside the clusters. Each cluster leader
will be responsible for requesting token from outer clusters
and dealing with their requests.

3.1 System Model and Data Structures. Before explaining the
algorithm, we describe the system model. Each node has a
unique ID and it can only communicate with its neighbors
via edges. We also assume that communication channels have
FIFO structure. Asynchronous communication model is used
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FIGURE 1: An example network clustered with DSTA.

in this algorithm. It is supposed that the communication
channel and nodes are failure free and there are no malicious
nodes. We suppose that all of the edges in the network
have the same weight. However, other assumptions will not
violate our results. Interested readers for weighted graphs
and analysis of clustering complex networks with distributed
preference mechanism can refer to [25].

Distributed spanning tree-based clustering algorithm
(DSTA) [26] can be implemented to cluster the network.
DSTA constructs clusters with controllable diameter and the
spanning tree of cluster heads (leaders) directing to the root
(sink) node as the backbone. The depth parameter of the
DSTA is used to adjust the diameter of the clusters. The
root node sends PARENT (nhops) message to its immediate
neighbors to start the execution of the DSTA algorithm.
When a node first receives PARENT (nhops) message, it sends
PARENT (nhops + 1 mod depth) message to its neighbors.
The recipients of the message with nhops = 0 are the CLUS-
TERHEADS, and those with nhops < depth are the MEMBER
nodes. Figurel shows an example network clustered with
DSTA, where depth = 2. The borders of the clusters are circled
and the communication edges are shown with lines.

Inside clusters, Suzuki-Kasami’s algorithm is used to pass
the token. Broadcasting requests for token in this algorithm
will be achieved by unicasting them on the shortest paths for
each node in the cluster. The leader only spectate the internal
token passing operations. Token passing between clusters is
made by cluster leaders using Raymond’s algorithm. When
internal requests take place, the leader node in the cluster will
be responsible for requesting and taking token from other
cluster leaders. When the token is in the cluster and other
clusters need it, the leader of the cluster steals token from its
cluster and sends it to the leader of related cluster.

The ordinary and leader nodes must hold some variables
in order to run the algorithm. These variables are as follows.

(i) Dir: each node holds the direction which shows the
leader of the cluster having the token. This variable
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helps cluster leaders requests to reach the cluster
which has the token.

(ii) TokInside: this variable is held by the leader nodes. It
states whether the token is inside the cluster or not.

(iii) Asked: this variable states whether a Raymond’s algo-
rithm token request has been made or not. Using
this variable prevents sending token requests for each
incoming request. It is used by cluster leaders and
other nodes who are making token transfer on the
transfer path.

(iv) RequestArray: it is an array which is used in the
same way as Suzuki-Kasami’s algorithm. Related array
element is incremented for each internal Suzuki-
Kasami’s algorithm request.

(v) LastArray: this array is used in the same way as
last array in Suzuki-Kasami’s algorithm. It holds the
number of times each node in cluster has entered
the CS. Nodes increment their array element after
finishing critical section. There is only one LastArray
for each cluster and it travels with internal tokens.

(vi) SuzQ: it is the queue which is used by nodes that
are waiting to enter CS in the same cluster, the
same as Suzuki-Kasami’s algorithm. It also travels
with internal token, which is always sent to head of
this queue. New requests from the same cluster are
detected by comparing request and last arrays and
there requester nodes are added to this queue by
nodes exiting CS.

(vil) RaymQ: this queue is the same as Raymond’s algo-
rithm. During the token travel among the cluster
leaders, the nodes in the path use this queue. Cluster
leaders forward their token to the head of this queue
after their clusters have finished their jobs. Ordinary
nodes in the path also help the transfer of token by
using this queue.

There are also several message types, used in the proposed
algorithm, which are listed below.

(i) InTok: a token message which lives in the clusters.

(ii) ExTok: a token message which travels between cluster
leaders.

(iii) InReq: it denotes internal Suzuki-Kasami’s algorithm
requests made within the clusters.

(iv) ExReq: it denotes external token requests (handled
using Raymond’s algorithm) which are sent by the
cluster leaders.

(v) Pulse: this input denotes the need of entering CS. Only
ordinary nodes can have pulse and enter CS.

3.2. Informal Description of Raysuz’s Algorithm. In Raysuz’s
algorithm, we have two types of nodes, namely, ordinary and
leader. Ordinary nodes only have information about their
own neighbors and use Suzuki-Kasami’s algorithm to enter
the CS. These nodes broadcast a CS request to their cluster
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using the shortest path routing with all possible edges. When
the nodes acquire the InTok, these nodes will do the same
procedure as that of Suzuki-Kasamis algorithm. The only
difference between ordinary nodes in pure Suzuki-Kasami’s
algorithm and Raysuz’s algorithm is that the ordinary nodes
in the proposed algorithm use Raymond’s algorithm proce-
dures to transfer external CS requests and external token
between cluster leaders. When an external CS request comes
to a node, this node adds the requester to its RaymQ and
if another external CS request has not been sent earlier, it
sends an external CS request towards the direction in Dir.
Whenever an external token arrives at the node, it sends this
token to the head of RaymQ, probably itself.

Leader nodes are dedicated to request token from other
clusters. The leader nodes can process two threads in order
to act as leader and ordinary nodes simultaneously. Their
job is to send external token requests when their cluster
needs token and give the token back when other clusters
need it. They send external requests and external token
according to Raymond’s algorithm routines. When there is
an internal Suzuki-Kasami’s algorithm request, InReq, inside
the cluster, the cluster leader sends an external request to
direction, Dir, if the token is not in the cluster. Each node
in the path will forward the message up to the leader of
the cluster having the token. When the leader of the token
owner cluster receives the external request, ExReq, it sends
an ordinary Suzuki-Kasami’s request to its cluster, takes the
token in its turn, and sends it to the requester. Cluster
leaders add a level of indirection and obtain the illusion
that there are only cluster leaders which are implementing
Raymond’s algorithm. They also hide the outer system from
their cluster nodes. When the token is outside the cluster, the
ordinary nodes will believe that the token is in their cluster
leader.

As mentioned above, this clustered algorithm combines
the low synchronization delay feature of Suzuki-Kasami’s
algorithm and low message complexity feature of Raymond’s
algorithms. When an external requests arrives, the cluster
leader does not grab and does not send the token immedi-
ately. Instead, it makes a Suzuki-Kasami’s algorithm request
to take and send the token. This behaviour ensures that
significant amount of internal CS demands which have
arrived before external requests are fulfilled. This prevents
token to travel along the graph for each request like in a ping-
pong style communication, thus reducing token travelling
distance for each request and reducing synchronization delay
in comparison with pure Raymond’s algorithm. Moreover,
using the shortest paths for Suzuki-Kasami’s operations
fastens the token travelling inside the cluster, therefore
reduces the synchronization delay and number of messages per
request.

3.3. Formal Description of Raysuz’s Algorithm. In this section,
Raysuz’s algorithm is illustrated formally as two finite state
machines (FSM) for both leader and ordinary nodes. The
related FSMs for leader and ordinary nodes can be seen in
Figures 2 and 3, respectively. The pseudocode of these algo-

rithms and used legends are provided in Table 3, Algorithm 1,
and Algorithm 2.

3.3.1. The Leader Node. As it can be seen in the FSM of
Figure 2, the leader node has three states, IDLE, WAITEXTO-
KEN, and INTOKENSTEAL.

IDLE. The leader nodes are in IDLE state when the token
is in the cluster and there are no external requests, or the
token is outside and there are no internal nodes which
need to enter CS currently. When the token is inside and
external request arrives, leader node makes a Suzuki-Kasami’s
algorithm request, adds the requester’s ID to RaymQ, and
passes to INTOKENSTEAL state. If the token is not inside
the cluster and an internal Suzuki-Kasami’s algorithm request
arrives, the leader adds itself to RaymQ and sends an external
request to the direction of Dir (if not previously sent) and
transits to WAITEXTOKEN state.

INTOKENSTEAL. The leader nodes are in INTOKENSTEAL
state when they are waiting for the internal token to send
to external requester. When the internal token arrives, the
leader looks at its RaymQ and SuzQ sizes. If their sizes both
are one (which is the same the leader itself), it means that
there is no more external or internal requester waiting for
the token. Therefore, it sends the token to the requester and
updates the direction to it and finally goes to IDLE state. If
one of the queues is greater than one, it means that the token
is needed back, either for internal CS demands or external
requests. In this case, the leader puts itself into its RaymQ and
sends external request just after sending the token and finally
it transits to WAITEXTOKEN state.

WAITEXTOKEN. The leader nodes are in this state when
they are waiting for the external token either for internal CS
demands or external requests. When the external token for
another cluster arrives to the leader, it just forwards the token
to head of RaymQ, changes direction, and transits its state to
IDLE. If the external token arrives to the leader, it looks at
the size of its RaymQ. In case the size of its RaymQ is one,
this means there are no other external requests waiting, so it
creates and sends the internal token to its cluster and goes to
IDLE state. If it is greater than one, this means that there are
other clusters waiting for the token, thus it makes a Suzuki-
Kasami’s algorithm request just after sending the token into
its cluster and goes to INTOKENSTEAL state.

The routine which takes place in a leader of any cluster is
clearly defined in the Algorithm 1. This algorithm consists of
six steps. Step one is triggered when the cluster has no token
inside and the leader receives a request, either from outside
or inside cluster. In both cases, it transits to WAITEXTOKEN
state but in earlier case the leader puts external request in
the RaymQ while in latter case it puts its own request in this
queue.

Step two describes the state which occurs when the token
owner cluster’s leader receives a token request. The actions to
take place are determined with regard to whether the request
comes from intracluster or not. The former one forces leader
to operate ordinary Suzuki-Kasami’s algorithm’s related part.
In the other case, the leader makes Suzuki-Kasami’s request
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FIGURE 2: Leader nodes’ finite state machine.

on behalf of the original requester to steal the token from
its own cluster to send it outside of the cluster (to the origin
of the request). At this point, the leader’s state is changed to
INTOKENSTEAL state.

In step three the leader which is in token steal state
receives it and sends the token to the requester’s cluster. Until
receiving the token, this leader reacts with a new request from
other clusters, if any, in step four. Step five deals with the
leaders that are waiting for the external token and receive a
request from other clusters. Nevertheless, the actions listed
in step six will be taken if this leader gets the token for its
cluster.

3.3.2. The Ordinary Node. The ordinary node has also three
states, IDLE, HAVEREQUEST, and HAVETOKEN.

IDLE. This state means that the ordinary node does not have
a CS demand. It follows Raymond’s algorithm routine when
external requests or the external token arrives. When a pulse

indicating CS demand arrives, it makes Suzuki-Kasami’s
algorithm request and goes to HAVEREQUEST state.
HAVEREQUEST. The node waits for the token in this state.
When internal token arrives, it enters the CS. Upon exiting
the CS, it checks the SuzQ. If it is empty, this means there
are no token waiting nodes in the cluster. Thus, it goes to
HAVETOKEN state. If SuzQ is not empty, it sends the token
to the head of SuzQ and goes to IDLE state.

HAVETOKEN. This state means that there are no more token
waiting nodes in the cluster and the token remains at the node
after the CS; then it can freely enter the CS whenever it needs.
When an internal request arrives, it sends the token to the
requester and transits to IDLE state.

The routine which takes place in an ordinary node is
defined in the algorithm of Algorithm 2. This algorithm
contains seven steps. The first step deals with any idle or
token requested ordinary node which receives a request from
any other node. In second step, the actions required upon
receiving an external token for idle nodes or nodes which
have just requested a token are listed. The event of receiving
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FIGURE 3: Ordinary Nodes’ Finite State Machine.

a pulse enforces the idle node to have a request in the third
step.

The fourth and fifth steps demonstrate the original related
part of Suzuki-Kasami’s algorithm in which any requested
node receives the token. Finally, the sixth and seventh
steps handle receiving request and pulse, respectively, for an
ordinary node which is in the HAVETOKEN state.

3.4. A Sample Scenario Using Raysuz’s Algorithm. For clarity
of Raysuzs algorithm, we present a sample scenario for
the algorithm execution. According to the algorithm, the
network is clustered by an algorithm such as [26, 27]. In this
scenario, initially, the token belongs to a node T, in cluster
C,. There are some requests from other nodes in this scenario:
firstly, N, in C,, requests the token. Then the other node, N, in
C,, asks for the token shortly after Ny’s request. Meanwhile,
N, in C, also wants to grab the token. This scenario shows
how the algorithm deals with these requests.

The first event of the scenario can be seen in Figure 4(a).
Firstly, node N, which needs the token, makes a Suzuki-
Kasami request and broadcasts it to its cluster. Since it is
the first node which has requested the token, it receives the
token immediately as shown in event 1 in Figure 4(b). After
that, node N in cluster C, requests the token from its own
cluster with broadcasting a Suzuki-Kasami’s request as shown
in event 2 in Figure 4(b). Due to lack of the tokens in this
cluster C,’s leader L, sends the request to the leader of the

cluster which is the owner of the token, L, as in Figure 5(a).
After L, receives the token request, it makes a Suzuki-Kasami
request as it does for itself, as shown in event 1 in Figure 5(b).
Shortly after that, node N, from another cluster, C,, wants
the token and makes a request to its own cluster as shown in
event 2 in Figure 5(b). Since the token is not in C,, its leader,
L,, sends the request to N’s cluster leader as shown in event
1in Figure 5(c).

At this point, N, has the token and N, and N, are waiting
for it. When N,, quits the critical section, it sends the token to
the leader of its cluster as shown with event 2 in Figure 5(c)
and the leader forwards it to the leader of C; accompanied
with a request (for request of N,) as shown in event 1 in
Figure 5(d). Upon receiving the token by L, it delivers the
token to N;, which has asked for it, and then L, broadcasts
an internal request in its cluster to steal the token and send it
back to L as shown in event 2 in Figure 5(d).

As soon as N, exits the critical section, due to prior
internal request, it sends the token to L, as shown in event
1 in Figure 5(e). Afterwards, the leader returns the token to
L, as shown in event 2 in Figure 5(e). Then, L, according to
the requests saved in its queue, sends the token to L,, which
delivers it to N, as shown in events 3 and 4, respectively, in
Figure 5(e).

Now, we examine this scenario deeply according to
algorithm’s detail to understand what is going on in this
algorithm. When node N, makes a Suzuki-Kasami request as
is shown in Figure 4(a), L, only increases the request array in
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Other clusters

FIGURE 4: Scenario for Suzuki-Kasami’s part of the Raysuz algorithm.

the same way as an ordinary node does in the same cluster. So
far everything is straightforward. Then node N, in C; makes
arequest in its cluster to enter the CS; see Figure 4(b). Before
N; requests for the token, N, receives the token from the
token holder node, as shown in Figure 4(b).

At this time, in C;, L, which is aware of the token
absence prepares a request to get token and sends it to node
whose identity is the same as the Dir’s content, as shown in
Figure 5(a). Upon receiving the external request from N, L,
adds N, ’s request to its RaymQ and prepares a request to get
the token from its own cluster. This is achieved by making
a Suzuki-Kasami request as shown in event 1 of Figure 5(b),
as if L, wants the token for itself to give it to N;. While L,
is dealing with acquiring the token, another node, N, in C,,
needs to enter the CS, so it makes a Suzuki-Kasami request
as shown with event 2 in Figure 5(b). After some while, L,
sends an external request to L, to get the token as shown in
event 1in Figure 5(c). Then L, adds this node (L,) to its own
RaymQ. In this way, L, knows that there is another node, N,,
which wants to grab the token after N,. Later on, N, sends
back the token to L as shown in event 2 in Figure 5(c).

Now, L, has the token and dequeues RaymQ and sets Dir
variable with dequeued node. Afterwards, it sends the token
to dequeued node which is the first external node which
wants token from L. Since the RaymQ is not empty, L also
sends an external request along with the token as shown in
event 1 in Figure 5(d).

As L, receives the request and the token, it queues the
external request to the RaymQ and forwards the token to the
N, using SuzQ. Taking the request into consideration, L, also
broadcasts a Suzuki-Kasami request in the cluster, as can be
seen in event 2 of Figure 5(d). Since there is no other internal
request in C,, after exiting the CS, N, forwards the token to
the L, as shown in event 1 of Figure 5(e).

At this point, L,’s RaymQ is not empty, so it sends the
token to the RaymQ’s head (in this case L, with dequeuing it

as shown in event 2 of Figure 5(e)). Analogous to the previous
event, L, sends the token to L, using its RaymQ as shown in
event 3 of Figure 5(e).

Finally, L,, receiving an external token, sends the token
to the head of SuzQ which is N, as shown in event 4 in
Figure 5(e). In this way, three nodes received the token in
order and the scenario is accomplished.

4. Analysis of the Proposed Algorithm

In this section, we present the theoretical analysis of Ray-
suz’s algorithm along with relevant proofs. This theoretical
analysis contains correctness, message complexity, energy
consumption, synchronization delay, and response time for
the proposed algorithm.

4.1. Correctness of Raysuz’s Algorithm. The correctness of
Raysuz’s algorithm is examined according to safety and
liveness attributes of the algorithm.

4.1.1. Safety. Safety of Raysuz’s algorithm is analyzed from the
single token existence and mutual exclusion points of view,
which will be discussed in Theorem 3.

Lemmal. In Raysuz’s algorithm at most one token exists in the
network concurrently.

Proof. Assume the contrary. In this case, there exists more
than one token in the network concurrently. Therefore,
according to finite-state machine given in Figure 3, more
than one ordinary node should be in HAVETOKEN state.
Assume that these nodes are in the same cluster. Suzuki-
Kasami’s algorithm is used in intracluster communication;
thus multiple token existence is impossible [5].

On the other hand, assume that more than one node
belonging to different clusters is in the CS at the same time.
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FIGURE 5: Scenario for Raymond’s part of the Raysuz algorithm.
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In this case, according to pseudocode of leader node in
Algorithm 1, multiple leaders should be in INTOKENSTEAL
state. Since Raymond’s algorithm is used for intracluster
communications, this is also not possible [6].

There is no other possibility; therefore we contradict our
assumption. O

Lemma 2. At most one node can be in the CS at any time,
ensuring mutual exclusion.

Proof. Assume the contrary, that more than one node can
execute CS at any time concurrently. In Raysuz’s algorithm,
when a node receives token, it enters CS. If there is more
than one token in the network, then more than one node can
execute CS at the same time. However, it is proven in Lemma 1
that this case is not possible. Therefore, we contradict our
assumption. O

Theorem 3. There always exists exactly one token in Raysuz
algorithm, which also provides at most one node entering CS at
any time, thus satisfying Safety attribute.

Proof. The theorem holds since Lemmas1and 2 are true. [J

4.1.2. Liveness

Theorem 4. Raysuz’s algorithm is deadlock- and starvation-

free.

Proof. We use Suzuki-Kasami’s algorithm for intracluster
communication and Raymond’s algorithm for intercluster,
communication. Both algorithms are deadlock- and starva-
tion free which is proven in [5, 6]. Thus, Raysuz’s algorithm
is deadlock- and starvation-free. O

4.2. Message Complexity. The message complexities of Ray-
suz’s, Raymond’s and Suzuki-Kasami’s algorithms are com-
paratively explained in this section. We assume the topology
of the network as multihop cluster tree, where there are C
clusters and N nodes.

In the graph consisting of N nodes, the mean dis-
tance between any two nodes (also mean unicast distance
between two nodes), E(L,), is almost surely of order
O(log,(N)/log,(d)), where d is the weighted average of the
sum of squares of the expected degrees [28].

We consider the power law graphs with lots of nodes, so
d is a very small value in comparison with N. Thus we use
the complexity O(log,(N)) instead of O(log,(N)/log,(d) as a
mean distance between two arbitrary nodes.

4.2.1. The Worst Case. In Raymond’s algorithm, token
requester and token holder nodes will be on the farthest
sides in the worst situation. In this case, request message will
travel up to the root and down to the token holder. Similarly,
token holder will send token back in the same path. Thus, the
message complexity for arequestis N-1+N—-1=2N-2 =
O(N).

In Suzuki-Kasami’s algorithm on a tree, the requester
will broadcast request on tree, which uses a total of N — 1
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messages. Then the token holder node will receive request
and send token to requester using the shortest path routing
information in messages. Therefore, the total message count
for a requestiss N -1+ N -1 = 2N -2 = O(N).
Raysuz’s algorithm has six phases for requesting and entering
CS. The phases and number of messages sent in each phase
are described as follows.

(i) Requester node sends request to its leader: intra
cluster requests are broadcasted along the tree, and
one message will be sent for each node in cluster
except the requester. This requires N/C—-1 = O(N/C)
messages.

(ii) Leader forwards the request to the token holder node’s
cluster: in this phase, the two token leaders will
communicate. In the worst situation, these leaders
will be in the farthest sides of the tree. Then, the
distance between them will be N — 1 = O(N), which
is also the number of messages needed in this phase.

(iii) Token holder leader makes Suzuki-Kasami’s request:
the leader of the token holding cluster will broadcast
request to its cluster to take the token. This broadcast
needs N/C — 1 = O(N/C) messages.

(iv) Token holder node sends token to its leader: the token
holder node will send token to leader at the cluster
root using O(N/C) messages.

(v) Token holder cluster’s leader sends token to reques-
ter’s leader: similar to phase 2, the two token leaders
will communicate. Thus, the number of messages
neededis N — 1 = O(N).

(vi) Token requester node’s leader sends token to the
requester node using O(N/C) messages.

The total of these phases yields O(N).

4.2.2. The Best Case. The best case situation occurs when
only the token holder node wants to enter CS. In this case,
no message transmission is needed. Therefore, the number
of messages needed for Raymonds, Suzuki-Kasami’s and
Raysuz’s algorithm is 0 in the best case.

4.2.3. The General Case. The general case for message com-
plexity is elaborated in this section. The required notation is
shown in Table 2. We assume that underlying topology is a
balanced tree with height O(log, (N)).

LHL denotes the level of the token holder leader in the
tree. LHN denotes the level of token holder node. LRN is
level of requesting node and LRL is the level of requesting
leader.

In Raymond’s algorithm, request message will travel
LRN +LHN hops. Similarly, the token will travel back LHN +
LRN hops, resulting in a total of 2(LRN + LHN) messages
travelling through the path. This yields O(log,(N)) message
complexity for Raymond’s algorithm. According to Suzuki-
Kasami’s algorithm, N — 1 messages are needed to broadcast
the request. The token will be sent to requester in LHN
number of messages, resulting in N —1+O(log,(N)) = O(N)
messages.
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TABLE 2: Legends of the analysis.

Legend Description
LHL Level of the token holder leader
LRL Level of requesting leader
LHN Level of the token holder node
LRN Level of requesting node
TABLE 3: Legends of the algorithms.
Legend Description
L; Any leader j
Lo Leader’s cluster holding token
L pnitExToken Leader who sent request

Leader who sends Suzuki-Kasami’s request

Liokenstea to inner cluster

C; Cluster j

P, Process j

O, Any node

O, 41 The node which is not interested in token
OhaveToken The node which has the token

OhaveRequest The node which has requested the token

In Raysuz’s algorithm, we have the same 6 phases as in
Section 4.2.1.

(i) The requester node sends request to its leader (using
Suzuki-Kasami’s algorithm) with N/C — 1 messages.

(ii) The leader forwards the request to token holder
cluster’s leader in LRL + LHL number of messages.

(iii) Token holder leader broadcasts Suzuki-Kasami’s algo-
rithm request to take the token. The number of
messages needed is N/C — 1.

(iv) Token holder node sends token to its cluster leader
using LHN — LHL messages.

(v) Token holder cluster leader sends token to leader
of token requester node in LRL + LHL number of
messages.

(vi) Leader of token requesting node sends message to
requesting node in LRN — LRL number of messages.

The total of these phases resultsis N/C—1+LRL+LHL +
N/C-1+LHN-LHL+LRL+LHL+LRN-LRL =2N/C-
2+ LRL+LHL + LHN + LRN = O(N/C +log,(N)).

For example, if the number of clusters, C, is big enough,
then the average message complexity becomes Q(log,(N)).

4.3. Energy Consumption. Energy consumption is important
for wireless systems and especially for MANETSs where nodes
are battery-powered. Generally transceiver is the dominant
energy consumer, so that transmitted byte counts should be
minimized to maximize the network lifetime. With regard to
this, our energy consumption analysis depends on message
size and message complexity. We first analyze message size of
Raysuz’s algorithm and then we analyze the worst case, the
best case, and the general case for the transmitted bit count.

1

The complexities of size of ExTok, InReq, ExReq, and Pulse
messages are O(log,(N)) bits since these messages include
constant number of fields (such as source, destination, and
requestor) and each of these fields can be represented with
numbers in [0, N]. On the other hand, the InTok message’s
size is O(N/C log,(N)) bits since Suzuki-Kasami token
should include information about all nodes in the cluster.

4.3.1. The Worst Case. In Raymond’s algorithm, O(N) mes-
sages are sent at the worst case. Since the message size in
Raymond’s algorithm is O(log,(N)) bits, the transmitted bit
count of Raymond’s algorithm is O(Nlog,(N)) bits.

At the worst case, the message complexity of Suzuki-
Kasami’s algorithm is O(N). Token includes information of
all nodes, so that the size of the token is O(Nlog,(N)) bits. In
this case, O(N 2log2 (N)) bits are transmitted in total.

Raysuz’s algorithm has six phases in the worst case
as given in Section 4.2.1. The transmitted bit count of
each phase is added to find the total value as follows:
O(N/C) O(N/Clog,(N)) + O(N) O(log,(N)) + O(N/C)
O(N/Clog,(N)) + O(N/C) O(N/Clog,(N)) + O(N)
O(log,(N)) + O(N/C) O(N/Clog,(N)) = O((N/C)*log,(N)).
At the worst case for C = 1, the complexity of transmitted bit
count is O(Nzlogz(N )) bits.

4.3.2. The Best Case. At the best case, token holder wants to
enter CS. No transmissions are needed; thus, the transmitted
bit counts of Raymond’s, Suzuki-Kasami’s and Raysuz’s algo-
rithm are 0 bits.

4.3.3. The General Case. In the general case, Suzuki-Kasami’s
and Raymond’s transmitted byte counts are O(N 2logz(N )
bits and O(logz(N)z) bits, respectively. The general case of
Raysuz’s algorithm can be found by adding the complex-
ities of intracluster and intercluster operations as follows:
O(N/C) O(N/Clog,(N)) + O(N/C+log,(N)) O(log,(N)) =
O((N/C)zlogz(N) +(N/C+log,(N))log,(N)). For C = 1, the
worst case equals O(Nzlogz(N )) bits, the same as the value
given in Section 4.3.1. For C = N, Q(log,(N )%) bits are the
lower bound of the general case.

4.4. Synchronization Delay. In synchronization delay formu-
lations, we have used notation T to indicate the unit time for
sending a message.

4.4.1. The Worst Case. The worst case synchronization delay
of Suzuki-Kasami’s algorithm is NT for a network consisting
of N nodes, since distance of any two nodes is at most N.
Thus synchronization delay of Suzuki-Kasami’s algorithm is
O(N) at the worst case. The worst synchronization delay
of Raymond’s algorithm is NT, resulting in O(N) time
complexity which is equal to diameter of the tree at the worst
case.

The worst case of Raysuz’s algorithm has 3 phases. In
the first phase token holder finishes executing CS and sends
token to its leader. This phase requires O(N/C) time. In the
second phase, the token holding leader sends token to leader
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L1if LNC; =0
1.1.1 add P, to RaymQ

1.2 else

1.2.2 enqueue RaymQ with L;
1.2.3 send ExReq to Dir
1.3 end if
1.4 L] = quitExTaken

2.1if P,NC; = O then

2.1.2 enqueue P, to RaymQ
213 L] = LinTokenSteal
2.2 else

2.3 end if

3.1.1 update SuzQ

3.1.4 enqueue RaymQ with L ;
3.5 Lj = quitExToken

3.2 else
3.2.1 update SuzQ

3.2.3 send ExToken to Dir
324L; =Ly,
3.3 end if

4.1if B,NnC; = @ then
4.1.1add P; to RaymQ
4.2 else

4.3 end if

51if LNC; =0
5.1.1 enqueue P, to RaymQ
5.2 else

5.2.2 Update SuzQ
5.3 end if
Step 6. UponalL; =L

waitExToken

Step 1. Upon a leader L # L, receives request from process P, and L ; = L4,

1.1.2 send L ;s request to Dir (as an external request)

1.2.1 increase corresponding request array element by 1

Step 2. Upona L; = Ly, receive request from process P,

2.1.1increase jth element of request array and broadcast request

2.2.1 increase ith element of request array by 1

Step 3. Upona L; = Liroenstear Teceive InToken for L ;
3.1 if RaymQ.length > 1 or SuzQ.length > 1 then

3.1.2 dequeue RaymQ and set Dir with dequeued node
3.1.3 send ExToken and ExReq to Dir

3.2.2 dequeue RaymQ and set Dir with dequeued node

Step 4. Upona L ; = Ljrykenstea TeCEIVE request from P;

4.2.1 increase jth element of request array

Step 5. Upona L; = Lyuitparoken 20d receives request from P,

5.2.1 increase corresponding request array element by 1

and receives ExToken for L j
6.1 update SuzQ and last and add them in InToken

ALGORITHM 1: Raysuz’s algorithm for leader node.

of the requester. This phase needs O(N) time. In the last
phase, token requester’s leader sends token to the requester.
This requires O(N/C) time. Consequently, the total messages
needed in these three phases are O(N) time which is needed
at the worst case.

4.4.2. The Best Case. The best case situation occurs when
requester node is the token holder node. In this case, Ray-
mond’s, Suzuki-Kasami’s, and Raysuz’s algorithm will have 0
synchronization delay.

4.4.3. General Case. In Suzuki-Kasami’s algorithm, the best
case and general case have the same delay. The synchro-
nization delay of Suzuki-Kasami’s algorithm is log,(N)T in
general case for power law graphs. In Raymond’s algorithm,
synchronization delay is (LHN + LRN)T= 2log,(N)T in
general case.

In Raysuz’s algorithm, the first phase takes (LHN—-LHL)T
time. The second and the third phases require (LRL+ LHL)T
and (LRN — LRL)T, respectively. The total time is: (LHN +
LRL + LRN)T=2log,(N)T.
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Step 1. Upon O; = Oy, 0or O; = Opgperequest 20d receives request from P,
L1if P,NC; = O then
1.1.1 enqueue P, to RaymQ
1.1.2 if !Asked
1.1.2.1 send own request to Dir
1.1.2.2 set Asked True

1.1.3 end if
1.2 else
1.2.1 increase corresponding request array element by 1
1.3 end if
Step 2. Upon O; = Oy, 01 O; = Ojyyepeques and receives ExToken
2.1 set Asked False

2.2 dequeue RaymQ and set Dir with dequeued node
2.3 send ExToken to Dir
2.4 if RaymQ.length > 1 then
2.4.1 send ExReq to Dir
2.4.2 set Asked True
2.5 end if
Step 3. Upon O; = Oy, and receives Pulse
3.1 increase corresponding request array element by 1 and broadcast request
3.2 Oj = OhuveRequest
Step 4. Upon O; = Opgyerequest TeC€IVes InToken for O; and SuzQlength = 0
4.1 enter CS
4.2 update SuzQ
4.3 send InToken to head of SuzQ
4.4 set Dir as head
Step 5. Upon O; = Ojygyerequest eceives InToken for O; and SuzQ.length > 0
5.1 enter CS
5.2 update SuzQ
5.3 Oj = OhuveToken
Step 6. Upon Oj = Opuvetoren TCEIVeES request from P,
6.1if ,NC; = O then
6.1.1 enqueue P, to RaymQ
6.1.2 if |Asked
6.1.2.1 send own request to Dir
6.1.2.2 set Asked True
6.1.3 end if
6.2 else
6.2.1 increase corresponding request array element by 1
6.2.2 update SuzQ
6.2.3 send InToken to P,

6.2.4 O; = Oy,
6.3 end if
Step 7. Upon O; = Ojyayeroken and receives Pulse
7.1 enter CS

ALGORITHM 2: Raysuz’s algorithm for ordinary node.

This case is for intercluster token transmission between  4.4.4. Clustering Effect on Raysuz’s Algorithm. Raysuz’s algo-
two leaf clusters. The fact is that the token transmissions are ~ rithm takes the advantage of using clusters and applying
not always from end to end nodes. So, the synchronization ~ Suzuki-Kasami’s algorithm inside the clusters. In some cases,
delay is less than O(log,(NN)). Furthermore, due to the locality nodes that are close to the token owner node are more likely to
of reference, in high load critical section request, a good  make CSrequest than further nodes. This locality of reference
number of requests will arise in the clusters, there exist C ~ property leads to have lower synchronization delay using
clusters in the system each having N/C nodes. In these cases, ~ Suzuki-Kasami’s algorithm inside clusters.
the synchronization delay is as much as the best case which is Assume that the requester and the token holder node
much less than O(log,(N)). are in the same cluster. Then, in the worst case, the token
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requester will wait for the next node of its cluster to enter CS.
This takes log, (N/C)T time.

However, in Raymond’s algorithm, the worst case time is
log,(N)T. It can be seen that Raysuz’s algorithm has lower
synchronization delay when requester is in the same cluster.

4.5. Response Time. At the worst case, the response of time of
Raysuz’s algorithm is 2log,(N/C)T for intracluster commu-
nications and O(log, (N)T) for intercluster communications.
The response times of Raymond’s and Suzuki’s algorithms are
2log,(N)T at the worst case. As explained in previous section,
Raysuz is favorable when requests are mostly made by nodes
that are in the same cluster as the token requestor.

4.6. Fairness. A distributed mutex algorithm can be stated
as fair if CS requests are always satisfied in the increasing
order of their request timestamps. Raymond’s algorithm [6]
is known to be not fair in certain situations. One of these
situations can be stated as follows.

Assume that nodes a and b are in the same cluster and
node a is the token holder and cluster leader of node b.
Also, nodes ¢ and d are in the same cluster and the leader
of these nodes is denoted as node e. This topology can be
seen in Figure 6. Considering this topology, suppose that the
CS requests are made in d, b, and ¢ chronological order. The
leaders of the requesters hear the requests and send requests
to the token holding cluster, node a. Node a sends the token
to the direction of d and immediately sends a request to grab
and send token to node b. Node e which is the leader of
node d receives the token and forwards it to d. After node
d exits the CS, it immediately sends the token to node c,
since they are in the same cluster and Suzuki-Kasami’s part
of Raysuz is processed. Meanwhile, node e makes Suzuki-
Kasami’s request, since it has received a request from node a
(which belongs to node b). After c exits CS, e takes the token
back and sends to a, which will finally send token to b. In this
scenario, ¢ enters CS before b while b has sent request earlier.

Our proposed algorithm uses Raymond’s algorithm for
intercluster communications; therefore, intercluster opera-
tions are unfair as in Raymond’s algorithm. Intracluster
requests are satisfied fairly as in Suzuki-Kasami’s algorithm.
On the whole, unfairness of Raysuz’s algorithm is generally
lower than, and in the worst cases the same as the unfairness
of Raymond’s algorithm.

Kanrar and Chaki [29] had solved the unfairness issue
by adding extensions to original Raymond’s algorithm. The
same approach can be applied to Raysuz’s algorithm easily;
therefore, the unfairness issue can be solved.

5. Discussion and Conclusion

In this work, we have proposed a new token-based hybrid
DMX algorithm. The algorithm works on a clustered graph
and executes Suzuki-Kasami’s algorithm in the clusters,
meanwhile running Raymond’s algorithm between cluster’s
leaders. It stores the CS requests in clusters and serves them
whenever token arrives into the cluster.

Mathematical Problems in Engineering

Other clusters

FIGURE 6: The topology of the scenario.

In general, Raysuz’s algorithm has a stronger fairness
property than Raymonds algorithm. In the worst case
scenario, the algorithm is as fair as Raymond’s algorithm.
However, there are algorithms to make Raymond’s algorithm
fair which can also be added into Raysuz’s algorithm [29].
Instead, Raysuz algorithm gives better message complexity
than pure Suzuki-Kasami’s algorithm and better CS delay
than pure Raymond’s algorithm. In addition, storing CS
request and serving them as soon as external token arrives
leads to preventing ping-pong style token communication
in intraclusters which can be matter of issue in Raymond’s
algorithm.

Using positive points of both Raymond’s and Suzuki-
Kasami’s algorithms makes it possible to balance the amount
of message communication (increasing with bigger clusters)
and the synchronization delay (increasing with smaller clus-
ters). Therefore, having a parameter like cluster size as a
tuning variable can make desired balance between CS delay
and communication messages. Thus, the algorithm will be
useful for both interactive systems with multiusers, in which
traffic reduction is important, and real-time systems, in which
lower CS delay is critical. In the real distributed systems,
usually networks are not fully connected. The proposed
algorithm uses Suzuki-Kasami’s algorithm and customizes it
by finding an MST in the clusters and using the shortest paths
in them.

The reduction of message count used in the communi-
cation leads to have lower energy consumption. This is an
important issue for wireless systems in general and makes
our algorithm more suitable to be used in MANETs. Also,
using clusters and executing CS in the clusters can lead to
have less energy consumptions. Group mutual exclusion [30]
is another field that can be adapted to proposed algorithm
[3, 31]. In any cluster, CS executions can be considered as
groups of nodes which tend to enter a CS.
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The design and optimization problems of the nonfragile guaranteed cost control are investigated for a class of interconnected
systems of neutral type. A novel scheme, viewing the interconnections with time-varying delays as effective information but not
disturbances, is developed to decrease the conservatism. Many techniques on decomposing and magnifying the matrices are utilized
to obtain the guaranteed cost of the considered system. Also, an algorithm is proposed to solve the nonlinear problem of the
interconnected matrices. Based on this algorithm, the minimization of the guaranteed cost of the considered system is obtained by
optimization. Further, the state feedback control is extended to the case in which the underlying system is dependent on uncertain
parameters. Finally, two numerical examples are given to illustrate the proposed method, and some comparisons are made to show
the advantages of the schemes of dealing with the interconnections.

1. Introduction

Time delays often arise in the processing state, input or related
variables of dynamic systems. Particularly, when the state
derivative also contains time delay, the considered systems
are called neutral systems [1]. The outstanding characteristic
of neutral systems is the fact that such systems contain the
same highest order derivatives for the state vector x(t), at both
time ¢ and past time(s) t, < t. Many engineering systems
can be represented as neutral equation [2-10], such as heat
exchangers, robots in contact with rigid environments [11],
distributed networks containing lossless transmission lines
[12], and population ecology [13]. Therefore, great interest
has been devoted to analysis and synthesis of a class of
neutral delay systems. The delay-dependent stability criteria
for stochastic systems of neutral type are studied in [3,
6]. The difference between them is that the exponential
stability problem is investigated in the former, and the robust
stochastic stability, stabilization, and H_, control problems
are considered in the other. Furthermore, the improved
stability criteria for neutral systems are established by the
method of a memory state feedback control [2] and by the

method of a robust H,, reduced order filter in [4]. In the
context of infinite-dimensional linear systems modeled by
neutral functional differential equations, a periodic output
feedback is studied in [14] and the stabilization of neutral
systems with delayed control is the main work. As the further
results, in [15-17], the stability and H_, performance analysis,
the finite-time H, control, and the reliable stabilization for
uncertain switched systems of neutral type are investigated,
respectively.

On the other hand, interconnected systems appear in
a variety of engineering applications including power sys-
tems, large structures and manufacturing systems, and their
applications, such as [18-21]. In [18], Mukaidani investigates
the stability of a class of nonlinear large-scale systems and
proposes a suboptimal guaranteed cost control instead of
solving the nonconvex optimization problem. But the time
delays are invariant and not involved in the interconnections.
Furthermore, the scheme of counteracting the interconnec-
tions to simplify the problem may add conservatism in some
cases. In [19], Mahmoud and Xia propose a generalized
approach to stabilization of systems which are composed of



linear time delay subsystems coupled by linear time-varying
interconnections. The decentralized structure of dissipative
state-feedback controllers is designed to render the closed-
loop interconnected system delay-dependent asymptotically
stable with strict dissipativity. However, the optimization
problem for the dissipativity f3; is not taken into account.
In [20], a decentralized control scheme for a class of lin-
ear large-scale interconnected systems with norm-bounded
time-varying parameter uncertainties is designed under a
class of control failures. It is worth noting that the considered
systems do not include any time delay, and the optimization
problem for the guaranteed cost J(x, u) is not investigated.
To the best of the authors’ knowledge, the nonfragile
guaranteed cost control and optimization for neutral inter-
connected systems have not yet been investigated, which
motivates the present study. One contribution of this paper
is that a novel scheme, viewing the interconnections with
time-varying delays as effective information but not distur-
bances, is developed to decrease the conservatism. The other
contribution lies in the fact that an algorithm is proposed
to solve the nonlinear constraint problem caused by the
interconnected matrices. In this paper, the designed control
is the state feedback control with gain perturbations. Also,
the guaranteed cost of the considered system can be obtained
by solving the corresponding matrix inequality. Based on the
proposed algorithm, the minimization of the guaranteed cost
of the considered system can be obtained by optimization.

particuraly, the matrix E 11 /s introduced to denote the square
root matrix of symmetric positive semidefinite matrix E; > 0

that is, E .1/ *=VH il/ VI with V; the eigenvector matrix of E
satlsfymg V;V" = I and H; the diagonal eigenvalues matrix
of E;.

The remainder of the paper is organized as follows.
The nonfragile control problem formulation is described
in Section 2. In Section 3, the guaranteed cost control with
gain perturbations and optimization are investigated for
unperturbed and uncertain neutral interconnected systems.
The numerical examples, the simulation results, and some
comparisons are presented in Section 4. The conclusion is
provided in Section 5.

2. Problem Formulation

Consider the following uncertain neutral interconnected
systems composed of N subsystems:

Z Ajyx J( T (t))

j=lLj#i

x; (8) -

=[A;+AA; ()] x; (1)

+[A, + DA, )] X, (t -0, (1))
+ [ Ay, + DA, )] % (t-1,()

+[B; + AB; ()] u; ()

+[Bis, + ABys, ()] ; (t = 8, (1)),
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x,()=¢ (), te[-10],i=12,..,N,

)

where x;(f) € R™ and u;(t) € R™ are the state vector
and the input vector of the ith subsystem, respectively.
Z}il,ﬁr ij ](t
ith subsystem and the other N — 1 subsystems, in which A;; is
known interconnected matrices of appropriate dimensions,
and x;(t — 7;;(t)) implies the interconnections between the
ith subsystem and the other N — 1 subsystems have different
time-varying delays 7;;(t), j = L,2,...,N, j#i. A;, A,
Ajy,» Bj» and B;s are known constant matrlces of approprlate
dlmenswns ¢,(t) is the 1n1t1a1 condition. Assume that there
exist constants fy, gio» Hio» Lio» fi» 9i» > ;> and [ satisfying

<j(t)) is the interconnections between the

0<0;(t) < fior 0 < () < gios
0<8;(t) <hg,  0<T;(t) <l
6 ()< fi<l, 7)< g <1, (2)
St <h <1,  t)<h<l,
I = max{fi, gip- i lio}» Bj=1,2...,N, j#i.

Time-varying parametric uncertainties AA;(t), AA;, (f),
AAin’_(t), AB,(t), and ABjs (t) are assumed to be of the
following form:

[AA; (1) AAg (1) AAy () AB;(t) ABj (1)]
3)

=CF;(t) [Dy Di;, Dy, Dy D],

where C;, D;y, Dy, Dy, Dy, and D;s are constant matrices
of appropriate dimensions, and F;(t) is the unknown matrix
function satisfying F; (t)F;(t) < I, forallt > 0.

Construct the following state feedback control with gain

perturbations:
u; (1) = - (K; + AK;) x; (1), (4)

where K; € R™*" is the control gain to be designed, and AK;
is a perturbed matrix satistying AK; = M,F;(t)N;, where M,
and N; are known matrices of appropriate dimensions, and

E(t) satisfies I_JiT(t)l_:i(t) < L, for all + > 0; the resulting
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closed-loop uncertain neutral interconnected systems are
obtained:

N
x; (8) - Z Aijxj(t_Tij(t)>

j=lj#i
= [A; = B, (K; + AK;) + AA,; (1)

—AB; (t) (K; + AK;)] x; (t)

+ [Aia,- +AA;, (t)] x; (t —0; (1) ©)

#[Agy + 845, O] 2 (=0 )
+[~Bis (K + AK;) - ABys (1) (K, + AK,)]
x x; (t=6; (1))

Define the following quadratic cost function:
JARY
1=y J [x7 (6) S5, (0 + " (6) S (0] dt,  (6)
i=170

where S;; € R"" and S,, € R™*™ are two given symmetric
positive definite matrices.

One objective of this paper is to design a control (4) and
determine a scalar J, satisfying the following two conditions:

(a) the closed-loop system (5) is asymptotically stable,
by 1<,

If the aforementioned control gain K; and constant J,
exist, control (4) is the decentralized nonfragile guaranteed
cost control and J, is the guaranteed cost for the considered
system.

The other is to find out J*, the minimization of the guar-
anteed cost J,.

Lemma 1 (see [8]). Let Z, X, S, and Y be matrices of
appropriate dimensions. Assuming that Z is symmetric and
STS < I, then Z + XSY + Y'STX" < 0 if and only if there
exists a scalar & > 0 satisfying

Z+eXX +e 'Yy = Z+e ! (€X) (eX)T
(7)
+e'YTy <o.

Lemma 2 (see [8]). For any constant matrix P > 0 and differ-
entiable vector function x;(t) with appropriate dimensions, one

has
t T t
“ x; (s) ds] p H x; (s) ds]
t—o;(t) t—0o;(t)
t
< fioj %] (s) Px; (s) ds (8)
t7

o;(t)

< fo Li %] (s) Px; (s) ds.

i0

3. Main Result

3.1. Nonfragile Guaranteed Cost Control and Optimization
for Unperturbed Neutral Interconnected Systems. For conve-
nience, firstly consider the following unperturbed neutral
interconnected systems with time-varying delays:

N
x; (1) — Z Ajjx; (t_Tij (t))
j=Lj#i
= Ax; (8) + A x; (t = 0, (1))

)
+ Ay, X (t—7; (1)

+ Bju; (t) + Big,u; (t = 6; (1)),

X, () =¢;(t), te[-10],i=1,2,..,N.

Now a sufficient condition for existence of the decentral-
ized nonfragile guaranteed cost control (4) for unperturbed
neutral interconnected systems (9) with cost function (6) is
presented in the following results.

Theorem 3. Assume ”Aim” < 1. If there exist a positive
number g;,, some symmetric positive definite matrices Q. (k =
0,1,2), W, W;;, and matrix X; such that the following

i ij
inequality Aolds:
I, I, 0 Iy, Iig T
* I 0 L, 0 Ty
i
L=* * 5 0 0 01 (10)
SN S R VY U VP
% ok %k F;S 0
| * * * % % I‘é6_
then control (4) with K; = XI-Q;O1 is the decentralized

nonfragile guaranteed cost control of unperturbed neutral
interconnected systems (9) with the following guaranteed cost:

N
L= [c/f (0) Qg ¢:(0)

i=1

0
6900 () ds
—-0;(0)

i

- IO éF (s) ¢, (s)ds
1—-g; )0 ' '
. o a1)
2 R ATACEICEE

i0

0
890 Qo) ds
—6;(0)

1 < (0
o 2| e W@

where
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Fh =A;Qp + QioAiT - BX; - XlTBlT +Q +Qu +E;
Fiz = [Aia,-QiO Aim- 0 _Bié,-Xi] > Fis = [81‘1B1‘Mi silBidiMi _QiONiT 0] >

Iy = [QoAT - XIB Qq -XT QuATE!® -XIBIE!” 0 0 0],

I, = diag {_ (1= f) Qo= =1 = (1= ) Qiz} ’
QioAzTa,- 0000 QioAgﬂ-Eil " 0 0
' T T 1/2
po| A 0000 0 ALET 0|
0 0000 0 0 0
T T TpT 11/2
-X/Bl; 0000 0 0 -X; Bk
000 0
. i 000 0
Tis=1 Qo * Qo |» Dy = 000 0 ’
N 00 0 -Q;uN/
\I’h e \Ili i-1 \Pi i+l \P;N
N . ) qfi' pi . ‘Pi.
Ei= Y AyAy  Dg=| . L b e N
i i > ’
j=Lj#i Y oK o Wi o Yian
. * * * \II;\IN §

i -1 -1 o1 -1 -1 -1 -1 -1
Iy = diag {_eil L =Si»=Sn =€y Ly ey I, —e; I, —e; I, —e; In,-} >

[ enBM; &1BisM; 0 0]

0 0 00

eq M, 0 00

,. 0 0 00
Lis = | ¢, EM2BM, 0 00|

0 0 00

0 0 00

0 e,EM*Bis M; 0 0

L i1 10, i _

1
ell:l—g,-+ 1%, ep=1+_— i+5fl%,

rés = diag{— (=) Wipeoos = (L= L) Wiy o= (1= L) Wi = (1= lN)WNi} >
rée = diag {_gilln,-’ —&i1 L, =€l ‘£i1In,.} >
\P{I =epl, —Wi + eilArflAil’
\Iji i-1 = eilAlrlAiHa \Iji i+l = eilA?IAiiJrl’
\IIiN = eilA’flAiN’ ‘{';?711'71 =epl, —Wii+ eilA?i—lAii—l’

i _ T i T
VYitin = el Aii Yiin=end;i 1A

i+litl ii+l

i T
¥ el — Wi +en A A
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\I’ii+1N = eilAITmAiN’ ‘{J;VN =epl,, —Win+ eilAITNAiN’
W,=W;, ij=12...,N, j#i
(12)
Proo Choose Bo = Qi By = Qw0 and Py - < 3 A (t-n,0)
Q;p Q,Qjy > and construct the following Lyapunov functional: e Ul ij
+x () Pax, (- (1- ) x]
Vix®.n X (=0, (0) Paxi (t = 0,()
T (505)
=Y | (1) Pox; (1) 1—g, 70
i=1
. x | x; (1) AT +x] (t—0; (1) A,
+J x; (s) Py x; (s)ds
t—0;(t)
- + %] (L= (D) A},
LT .
+ — x; (s)x;(s)ds
1-g Jt—m(t) HOHE (13) —x (0K + AKi)TBiT -x;
t x (t=8,(1) (K, + AK,)" B%
o[ - ) @560 (=8O G+ A0 B
t=fio N
. + ) X (- 0) A
+ J xiT (s) Pyx; (s)ds J=Lj#i
=68;(t
LN . A () + Aj x; (-0, (1))
o I j:§¢i L-T,.j(t) x; () Wyx; (s)ds | .
+ Ay, X (E =7, (1)
- B; (K; + AK;) x; (t)
Obviously, V(x(t),t) > 0 for all x;(t) # 0. Differentiating
V(x(t),t) along the trajectories of thle unperturbed neutral ~ B, (K; + AK;) x; (£ = 6; (1))
interconnected systems (9) with control (4) and applying (2) Ny
and Lemma 2 yield N Z Agx, (t - (t))
j=Lj#i
V(x().1) — 7 (t= 1, () % (t = 1, (1))
N t T t
_ c.(s)d ¢ (s)d
< Z {x,T (1) (P,-OA,- + A?PiO) x; () “t—a,.(t) %i(s) S] “t—a,.(t) % (s) S]
i=1
. +x] () Pox; ()= (1= 1) x|
+2x; (1) PyAj, x; (t—o0; (1))
x (t =8 (t)) Pyx; (t - 6; (1))
+ 2xiT (t) Py A, %; (t = 1; (1)) N
1 T
- 2x] (t) PoB; (K; + AK;) x; () 1o jZE# i (1) Wiyx; (£)
- zxiT (t) PyBs, (K; + AK;) N
T
- x5 (=75 () Wi (£ —7;; () + -
x x; (t =8, (1)) + 2x] () Py j=%‘:¢ij( ’ ) ’ J( ! )

(14)
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6
According to Lemma 1 and the following the fact: + e, (K; + AK,)"
N N T
1 x B E;B; (K; + AK;)
jzx(t) ,]](t) [ At} 1 i
i=1 Lj=1,j#i N
15
N N ) 1) + ;"#AI _
=1, 1
:in ®) Z l—l-Wjixi(t)’ J=hi
. o ' X x; () + eilxiT (t—o;(1)
one can obtain
X Aza EzAta Xi (t —0; (t))
N . N .
Z 2x; (t) Py Z Ajix; (t - T (t)) +2e; + e,-lxiT (t-96;)(K; + AK;)
i=1 j=Lj#i

X B?:;,.E,-Bia,. (K; + AK;) x; (t = 8, (1))

x [x] () A] +x] (t—0; (1) A,
+ei1xiT(t_’1i (t))A EAmxl( _ni(t))

+% (t=n; (1)) Ay, ~ xfT (t)

N
T
x (K, + AK,) BT = xT (£ - 8, (1)) + Y X (t-m )
j=Lj#i
T T
K; + AK;) B;
x (K; + AK;) 15,.] x(lzl W) ( —T,-j(t))+e,»1
3 N
X Apxi (t—1,; 1)) +e T T
jzgﬁ ] J( j ) 1 X.lzi,xj (t—rij(t))A
J=Lj#i
< T( ) T
X x: (t—1,; (1)) A N
j=Lj#i
N
x Y Agx(t- (t)) 1o
J=Lj#i
) N Therefore, it follows from (14) and (16) that
+1_ Zx(t) ij J(t)
T lij=lj#i N
N V(). + Y [x 0)Sx () +x] (1) (K; + AK,)"
- 2 K (- ) o
byt xSy (K; + AK;) x; (B) | 17)
N
X‘/V’Jxl ( Tij (t)) < zngYIEl’
i=1
N
Z X; T (t) | PyE;P, + eilAlTEiAi where
i=1

=[O «ft-00) & t-n0) [, 6ds 5 (¢-8,0) (-1, 0)

1

= [% 0 )% ear) [6h o) ¢G5k o]« [ ] s [6h o).

1
* I,

’ xr'Iil (t Tii- l(t)) xz+1 (t Tii+1 (t)) o x’]]\"] (t N (t)) ] >
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a, i, 0}, o ai,
L O 0 0 0
Q= = * (2133 0 o |,
* * * (224 O
* * * % 0155
Qllz = PiOAia,J Q113 = PiOAiq,-> 924 = _Ini’

i T
Q) = PpA; + A;'Fpio - PyB; (K; + AK;) - (K; + AK;) BiTPio +P;+ P,
T T T
+PoEiPy + e, A E;A; + e; (K; + AK;) B E;B; (K; + AK;)

N

1
") 1w
j=Lj#i ]
: . -
Q5 = —PyB;s, (K; +AK;), Oy =-(1-f;) Py + ey Aig Eidig

i T
Q3 =-1, + eilAir]iEiAir/,-’

- T
Qss = = (1= k) Py + ¢, (K; + AK)) BZS,.EiBia,- (K; + AK;),

T
G, = [A; - B{(K; + AK)) A, Ain,. 0 _Biai(Ki+AKi)] ,
T
G, =[L, 000 0],
Gy = [-(K; +AK) 0 0 0 0],
Define where
—i =i —i
11 9112 Q3
=i o x Q0 0
_ Q; (l) Y, Q=1 % 91'33
Y=+ Ty 0| (19) L
L s s
—i
Q= AiaiQiO’
—i —i o _ T
where Y, =[Gy Gy Gy, Y = diag{-e;;'I,,,—S;',~S, }. Q) = AQ + QoA; - B

Pre- and postmultiplying the matrix Y; in (19) by
U] and U, where U, diag{Qyp, Qip> Iy» I, Qig> L 5 - - -»

(18)

0 15
0 0
Q 0 bl
Ql, 0
—i
* Qg
—i
QI3=A1';1,~’

i (Ki + AK;) Qg
T

= Qu(K; + AK) B +Qy +Qp

+E; + ei1QioAzTEiAiQi0 *enQio

L, Ly > Ly 1 1,5 1, b the following matrix is obtained:
x (K; + AK:‘)TBiTEiBi (K; + AK;) Qyo
31

_ —i +Qp Z Tbmfinz’w

= Q 0 Yy, J=Lj#i ]

Y; = r', o |, (20) —i

l * e —i Q)5 = =By, (K; + AK;) Qp

L D P

Qp=-(1-£)Qu+ €1QioAjg, EiAis, Qio>



5155 = —(1-h)Qy +e;Qp

x (K; +AK) stEBuS (K; + AK;) Qy»

T T
QioAiT_Qlo(K +AK;) BiT Qi —Qu(K;+ AK;)

» QAL 0 0
eV T
Y= h 0 0
0 0 0
T LT
~Q;(K;+AK;) Bjs, 0 0
Define
Q; 0 Y3 E O
« T, 0 0 0
=1 * Y, 0o o |
% % % @24 0
* * O
where
(=i i —i —i ]
Q 9112 Q; 0 O
_ + Q, 0 0 0
= —
Qi = * % 3 0 0 5
% * * QiM _(2
L *  x x% ﬁssd
g, B, 0 0 0
o 0E 00
=0 o o g, o],
o 0 0 O 0
0 0 0 o g
I
) 0
1
O5=101,
0
0

-1
O, = dlag{ 11 L., —e; In =€y Lys

2 L.—en' T, ),

—€ i1 *n;

i i
®55 - FSS’
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—_

Q) = AiQp + QtOA B; (K; + AK;) Qo
= Qu(K; + AKi)TB,-T +Qy +Qu + E;
522 =-(1-£)Qu 633 =-1,,
Qg == (1-h) Qp, Eiu = QioA,TEil/z,

81, = —Qu(K; + AKi)TBiTEil/Z,
1) By = QoA B Bl = ALE"

By = —Qu(K; + AK,-)TBE,.E}”-

(23)

The following equality is obvious:

I, I, 0TI, T
L, 0T, 0
# Ty 0 0
* % Iy, 0 (24)
I

(22)

*
*
*
*
+ATR,$; + ) RIA
where
A= [MTBT 00 Ay 0]
1 >

M/Bj 00 A, 0
o[ 2 00y
22
R, = diag {F, (t)  F; (1)}, (25)
Ay, =[MIBI 0 M} o M'B'E]* 0 0 0],
Ay, =[M B 000000 MB,E"]

$22 (000 —NQgl.

By Lemma 1 and Schur complement formula, the condi-
tion I; < 0 in (10) is equivalent to ®; < 0 in (24). By Schur
complement formula with ®; < 0, one can obtain i < 0in
(20). The condition 3:(1»1. < 0 is equivalent to Y; < 0. Again,
by Schur complement formula with Y; < 0, one can obtain

Y; < 0. From the condition Y; < 0 in (17), there exists a
constant p; > 0, such that

V(x(), Z pillx O (26)
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By conditions (13) and (26) and IIA || < 1, one can
conclude that system (9) with (2) and (4) is asymptotically
stable. From (17) with Y; < 0, one can obtain

JOOV(x(t),t)dt
0

= tllrnoV (x(t),t) =V (x(0),0) 27)

Zj [x] (1) Siyx; (8) + 1] () Sp; ()] dit.

Therefore, the following equalities hold:
tlim V(x(t),t) =0,

N ~co
ZL [ (08, (0) + u” (8) S (0] de (28)
i=1

<V (x(0),0) =],

This completes the proof. O

Remark 4. It is obvious that for every subsystem, the cor-
respondmg I[; in (10) is an LMI with obtained matrices

(W = W 1) and W, Wj; in the last inequality (i.e., the
1nequahty 1 < 0). Hence, the decentralized nonfragile
control (4) and the guaranteed cost J,, in (11) can be obtained

by finding feasible set to I; < 0 with feasp in [22] one by one.

Remark 5. Obviously, the guaranteed cost J, in (11) cannot
be directly optimized by using the toolbox of mincx in [22].
One reason is that inequalities (10) with variable matrices

W;; and W (Wﬁ = ngl) are not a group of LMIs but
N coupled nonlinear inequalities. Another reason is that J,
is a nonconvex function with respect to the optimization
variables.

The following algorithm is given to solve the nonlinear
problem of inequalities (10).

Algorithm 6. Choose constant matrices W;; > 0 and Wﬁ >

< 0 in T}, where W = W, ij =

0 satisfying ¥ f

N, j#i
Itis needed to simultaneously select N x (N —
matrices W; > 0 and W >0 (W
0. For s1mp11c1ty, one can choose Wl] and Wji to be positive
definite diagonal matrices according to the eigenvalues of
enl, + eilAfin]- due to ‘I’;] = epl, — W + ellA Ajj. The
chosen entries need to be as small as poss1ble because

1) constant
];1) satisfying ¥

1 N 0
d
1- Zi j=;j¢i JT{j(O) x; ()W, ijXj x.(s)ds (29)

is involved in J,,. However, if there is no solution to inequali-
ties (10), the large scalars can be considered.

In the sequel, instead of solving the nonconvex opti-
mization problem, a suboptimal method of minimizing the
guaranteed cost J,,, based on Algorithm 6, is presented.

Theorem 7. Consider unperturbed system (9) with cost func-
tion (6), and assume ||A;, || < 1. If the following optimization
problem:

N
min Z [(xi +Tr (UiTl‘DnUil + qu)iZUiZ)] (30)

i=1

subject to LMI (10) with Algorithm 6, and

—«; ‘/’zT (0)]
[* Qi <0

“2Q;+Qy I,
[ . o, <0, (31)

—2Qp+Q, I,
[ * -0, <0

has a solution set (o; > 0,&; > 0,Qy > 0 (k =0,1,2),D;; >
0,0, > 0.X,), where [*  ¢()¢]()ds = UUL, 7
()¢ (s = UUL, (1/( = g [1 o ¢ (9(s)ds =
Ly, f,of (s + fo)d] ()¢()ds = Ly, (1/Q - 1)
Zﬁ\rlﬁ;l j_ </> ($)W;j¢;(s)ds = L3, then control (4) with

K, = X,Q,0 is the decentralized nonfragile guaranteed cost
control of unperturbed system (9) with the minimization of the
guaranteed cost J,, as follows:

N
J* = min (z [ + Tr (U@, U, + U};cDuUn)]>
i=1 (32)
N
+ Z (Liy+Lp+Ls).
i=1

Proof. Applying the Schur complement formula to LMIs (31)
leads to ¢! (0)Q;, $;(0) < a;, —2Q;0+Qy + @3 < 0, —2Q0 +
Qy, + D} < 0, respectively.
Noting that [8]
[Qio - q)i_ll] ;) [Qio - q)i_ll] = QP Qp —2Q + @} 2
[QiO - (Di_zl] ;, [Qio - (Di_zl] = Q®;Qip ~ 2Qip + P >
(33)

the following inequalities are obtained

-1 -1
Py =Qp QuQp <Py

= =
Py = Qi QiQyp < Dy

(34)
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Further, one can obtain

f o7 (5) P

~6.,(0
0
=Tr <J
—0,(0)

19 (s) ds
8.9 B, )ds
=Tr (Ui];I')ilUil) <Tr (Ui];q)ilUil) )

0
[y ¢ Path 9 ds

=Tr <.|-—06,-(0) ¢: (5) ¢! (s) PiZ) ds (35)

=Tr (U4P,U,) < Tr (Upy®,U,, ),

1

0
an, ¢ (s)(/),(s)dS—

0
ful G S @4 ds =1

_ZI

=1,j#i v %0

o7 (YW, ()ds = L,
Therefore, it follows from (11) that

N
Ju <Y [+ Te (U@, Uy + Up®,U, )]

i=1

(36)

N
+ Z (Liy+Lip+Ls).
i=1

The minimization of the right hand of inequality (36)
implies the minimization of the guaranteed cost J, for
unperturbed system (9). This completes the proof. O

3.2. Nonfragile Guaranteed Cost Control for Uncertain Neutral
Interconnected Systems

Theorem 8. Consider uncertain neutral interconnected sys-
tems (1) with (2), (3), and (4). If there exist positive numbers
& > 0, &, >0, and &5 > 0, some symmetric positive definite
matrices Q. (k = 0,1,2), W, W, and matrix X; such that
the following inequalities holﬁf

= T. f
T, = [ i J] <0, (37)
* 1
-1 +s,.3D§1_D A;v 0
* -1, G |<0 (38)
* * —£i31ni

then control (4) with K; = X,»Qi_o1 is the decentralized nonfrag-
ile guaranteed cost control of uncertain neutral interconnected

Mathematical Problems in Engineering

systems (1) with the guaranteed cost in (11), where 1_"i =

[en1T; IT;),
- r—i A
rlll _2
8 22
0
=14 |> I = o |’
l—‘41
0 0
—i
L 0 . LLgnd
T
0 0 QD 0 0 0
. T
Fo_|00 o D, 0 of
27100 0 0 0 0
THT
00 0 0 -X/Dj 0
C; G G C G Cl,
= [QoD}, -X/D} 0 0 0 0],
[ Ci Ci Ci Ci Ci Ci 1
0 0 0 0 0 0
0 0 0 0 0 0
~  |EPc o 0 0 0 0
a~| o E”C o0 0 o E’c|
0 o E”c o 0 0
0 0 o E”c o 0
0 0 0 o E”c o
0000 0 e, M D}
w _ 0000 &MDjy 0
210000 0 0 ’
0000 0 0

(39)

Proof. From condition (10) with unperturbed neutral inter-
connected systems (9), one can obtain the corresponding
condition to stabilize uncertain neutral interconnected sys-
tems (1) as follows:

%, = I + I R, IT), + T, ROIT), < 0, (40)
where R;, = diag{F;(t), F;(t), F;(t), F;(t), F;(t), F;(¢)}.
By Lemma 1 and Schur complement formula, the condi-

tion T; < 0in (37) is equivalent to ¥; < 0 in (40). For the same
reason, (38) is equivalent to

[Aiﬂi + AAi’?i(t)]T [Aiﬂi + AAi’?i (t)] < I”x” (41)

This implies that uncertain neutral interconnected sys-
tems (1) are Lipschitz in the term x;(¢ — #;(t)) with Lipschitz
constant less than 1 [8]. By the same derivation of Theorem 3,
one can complete this proof. O

The decentralized nonfragile guaranteed cost control (4)
and the minimization of the guaranteed cost J,, for uncertain
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neutral interconnected systems (1) are determined by the
following theorem.

Theorem 9. Consider uncertain neutral interconnected sys-
tems (1) with (2), (3), (4), and cost function (6). If the following
optimization problem:

N
min Z [oc,» +Tr (U,E(DHUA + U£®i2Ui2)] (42)
i1

is subject to LMI (37) with Algorithm 6, (38), and (31) has
a solution set (o; > 0, &7 > 0, ¢, > 0,65 > 0, Qp >
0(k =0,12),D; >0 d, >0, X,), then control (4) with
K, = X,Qy is the decentralized nonfragile guaranteed cost
control for uncertain neutral interconnected systems (1) with
the minimization J* of the guaranteed cost J,, in (32).

Remark 10. Reference [18] develops a scheme of counter-
acting the interconnections to simplify the problem, which
may add conservatism in some cases. Compared with the
approach of treating the interconnections in [18], we utilize
an approach of magnifying the terms associated interconnec-
tions; for details, one can see the derivation of inequality (16).
To some extent, it may reduce the conservatism of the results
derived in the paper.

4. IMlustrative Examples

In this section, some examples are presented to show the
validity of the control approach and the advantages of the
schemes of dealing with the interconnections.

Example 1. To illustrate the design method of the decentral-
ized nonfragile guaranteed cost control and the optimization
approach of the guaranteed cost for uncertain neutral inter-
connected system, consider uncertain neutral interconnected
systems (1) composed of two third-order subsystems:

[1.1221 70.1414 -5.1247
A, =(4.1437 -1.1203 3.1243 |,
| 2.4589 —0.5671 —2.2548

[-0.0321 0.0012 -0.0123
0.1325 -0.0321 -0.0246 |,
| 0.0348 0.0023 0.0236

1o, =

0.2236 -0.2011 -0.0321
Ay, =102134 0.0271 -0.1282 |,
0.0123 0.5621 -0.0124

~2.1231 —4.0126
B, = | -1.1245 3.4725 |,
0.1243 -9.3417

0.1012 —0.0219
By, = | 0.1427 -0.0537 |,
~0.0531 0.05324

—-0.0898 0.0161 -0.0682
A, =|-0.0359 0.0205 -0.0542 |,
—-0.0205 0.0176 0.0814

[ 0.0680 —0.0655 0.0283
C, =|-0.0086 -0.0381 0.0889 |,
0.0422  0.0088 0.0366

[—-0.0051 0.0429 0.0464
Dy, = | 00792 -0.0749 -0.0321 |,
| —0.0579  0.0900  0.0946

-0.0212 0.0481 -0.0933
=1-0.0991 0.0896 0.0941 |,
-0.0347 -0.0204 -0.0837

0.0928 —0.0609
Dy, = | -0.0390 0.0897 |,
~0.0874 —0.0064

—-0.0501 0.0860 -0.0565
D,, =1-0.0311 -0.0913 0.0185 |,
0.0068 0.0621 -0.0214

0.01 0.01 0.01
M, = [0.01 0.01 0.01]’

~0.0175 0.0086
Dys = | 00172 0.0621 |,
0.0142 —0.0739

N, = diag{1,1,1},
0, () =0.1 % (2 +sin(t)),
m (£) = 0.2 % (1 +cos (t)),
8, (t) = 0.3 * (1 +sin (),
Ty, (£) = 0.1 % (1 + cos (1)),

8.1906 0.4571 2.5678
A, =|(-04724 -4.4540 1.4527 |,
0.4561 -2.4561 -5.9568

[ 0.0614 0.0973 -0.0627]
—0.0819 —0.0535 —0.0848 |,
| —0.0844 —0.0895 0.0602 |

[ 0.1147 -0.0218 0.0157 ]
Ay, =|-01254 0.0282 -0.0515
| 0.0919 -0.0763 —0.2169 |

9.7954 -1.3341
B, = |-7.5894 —1.0482 |,
~0.0893 —0.3494

1
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-0.0349 -0.0189
—-0.0854 -0.0231 |,
0.0312  0.0993

Bzaz =

—-0.2898 0.3161 -0.0682
—-0.0359 0.0205 -0.0542 |,
—-0.0205 0.3176 0.3814

Ay =

0.0387 0.0738 0.0668 |
—-0.0441 0.0863 -0.0823
—0.0909 0.0750 0.0727 |

C, =

0.0417 0.0333 0.0483]
0.0805 -0.0888 0.0914
0.0205 —0.0677 0.0988 |

D,, =

-0.0149 -0.0275 -0.0303
—-0.0488 0.0497 -0.0892 |,
-0.0614 0.0711 -0.0632

D2¢72 =

—-0.0860 —-0.0073
0.0380 0.0673 |,
0.0462 0.0578

D,, =

-0.0103 -0.0529 -0.0389
0.0136  0.0132 -0.0028 |,
0.0579 -0.0099 -0.0987

D2172 =

0.0566  0.0541
-0.0304 -0.0335 |,
0.0894 0.0378

Dzaz =

M,=M,,  N,=N,,

0, (t) = 0.12 % (1 + cos (1)),
1, (£) = 0.1 % (2 + sin (1)),
8, (1) =0.2 % (1 +cos(t),

Ty (£) = 0.2 % (2 +sin (t)) .

(43)
Let
S;; = diag {0.3,0.3,0.3},
S, = diag {0.5,0.5},
(44)
S,, = diag{0.1,0.1,0.1},
S,, = diag{1,1},
and give the following initial condition:
¢, (1) = [-0.1¢* 0.15 0.2¢ +0.05]",
(45)

¢, () = [0.2¢' —0.06 + 0.2t 0.06]".

According to Algorithm 6, W}, and W,, are chosen as
follows:

W,, = diag{7.7378,7.7123,7.7253} ,
(46)
W,, = diag{6.9514,9.0184,7.2122} .
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x10*
0.5

State x, ()

0 0.5 1 1.5 2
Time (t/s)
— xp(®)

-—- xpp(t)
...... x13(t)

FIGURE 1: State response of the first open-loop subsystem.

Solving the optimization problem (42) subject to condi-
tion LMI (37) with Algorithm 6, (38), and (31), one can obtain

K. = -3.9594 -1.2404 -1.2278
17 1-0.6353 —0.0710 —0.6896 |’

K. = 1.0313 0.0551 0.1222 (47)
27 [-4.5397 0.3862 -1.8594 |’

J* =1.3053.

The simulation results are shown in Figures 1-6 based on
the above parameters. From Figures 1 and 2, one can see
that the uncertain neutral systems (1) without controller
are divergent. From Figures 3 and 4, one can see that the
nonlinear neutral systems (1) with control law (4) are indeed
well stabilized. The control signals u, (t) and u, () are rather
smooth in Figures 5 and 6.

Example 2. To the best of the authors’ knowledge, the non-
fragile control and optimization for neutral interconnected
systems have not been studied. But in order to show the
advantages of the schemes of dealing with the interconnec-
tions, the authors have to simplify the model of neutral
interconnected systems (1) to compare with the existing
results.
In contrast to the model of system (13a) in [18], let

A, =0, D,, =0,

In — I —
M, =0, N, =0,
0, () =0.3, n (t) =0,
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x10°
4.5

41
35+

3L
2.5+

2k

State x, ()

15}
1k
0.5
0

—0.5 \ \ .
0 0.5 1 1.5 2

Time (t/s)

— x (1)
-=- xzz(t)
""" x23(t)

FIGURE 2: State response of the second open-loop subsystem.

0.15
\
\
\
\
\
0.1} ]
\
\
\
\
\
= 0.05 AN B
\z \\
= -~2
2 0r “~~‘,_.T..—,.-..—..—..—v FFFF
-0.05 R
—0.1 . . . . .
0 0.5 1 1.5 2 2.5 3
Time (t/s)
— xp(®)
--= xp(0)
...... xl?’(t)

FIGURE 3: State response of the first closed-loop subsystem.

8,()=06, 1,(t)=0,
Ay, =0, D, =0,
M,=0, N,=0, 0,(t)=0.24,
(=0, &H=03  1,)=0,

(48)

and other parameters be the same as Example 1.

13
0.25
<
L
<
&
_01 1 1 1 L L
0 0.5 1 1.5 2 2.5 3
Time (t/s)
— x3(t)
-—- xp()
""" x3(t)

FIGURE 4: State response of the second closed-loop subsystem.

0.15 T T T T T
0.1 E
0.05
=
I 0r
8
E
£ 005
]
O
_01 L
-0.15
_02 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Time (t/s)
— uy(t)
-== up(t)

FIGURE 5: Control signal of the first subsystem.

Solving the optimization problem (42) subject to condi-
tion LMI (37) with Algorithm 6 and (31), the minimization of
the guaranteed cost J,, is given by

J" =0.9429. (49)

Since system (13a) in [18] is a nonlinear large-scale system,
the authors choose the nonlinear vector function g;; = Wj;x;
satisfying the assumptions in [18] and G;; = diag{l,1,1},
D;; = E;; = 0. By Theorem 4.2 in [18], one can obtain the
minimization J* as follows:

T =2.2627. (50)
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1.2
1
Il
\
0.8 }i
1
— 1
S 06!
™~
S \
— \
= 04p
S !
b \
o \
S 02t
\
\
ot T
)
_04 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Time (t/s)

— uy ()
--- upl(t)

FIGURE 6: Control signal of the second subsystem.

Remark 11. 1t is clear from Example 2 that the minimization
of the guaranteed cost provided by Theorem 9 in this paper
is less than that of [18]. Viewing from this point, the results
derived in this paper have the less conservatism.

5. Conclusion

The nonfragile guaranteed cost control and optimization
are complex and challenging for uncertain interconnected
systems of neutral type. In this paper, the sufficient conditions
for the existence of the decentralized nonfragile guaranteed
cost control for unperturbed and uncertain neutral intercon-
nected systems are derived, which are presented in terms
of coupled nonlinear inequalities. A novel algorithm is pro-
posed to solve the nonlinear problems of coupled inequalities
(10). Also, a good optimization scheme is introduced to solve
the nonconvex problem of the guaranteed cost. Two numeri-
cal examples with the corresponding simulation results and
the comparison results have elucidated the validity of the
present control approach and the advantages of the schemes
of dealing with the interconnections over the existing results
in the literature.
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The paper deals with the state consensus problem of high-order discrete-time linear multiagent systems (DLMASs) with fixed
information topologies. We consider three aspects of the consensus analysis and design problem: (1) the convergence criteria of
global state consensus, (2) the calculation of the state consensus function, and (3) the determination of the weighted matrix and the
feedback gain matrix in the consensus protocol. We solve the consensus problem by proposing a linear transformation to translate
it into a partial stability problem. Based on the approach, we obtain necessary and sufficient criteria in terms of Schur stability of
matrices and present an analytical expression of the state consensus function. We also propose a design process to determine the
feedback gain matrix in the consensus protocol. Finally, we extend the state consensus to the formation control. The results are

explained by several numerical examples.

1. Introduction

In recent years, the consensus problem of multiagent systems
(MASs) has been becoming a significant research topic
because of its broad practical applications, including the work
load balance in a network of parallel computers [1], the clock
synchronization [2], distributed decision [3], consensus fil-
tering and estimation in sensor networks [4-6], rendezvous,
and the formation of various moving objects [7-11] such as
underwater vehicles, aircrafts, satellites, mobile robots, and
intelligent vehicles in automated highway systems, to name
only a few. Hence, its study has captured attention of the
researchers from different disciplines.

MASs are comprised of locally interacting agents
equipped with dedicated sensing, computing, and communi-
cation devices. The consensus problem of MASs is to design a
distributed control law for each agent, using only information
from itself and its neighbors, such that all agents achieve
an agreement on some quantities of interest. To design and
analyse this class of systems, one needs to consider three
essential elements: (1) a dynamic model describing the states
of the agents, which can be either continuous time or discrete
time, linear or nonlinear, homogeneous or heterogeneous,

time varying or time invariant, low order or high order;
(2) an information topology describing communication
network between the agents, which can be either undirected
or directed, fixed or switched; (3) a protocol (control input)
for each of the agents describing how the agents interact
on each other according to the given information topology,
which can be synchronous or asynchronous, with or without
time delay.

Up to now, numerous researches have been done for
continuous-time MASs in different settings from the above
cases [10, 12-18]. This paper focuses on the study of high-
order discrete-time linear multiagent systems (DLMASs)
by proposing a linear transformation to translate the con-
sensus problem into a partial stability problem. Although
this approach can be extended to any setting from the
above cases, we pay our attention only to the case of fixed
information topology and in the absence of time delay for
giving prominence to the trait of the approach. Here we give
an overview mainly to the DLMASs.

Reference [19] first proposed an interesting model for self-
propelled particle systems, where all agents move in a plane
with the same speed but different headings, and showed that
in the model all agents might eventually move in the same



direction despite the absence of centralized coordination.
Reference [20] further gave a mathematically rigorous quali-
tative analysis. Then, a theoretical explanation was given for
the consensus behavior of Vicsek model on the basis of graph
theory in [21, 22]. A necessary and sufficient condition was
given for the average consensus criterion in [23]. Reference
[24] further considered the case of switching network topolo-
gies for the average consensus. The average consensus was
investigated for the systems with uncertain communication
environments and time-varying topologies in [25] and with
communication constraints in [26]. Reference [27] presented
convergence results for the time-varying protocol in the
absence or presence of communication delays. Reference
[28] proposed an asynchronous time-varying consensus pro-
tocol. Reference [29] further discussed nonlinear systems
with time-dependent communication links. References [30,
31] addressed the case with both time-varying delays and
switching information topologies and provided a class of
effective consensus protocols by repeatedly using the same
state information at two time steps.

The researches mentioned above were limited to first-
order systems. The extension to second-order systems was
done for the systems with time-varying delays and time-
varying interaction topology in [32], and for the systems
with nonuniform time-delays and dynamically changing
topologies in [33].

Recent researches were turned to the high-order
DLMASs in [34-39]. Reference [34] studied a class of
dynamic average consensus algorithms that allow a group of
agents to track the average of their reference inputs. Reference
[35] proposed an observer-type protocol based on the relative
outputs of neighboring agents. Reference [36] studied the
convergence speed for the high-order systems with random
networks and arbitrary weights. Reference [37] addressed the
high-order systems with or without delays. These researches
were focused on the consensus convergence criteria for the
proposed protocols. Another significant topic is the design
of the gain matrices of the protocols in [38, 39].

This paper deals with both analysis and design problems
of the state consensus for general high-order DLMASs.
Compared with the existing works, the contributions of the
paper are summarized as follows. Firstly, motivated by [12],
we improve the protocol by adding a self-feedback of the
agent to achieve the expected consensus dynamics, whereas
[13] introduced the internal model to change the given
dynamic to achieve the expected consensus dynamics and
[14, 15] introduced the virtual leader to guide the multiagent
systems to achieve the expected consensus dynamics. Sec-
ondly, we propose a state linear transformation to translate
the consensus problem into a partial stability problem. The
approach is motivated by the error variable method or the
state space decomposition method in [12, 16]. However, our
improvement can more spontaneously and conveniently deal
with various settings of the consensus problems. Based on the
partial stability theory, we educe new necessary and sufficient
consensus convergence criteria in terms of stability of matri-
ces and moreover give an explicit analytical expression of the
state consensus function based on the different contributions
of the initial states of the agents and the protocols. Thirdly,
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based on stability theorem, we give a design procedure to
determine the gain matrices in the protocol on the basis of
algebraic Riccati inequality similarly to [38, 39]. Fourthly, we
extend the state consensus results to the formation control
problem.

The remainder of the paper is organized as follows.
Section 2 introduces some basic concepts and notations,
and formulates the problem under investigation. Section 3
firstly introduces a linear transformation which translates the
consensus problem of the multiagent systems into a partial
stability problem of the corresponding transformed system,
and then educes a new necessary and sufficient condition
for the multiagent system to achieve global state consensus
and presents an analytical expression of the state consensus
function. Section 4 shows a design procedure to determine
the gain matrices in the state consensus protocol. Section 5
extends the approach for the analysis and design of the
state consensus to the formation control problem. Section 6
gives numerical examples to explain the theoretical results.
Section 7 concludes the paper. All the proofs of the results
are deposited in the appendix for the sake of reading.

2. Problem Description

Before stating the consensus problem, we give some basic
concepts and notations. Let R™" and C™" be the sets of
n x n real matrices and complex matrices, respectively.
Matrices, if not explicitly stated, have appropriate dimensions
in all settings. The superscript “I” means transpose for real
matrices, and the superscript “H” means conjugate transpose
for complex matrices. I, presents the identity matrix of
dimension #, and sometimes I is used for simplicity. 1
denotes the vector of dimension N with all entries equal to
one. 0 is applied to denote zero matrices/vectors of any size,
with zero components. A matrix A € C™" is said to be
Schur stable if all of its eigenvalues have magnitude less
than 1. The Kronecker product is denoted by ® and the
Hadamard product by o in [40]. The following properties of
the Kronecker product will be used: (1) (A®B)(C®D) = AC®
BD;(2) (A+B)®C = A®C+B&C; (3) (A®B) ' = A'®@B .
We consider DLMASs with N homogeneous agents and
assume they are described by
xi+=Axi+Bu,~, i=1,...,N, (1)
where A € R™", B ¢ R™, (A, B) is assumed to be
stabilizable, x; = x;(k) € R" is the state of the current time k,

x; = x;(k + 1) denotes the state at the next time k + 1, and

u: = u;(k) € R™ is the control input of the current time k.
The control input u; will be constructed based on the
available information of the agent i. Let .//; denote the index
set of the agents which can send their state information to
the agent i. We call the set #/* = {/#; : i = 1,...,N} the
information topology of the DLMASs (1). It is well known that
one can use a digraph G = (V, E) to express the information
topology /', where V. = {1,...,N} is the index set of N
agents, E € V x V is the set of directed edges to describe
the information interaction between agents; that is, (j,i) €
E & j e ;. Based on the directed edges, one can construct



Mathematical Problems in Engineering

an adjacency matrix A = [a;j] yn> whose entries are defined
asa; = 0forj =i a; = lforje #;,anda; =0forj ¢
;. 'The corresponding in-degree matrix and graph Laplacian
are defined as D = diag{deg,,...,degy} and L = D - A,
respectively, where deg, = Zi\il a;; is the in-degree of the
vertex i. A directed spanning tree of the digraph G is a tree
covering all the vertices of the digraph. The following results
are well known.

Lemma 1 (see [22]). The Laplacian matrix L € RN has the
following properties: (1) all of the eigenvalues of L are either in
the open right half complex plan or equal to 0; (2) 0 is a simple
eigenvalue of L if and only if the digraph G contains a directed
spanning tree.

Given the information topology ./, we construct the
following linear consensus protocol:

u; = Kix; + K, Zwij(xj—xi), i=1,...,N, )
jes;

where K;, K, € R™" are feedback gain matrices to be
determined, which are relative to the consensus state and the
convergence rate, respectively. W =: [w;;]n, is a weighted
matrix associated with the information topology .#". For the
sake of expression, we also define the weighted adjacency
matrix A, = A o W by using Hadamard product of matrices
and the weighted Laplacian L,, = D,, — A, with weights
w;;, where D, = diag{deg,,...,degy} is the corresponding
weighted in-degree matrix with weighted in-degrees deg;, =

ZjE/Vi Wi

Definition 2. For the given information topology ./, the
DLMASs (1) are said to achieve global state consensus via the
protocol (2) if for any given initial state x;(0),7 = 1,...,N,
there exists an n-dimensional vector function £(k) depending
on the initial states such that lim, _, . [|x;(k) — &(k)|| = 0. The
function &(k) is called a state consensus function.

In this paper, we will address the following three aspects
of the state consensus problem: (i) to give criteria of global
state consensus, that is, for any given information topology
W, weighted matrix W and feedback gain matrices K, and
K, to find the conditions of the DLMASs (1) achieving global
state consensus via the protocol (2); (ii) to calculate the state
consensus function &(k) if the DLMASs (1) achieve global
state consensus via the protocol (2); (iii) to determine the
matrices K; and K, such that the DLMASs (1) achieve global
state consensus via the protocol (2).

First of all, we transform the state consensus problem
to the partial stability problem. Then, based on the partial
stability theorem framework, we educe new necessary and
sufficient consensus convergence criteria and state a proce-
dure to determine the gain matrices in the protocol on the
basis of algebraic Riccati inequality. We also give an explicit
analytical expression of the state consensus function based
on the respective contributions of the initial states and the
protocols. Finally, we extend the results to formation control.

3. State Consensus Analysis

In this section, we first introduce a linear transformation
which translates the consensus problem of the multiagent
systems into a partial stability problem of the corresponding
transformed system. Then, we educe a necessary and suffi-
cient condition for the DLMASs (1) to achieve global state
consensus via the protocol (2), and present an analysis
expression of the state consensus function. Finally, we discuss
some interesting remarks and corollaries based on the result.

Let x = [xlT, s x%]T. The dynamics of the DLMASs (1)
with the protocol (2) is described by

x"=Wx, (3)
where
¥ =Iy®(A+BK,)-L,®BK,. (4)

We propose a state linear transformation for the linear
system (3) as follows:

x=Tx, (5)
where the block matrix T € R™™Y is defined as
_ T,
T _
= . , T = N 6)
1Lel, :
TN

And the matrix T; = [T};,..., T;jn], i = 1,..., N —1,is chosen
such that the following two conditions are satisfied:

(1) the row vectors in each of the matrices T; are linearly
independent, respectively;

(2) the identities T;(1y ® I,) = 0,i = 1,...,N — 1, are
held.

Lemma 3. The inverse T~ ' of the matrix T admits the
following form:

T11 Tl,N—l N_II

n

T—l

TN—l,l TN—l,N—l N_IIn

TN,I TN,N—I N_IIn (7)

T, - Tyo, N'1gel]

: [T N711N®In] >

wherei-j,i: L..,N,j=1,...
indefinitely described.

,N — 1, are the n x n blocks

Using the linear transformation (5), we transform the
linear system (3) into the following system:

X =TYT'%, (8)



or the form of two equations

Yy =TYTy+N'T¥Y(1y®1,)z,
_ ©))
= (1yeL)¥Ty+ N (15 e1,)¥(1y®1,) 2

N

where x = [yT,zT]T, y = [ilT, ... ,}LA]T, and z = Xy.

We show that the state consensus problem of the DLMASs
(1) with the protocol (2) can be transformed into a partial
stability problem.

Definition 4 (see [41]). The linear system (8) is said to be
asymptotically stable with respect to y (or asymptotically y-
stable in short) if lim;_, (k) = 0 for any bounded initial
state x(0) of the system (8).

Lemma 5. Under the given information topology N, the
DLMASs (1) achieve global state consensus via the protocol (2)
if and only if the equilibrium point X = 0 of the linear system
(8) is asymptotically y-stable. Moreover, the state consensus
function of the agents is §(k) = N 21111 x;(k) = NflfN(k).

Lemma 5 builds a bridge between the consensus problem
and the partial stability problem. Now we focus on the
asymptotical y-stability of the linear system (8). We can verify
the following lemma.

Lemma 6. The system (9) is of the following form:

y+ _ _y’ y e Rn(N—l))
(10)

zt=Cy+Dz, zeR",
where A = T(Iy ® (A + BK,) - L, ® BK,)T, C = ~(14L,, ®
BK,)T, and D = A + BK,.

Combining Lemma 5 with Lemma 6, we directly get the
following theorem.

Theorem 7. Under the given information topology N, the
DLMASs (1) achieve global state consensus via the protocol (2)
if and only if matrix A in (10) is Schur stable. Moreover, the
state consensus function is

k-1 i
E(k)=N"! <<Z(A + BKI)]EZ]H_J> T
=0

(11)
1L (A+ BKl)k> x(0).

Subsequently, we give some interesting remarks and cor-
ollaries based on the result.

Remark 8. Since TT = (Iy — N"'1y1%) ® I, the result of
Theorem 7 is in fact independent of the choice of the matrix T'
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although both ‘A and formula (11) in Theorem 7 contain T and
T. Hence, for simplicity, we take it in the following form:

1 -1 0 .-+ 0
01 -1--0
T= Lo . : ®In
0O-- 0 1 -1 (12)
1 1 1 1
= [TT:] ®I,.

The corresponding inverse matrix is

N-1 N-2 .- 1 1
-1 N-2 .- 1 1
T_IZ% : : .. : L,
1 2 ... 1 1 (13)
-1 -2 -+ =(N-1)1

= [To N_IIN] ®I,.
Thus, we can write A and C into

A=1Iy,®(A+BK,)-T,L,T,® BK,,
L (14)
C =-1,L,T, ® BK,.

Corollary 9. Under the given information topology /W, the
DLMASs (1) achieve global consensus via the protocol (2) if and
only if all the matrices A+ BK, — A;BK, are Schur stable, where
Ayi=1,...,N — 1, are the eigenvalues of the matrix T,L T,
Moreover, the state consensus function is expressed by

£ = ("o (A+BK,)" )x(0), i=1,..,N, ()

where  satisfies ' L, = 0 and " 1y = 1.

One can verify that as k — oo the state consensus
functions in formulas (11) and (15) are the same.

Remark 10. From Schur stability of A in the formula (14),
we can conclude that if A + BK, is not Schur stable, it
is a necessary condition of the consensus that the digraph
G expressing the information topology ./ has a directed
spanning tree. In fact, since the condition of directed span-
ning tree is equivalent to Hurwitz stability of ~T,L,T,, a
lack of directed spanning tree means that —T,L, T, has a
zero eigenvalue. In this case, we transform A into its Jordan
form via the matrix U ® I, where U is the matrix such that
U"lf"OLwTOU = ] is the Jordan form, and thus we have

(U'el,)A(UsL,) =1y, ®(A+BK,)-]®BK,. (16)

One can verify that the eigenvalues of A + BK, are the
members of the eigenvalues of A, and thus A is not Schur
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stable if A + BK] is not Schur stable. On the other hand, if
A + BK; is Schur stable, one can take K, = 0 to make the
DLMASs (1) achieve global consensus, which implies that
for any initial states all the agents always converge to the
equilibrium point 0.

Hence, from the formula (16) we can educe another global
consensus criterion.

Corollary 11. If A + BK, is not Schur stable, then under the
given information topology A, the DLMASs (1) achieve global
state consensus via the protocol (2) if and only if T,L T, has
N — 1 eigenvalues with positive real part A, i =1,...,N — 1,
and the matrices A+ BK, —A,BK,,i=1,...,N — 1, are Schur
stable.

Remark 12. If the state consensus function in (11) is a constant
vector equal to the average of the initial states of all the
agents, the consensus is called the average consensus. From
the formula (11) we educe the following result on the average
consensus.

Corollary 13. The DLMASs (1) achieve global average consen-
sus via the protocol (2) if and only the matrix A is Schur stable

and (T4 (A+BK)'CA T T+ 150 (A+BK) = 1581,

If A+ BK, = I, then the last condition in Corollary 13
becomes 15L,, = 0, or equivalently, the digraph G is
either undirected connected or directed strong connected
and balanced. More specially, if L,, is a symmetric matrix
(equivalently, the digraph G becomes undirected connected),
the condition 15L,, = 0 is satisfied and thus the average
consensus is achieved.

Remark 14. When A = I,, K; = 0, and B = I, the DLMASs
(1) are called a single-integrator one. In this case, A = I(y_,—
TyL,Ty®K,and C = —lngTO ®K,. We educe the following
result.

Corollary 15. Under the given information topology /', the
single-integrator DLMASs (1) achieve global state consensus via
the protocol (2) if and only if the following two conditions are
held simultaneously: (1) the matrix —T, L, T, is Hurwitz stable;
that is, the digraph G admits a directed spanning tree; (2) the
products A, i = 1,...,N =1, j = 1,...,n, are in the open
unit circle of the complex plane with the centre at (1,0), where
Ayi=1,...,N — 1, are the eigenvalues of the matrix T,L T,
and pj, j = 1,...,n, are the eigenvalues of the matrix K,.
The corresponding consensus function (11) becomes a constant
vector

£=N"(1hel, - 15 L, T(TL,T,) T,®1,)x(0).
17)

Moreover, the single-integrator DLMASs (1) achieve global
average consensus via the protocol (2) if and only both of the

above conditions are satisfied and in addition 13,L,, = 0.

Remark16. When A = [} 1]®1,,B =[?]®],,and K, = 0, the
DLMASs (1) are called a double-integrator one, whose state
vector can be seen as consisting of the position and velocity
in the n dimensional space R".

Corollary 17. Under the given information topology N, the
double-integrator DLMASs (1) achieve global state consensus
via the protocol (2) if and only if A is Schur stable. Moreover,
the consensus function is

& (k)

(18)

The consensus function above can be decomposed into
the position consensus function

& (k)=N" {([In 0] C(Ln-1yn — A)

+[0 kI,] E(Iz(N—nn - Z)_l
(19)

- [0 In] E(IZ(N—I)n - Z)_2> T
e (1, kL] }x(0),

which is a linear function of discrete time k, and the constant
velocity consensus function is as follows:

&0 =N"{([0 L]C(Lov-r,-4) )T
(20)
+ye[0 1]} x(0).

Similarly, we can define the velocity average consensus,
that is, if the DLMASs (1) achieve global consensus via the
protocol (2), and the velocity consensus function is a constant
vector equal to the average of the initial velocities of all the
agents.

Corollary 18. Under the given information topology N, the
double-integrator DLMASs (1) achieve global velocity average
consensus via the protocol (2) if and only the matrix A is Schur
stable and [0 I,]C = 0.

It is obvious that if 1,L,, = 0, then C = 0; that is, the
last condition in Corollary 18 is satisfied, and thus, the state
consensus function becomes

Ek)=N"1,® [16‘ kII"] x(0). (21



4. Design of Gain Matrices

In this section, we discuss the third problem, that is, how to
determine the weighted matrix W and the gain matrices
K, and K,, such that the DLMASs (1) achieve global state
consensus via the protocol (2).

Theorem 7 shows that the matrices W, K, and K,
should be taken to ensure that the matrix A is Schur stable.
Furthermore, from Corollary 11 we see that if the matrix
W with respect to the information topology ./ has been
given, we need only to design the gain matrices K, and K,
to ensure that the matrices A + BK; — A;BK, are Schur stable,
where A;,i = 1,..., N — 1, are the eigenvalues of the matrix
T,L,, T, The matrix K, is often taken to obtain an expected
consensus dynamics. The matrix K, is designed to achieve
state consensus and expected convergence rate. Its design
needs the following lemma.

Lemma 19 (see [38]). Supposing that the matrix A=A+ BK;
is not Schur stable but (A, B) is stabilizable, then there is a
critical value 8, € (0,1], such that for any number § with
0 < & < &, the modified Riccati inequality

ATPA-P-(1-6°)ATPB(B"PB) BPA<0  (22)

admits a positive definite matrix solution P, where &, depends
on the unstable eigenvalues of the matrix A.

We define functions §;(w) = 1 - wA; and 8(w) =

,,,,,

theorem.

Theorem 20. Supposing that the matrix (A, B) is stabilizable,
the gain matrix K, has been taken such that the expected
consensus dynamic matrix A+ BK| is not Schur stable, and the
weighted matrix W with respect to the information topology
N is given such that ~T,L T, is Hurwitz stable with N — 1
eigenvalues —A;, i = 1,..., N — 1; then, for the DLMASs (1) to
achieve state consensus via the protocol (2), the matrix K, can
be designed as K, = o(B"PB)"'BTP(A + BK,), where w is an
arbitrary constant satisfying 6 = 6(w) < 8, 8. € (0,1] isa
critical value which depends on the unstable eigenvalues of the
matrix A + BK,, and P* = P > 0 is a solution of the algebraic
Riccati inequality (22).

Based on Theorem 20, we give the following algorithm
of determining the feedback gain matrices K, and K, in the
protocol (2).

Algorithm 21. Design procedure of the gain matrices K; and
K,.

Step 1. Verify the stabilizability condition of (A, B) and the
spanning tree condition of the information topology /. If
neither of them is satisfied, then stop. Otherwise, design the
weighted Laplacian L, such that ~T,L T, is Hurwitz stable
with N — 1 eigenvalues -A;,i =1,...,N - 1.
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Step 2. Design K, such that A = A + BK| is the matrix of the
expected consensus dynamics of the DLMASs (1) and is not
Schur stable.

Step 3. Calculate all the eigenvalues of A, which are com-
posed of the stable eigenvalues Aj(A), i = 1,...,n, and
unstable ones )L'l.‘(;{), i=1,...,n,n,+n, =n.

Step 4. Calculate the critical value 8, € (0, 1]. If B is invert-
ible, then §, = (maxiz{lwnu}|/\?(A\)|)71. If B is of rank one,

.....

decomposition to the unstable part (A,,B,) of (A,B) to
convert the multiple input system to m single input subsys-
tems, where m is the number of the Jordan blocks of matrix
A,,. Specifically, there is a nonsingular real matrix Q with
a compatible dimension such that A = QflAuQ and B =
Q'B, take the form

Al x x % by * =

. 0 A, -+ = B 0 b

A= . . s B=|. , (23)
0 0 --- A, 00 --b,

where the symbol # denotes possibly nonzero parts and
(A;, b)) with A; € R""™ and b; € R" forall j € {1,...,m}
is controllable and 2311 n; = n,. In this case, . is lower
bounded by §, > (Hilx\’i‘(Am*)l)’l) = 52, where the index
m” is defined by m" = argmax;_g;,_,y([[;|A{(A;)]) and A;
is the Jordan block of the unstable part of matrix A.

Step 5. Calculate the value w such that §(w) = max;e; n-1y
16; ().

Step 6. Solve (22) with § =
matrix P.

S(w) for a positive definite

Step 7. Calculate the matrix K, = w(BTPB)'BTP(A + BK,).

5. Application to Formation Control

In this section, the consensus approach is modified to solve
the formation control problem of the DLMASs (1). Let h =

[th hg hL]T € R™ describe a constant formation of
the agent network in a reference coordinate frame, where
h; € R" is the formation variable corresponding to the agent i.
The variable h; — h; denotes the relative formation vector
between the agents i and j, which is assumed to be indepen-
dent of the reference coordinate.

We modify the consensus protocol (2) and propose a
distributed formation protocol as follows:

u; = Kix; + K, Zw,»j(xj—x,-—(hj—hi)), i=1,...,N.
JEN;
(24)

Definition 22. Under the given information topology ./, the
DLMASs (1) achieve the given formation / via the protocol
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(24) if [I(x;(k) - xj(k)) - (h; - hj)II — 0ask — oo, for
alli, j = 1,..., N, that is, if there is a function &(k) such that
lx;(k)—h,—&(k)| — Oask — oo,foralli=1,..., N, where
&(k) is called reference state consensus function.

Theorem 23. Under the given information topology /W, the
DLMASs (1) achieve the formation h via the protocol (24) if

and only if the matrix Iy_, ® (A + BK,) — T,LT, ® BK, is
Schur stable and (T, ® (A + BK; — 1,,))h = 0. Moreover, the
reference state consensus function is

k-1 .
E(k)= N ( <Z(A + BKl)jEZk_l_]> T

j=0
(25)

15 e (A+ BKl)k> x(0).

Similarly to Corollary 11, we get the following corollary
for the formation control.

Corollary 24. Under the given information topology /', the
DLMASs (1) achieve the formation h via the protocol (24) if
and only if all the matrices A + BK, — A;BK,, are Schur stable
and (Ty® (A+ BK, —I,))h = 0, where A, i = 1,...,N — 1, are
the eigenvalues of the matrix T,L, T,

Remark 25. Note that not all kinds of formation structure
can be achieved for the DLMASs (1) by using the protocol
(24). The achievable formation structures have to satisfy the
constraints (TO®(A+BK 1—L,))h = 0. The formation protocol
(24) for a given achievable formation / can be constructed
analogously by using the Algorithm 21 in Section 4.

6. Numerical Examples
In this section, we give some illustrative examples.

Example 26 (state consensus analysis). We consider the
DLMASs (1) consisting of four agents described by the fol-
lowing matrices:

2\/_5__\/5 1
2 2
A=|-1 v2 3v2|, B=|Zl]. ()
2 4 a4 2
1 0 0

Supposed that we are given the information topology /" =
{4}, {1}, {2}, {3}}, the weights w;; = 0.5, and the gain matrices
K, = [-1,-V2/2,V2/2] and K, = [0.4444,-0.4714,0.1571],
we are required to verify the consensus convergence.

The matrix A is Schur stable since its eigenvalues are
0.3482+0.7182i,0.8746 + 0.2786i, 0.7885 +0.4643i, 0.7728 +
0.5782i, and 0.0001. Therefore, according to Theorem 7, the
DLMAS:s (1) with the matrices in (26) achieve global consen-
sus via the protocol (2) under the given information topology

7
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FIGURE 1: State trajectories of DLMAS:s.

A and the gain matrix K, K,. For the initial states x,(0) =
[0,0.6,0.6]", x,(0) = [1.2,1.5,1.8]", x5(0) = [1.8,2.4,2.1]",
and x,(0) = [3.0,2.7,3.6]", the corresponding state con-
sensus function in (11) is £(k) = [1.5,2.7094 cos(0.7854k —
1.6296), 2.7094 cos(0.7854k — 0.0588)]”. Figure 1 shows the
state trajectories of the agents and the trajectory of the state
consensus function marked by circles.

Example 27 (gain matrices design for a formation control).
The consensus problem of multiagent systems has many prac-
tical applications, such as formation control of mobile robots
and cooperative control of unmanned airborne vehicles. In
this example, we consider that DLMASs consisting of four
mobile robots are described as

+
X, =

i XtV

(27)
Vi =vitu, i=1,...,4,
where x; € R% v, € R? and u; € R? are the position, the
velocity, and the acceleration input of the robot 7, respectively.
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FIGURE 2: Position and velocity trajectories of mobile robots.

The information topology and the weights are the same as
in Example 26. The eigenvalues of the matrix T,L, T, are
Ay =0.5+0.5i, A, =0.5—-0.5{,and A; = 1. We choose h; =
[6,6,0,0]", b, = [-6,6,0,0]", by = [-6,-6,0,0]", and h, =
[6,-6,0,0]" for the formation & of the mobile robots. Note
that (A, B) in (27) is stabilizable. The eigenvalues of matrix A
are 1 (4 multiples). We assume that the expected consensus
dynamics of the agents is not changed, and thus, we have
K, = 0. It is easy to verify that the formation h satisfies the
constraints (T, ® (A + BK, — I,))h = 0. One can get §, = 1
through Step 4 of the Algorithm 21. By Step 5, one can obtain

w = 1.0, and the corresponding d(w) = V2/2 < §.. The
modified Riccati inequality (22) admits a solution

88 17 0 0
17 248 0 0 »
0 o sg 17 | X110~
0 0 17 248

P= (28)

The corresponding control gain is calculated as follows:

0 0  0.0686 1.0686

Ky =10.0686 1.0686 0 0

(29)
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F1GURE 3: Formation of four mobile robots.

The eigenvalues of matrix A are 0.5336 + 0.5392i (2 mul-
tiples), 0.9321 + 0.0049i (2 multiples), 0.9314 (2 multiples),
and 0 (2 multiples), that is, the matrix A is Schur stable. By
Theorem 23, the system (27) via the protocol (24) achieves
the formation h.

For the initial states x,(0) = [-9,0.6,—-18, 1.8]7, x,(0) =
[12,1.5,27,0.9]7, x,(0) = [-21,1.8,24,2.4], and x,(0) =
(21, 3,27, 3.6]T, we get the reference state consensus function
&(k) = [0.75 + 1.725k, 1.725, 15 + 2.175k, 2.175]T according
to (25). Figure 2 shows the position and velocity trajectories
of the mobile robots and the trajectory of the reference state
consensus function marked by dots, and Figure 3 shows the
formation evolution trajectories. From Figure 3 it is clear to
see that the mobile robots achieve the expected formation,
where the symbol diamond denotes the initial position, and
the symbol circle denotes the position at the moment k = 80
of the mobile robots, respectively.

7. Conclusions

We considered the state consensus problem of high-order
discrete-time linear multiagent systems with fixed directed
information topology. A linear transformation approach was
proposed to translate the consensus problem of multiagent
systems into a partial stability problem of the corresponding
transformed systems. We have shown that the approach is
powerful in dealing with the three aspects of the consensus
problem: (1) the criteria of global state consensus, (2) the cal-
culation of the state consensus function, and (3) the deter-
mination the weighted matrix and the feedback gain matrix.
Precisely, we have educed new necessary and sufficient con-
sensus criteria in terms of Schur stability of a matrix related
to the weighted Laplacian matrix and presented an analytical
expression of the state consensus function. In addition,

we have stated a design process of determining the feedback
gain matrix under the condition of each agent being stabi-
lizable. The consensus algorithm has been further applied to
solve the formation control problem of multiagent systems.

Though the work in this paper focuses on the high-
order discrete-time linear multiagent systems with fixed
information topology and without time delay, it is undoubted
that the approach can be easily extended to more complex
cases, which will be dealt with in the future works.

Appendix

Proof of Lemma 3. Assuming the inverse to be T™' =
[Tl e Ty TN]T with columns T;, i = 1,...,N, we
prove that the equality Ty, = N ™1,y ® I,, is correct. Since the
matrix T” is invertible and thus each column of T can be
linearly represented by the columns of the matrix T”, so the
matrix T can be represented by g, + g,, where each column
of the matrix g, can be linearly represented by matrices T;,
i=1,...,N -1, and g, by those of the matrix 1,; ® I,,. Left
multiplying Ty = q; + 4, by q{ gets q Ty = 4141 + 4, 9>
Because of TT™! = Iy,,» one has T,TN =0,i=1,...,N—1,
which implies g/ Ty = 0. On the other hand, from the
equalities T;(1y®I,) = 0,i = 1,..., N — 1, one gets T;q, = 0,
i = 1,...,N — 1, which means q{ g, = 0. Hence, from the
equality ' Ty = q 4, + 41 g,> one deduces g1 q, = 0, that is,
g, = 0 and thus Ty, = g,. In other words, one can write Ty
into Ty = (15 ® I,), where « is a matrix of the order n x n.
From the identity T'T = I, one has (1y®I,)" = I, and thus,
from Ty = (1y®I,)a one can get I, = Na, thatis, e = NI,
Finally, one has the expression Ty = N"'1y ®I,.. O

Proof of Lemma 5. In fact, if there is &(k;x(0)) such that
limy, _, o lIx;(k; x;(0)) — E(k; x(0))|| = 0,i = 1,..., N, it follows
that limy _, (lIx%;(k)l = 0,i = 1,...,N — 1, in virtue of
x; =Ti(x -1y ®&),i=1,...,N, and therefore the necessary
has been proved. Conversely, by virtue of Lemma 3, one can
verify x; = 27;11 i]&j +N'%xy,i=1,...,N - 1. So from
lim , %K) = 0,i = 1,...,N — 1, it follows that
limy _, o llx;(k) = &k)| = 0,i = 1,...,N, where (k) =
N Zfil x;(k) = N_IEN(k), and thus, the sufficiency has
been verified. O

Proof of Lemma 6. By observation, we only need to show that
Y1y ®I,) = 0, (A% ® [)¥YT = —-(15L,, ® BK,)T, and
(1L e 1)¥(1y ®1,) = N(A + BK)). In fact, since L, 1y = 0,
(1L ® )T = 0,and T(1y ® I,)) = 0, we have that

TY(1y®1,)

=T(Iy®(A+BK,)-L,®BK,)(1y®1,)

T(Iy®(A+BK)))(1y®1I,)

=T(1y®(A+BK))) =0,
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(1y®1,)¥T
=(1y®1,)(Iy® (A+BK,) - L,®BK,)T
= (14 ® (A+BK,) - 1L, ® BK,) T
=—(13L, ® BK,) T,
(1y®1,)¥(1yel,)

=(1y®1L,)(Iy® (A+BK,) - L,®BK,) (1y®1,)
= (1h®1,) (Iy® (A+ BK,)) (1y ®1,)

= (131y)® (A+BK,) = N(A+BK,).
(A1)

Thus, system (9) becomes

yh= T‘PT}/,
~ (A.2)
2t =-(14L, ® BK,) Ty + (A+BK))z.

Denoting A = TYT,C = ~(15,L,,®BK,)T,and D = A+BK,
where ¥ = Iy ® (A + BK,) — L, ® BK,, we get (10). O

Proof of Theorem 7. The necessary and sufficient condition
is verified directly by using the Lemmas 5 and 6. Now we
focus on the calculation of the state consensus function. The

first equation in (10) gives y(k) = Kk 3(0). From the second
equation in (10) we have

z(k)=Cy(k—1)+Dz(k-1)

=Cy(k-1)+DCy(k—2)+--- (A.3)

+D'Cy(0)+ D2 (0).

Substituting y(k) = Zky(O), y(0) = Tx(0),D = A + BK;
and z(0) = (1% ® I,)x(0) into the above formula, one gets
2(k) = (Z*3(A + BK,YCA )T + 15 @ (A + BK,)*)x(0).

Thus, by Lemma 5 one has the state consensus function in
(11). O

Proof of Corollary 9. First of all, one easily verifies that the
Schur stability of A is equivalent to Schur stability of all the
matrices A + BK, — A,BK, by transforming A into its Jordan
form. We focus on the calculation of the state consensus
function. Rewrite the system (3) as x* = (Iy®(A+BK;)-L,®
BK,)x. So for the left eigenvector # with the property 7" 1,y =
1 of the Laplacian L, with respect to the zero eigenvalue, we
obtain (11T®In)xJr = (A+BK1)(11T®In)x. When the consensus
is achieved, we have that £(k) = (;7T ® I,,)x(k) and thus the
state consensus function is £(k) = (A + BKl)k(r]T ® I,)x(0),
which can be written into the form (15). O

Proof of Corollary 15. In this case, the two conditions in
Corollary 11 become: (1) the matrix —~T,L,T, is Hurwitz
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stable, that is, the digraph G admits a directed spanning tree;
(2) for all the eigenvalues A;, i = 1,..., N — 1, of the matrix
T,L Ty all the matrix I, — A,K, are Schur stable. Let Wjp j=
1,...,n, be the eigenvalues of the matrix K,. Hence, the Schur
stability of the matrix I, — A,K, is equivalent to that the
products Ay, i = 1,...,N =1, j = 1,...,n, are in the open
unit circle of the complex plane with the centre at (1, 0).
Now we calculate the state consensus function. In
this case, the state consensus function becomes &(k) =

= —k — 1= )
NHCU-1yn = A y-1yn = AT + 1y ® L,}x(0). Since
A is Schur stable, instead of the previous state consensus
function &(k), we take the following state consensus value § =

NMCU -y~ A) ' T+15®1,}x(0). Since T = Ty ® I,,, A =
I(N_l),i— TOI:WTO ® K,, and 6~: _I}LwTo ® K,, and noticing
that (T,L,T, ® K,)" = (TyL,T,)"" ® K;', the previous
state consensus value can be written into (17). O

Proof of Corollary 17. Since

i |1
Al = [0 1| ® Lo (A.4)
Equation (11) becomes
& (k)
k-1 .
_ a1 In ]In k-1-j
N ((Z[o In]CA )T
Jj=0
I kI
+1T®[” ] x(0)
YoLoo > (A5)

Letting
k-1
_N |0 | mgR
X‘Z[o O]CA (A.6)
Jj=0
and j' = j+ 1, we get
k !
x=Y | (J I)I"]CAk_l_]H
Zlo 0
jl=rt
S0 1] mk-f+1 [0 )= K
- 421 0 on]CA _[0 6']C(12<N-1>" A)
iz
[0 j1,]A5k1-7+1 [0 KI
“ & o on]CA [0 o]c
I

|
| |
oo
o
—
Ol
—
,'?’\N
7
=
B
|
b
L
SN——
—~
}:ﬂN
7
=
B
|
o |
N—"
L
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— |0 kI,| =
=XA+ [ 0 0 ] C- [

X (IZ(N—I)n - Z)_l

(A7)
Thus, we have the following:
0 kI,|= <\"!
X = [0 0 ] C(IZ(N—I)n - A)
(A.8)

0L |= —k -2
- [0 (;lj| C (IZ(N—I)n -A ) (IZ(N—I)n - A) .
Substituting it into (A.5), we get
¢ (k)

-1

= N (E (s = ) (B = 3)

+15® [Ig kII"”x(O).

(A9)

If A is Schur stable, the consensus function above can be
replaced by

§ (k)

=N {(E(Izw—l)n ~A) [8 k(ﬂ v = 4)
0 1,] = -\
_ [0 5] C(Ly-1n = A) 2)

+1L® [Ig kII"”x(o).

~

(A.10)
O

Proof of Theorem 20. Supposed that the matrices L,, and K,
have been given, by Corollary 11, we need only to verify that
the matrix K, ensures that all the matrices A + BK; — A,BK,
are Schur stable, where A;,i = 1,..., N—1, are the eigenvalues
of the matrix T,L T,

Itis clear that there exists w > 0 such that |§;(w)| < §(w) <
0., i = 1,...,N — 1. We can verify that the following sys-
tems £;(k + 1) = (A + BK; — A;BK,);(k),i = 1,...,N - 1,
admit a common Lyapunov function V(§;) = EiH P&, In fact,
letK, = w(BT'PB)'BTP(A + BK;), then we have that

AV (&)
=V (K+1) -V (k)

1
=gl (k)<((A +BK,)- A\,wB (BTPB)’IBTP(A + BKI))H
x P((A+BK,) - AwB(B"PB) B'P

x (A+BK,)) - P) & (k)
=&" (k) ((A+BK,)"P(A+BK,) - P
(M 2) w+ AT 0%)
x(A +BK1)TPB(BTPB)_IBTP(A +BK)) ) &(k)
=& (k) ((A+BK,) P(A+BK,) - P
~ (1-18; @)[*) (A + BK,)" PB(B"PB) |
x B'P(A+BK,))& (k)
<& (k) ((A+BK,) P(A+BK,) - P
~(1-8;(w)) (A+ BK,)" PB(B"PB) |

x B'P(A+BK,))& (k)

<0.
(A1)
That is, all the matrices A+ BK; —A;BK,,i=1,...,N—1,are
Schur stable. O

Proof of Theorem 23. Let X; = x; — h;, i = 1,..., N. Then the
DLMASs (1) reach the formation 4 if and only if |(X;(k) —
5c“j(k)|| — ooask — oo, foralli,j = 1,...,N. So the
formation problem on the variables x; is transformed to the
consensus problem on the variables X;.

From (1), one gets X = x; — h; = A(X; + h;) + Bu; — h;,
i =1,..., N. Substituting the protocol (24) and writing it into
the vector form, we have that

¥ = (Iy®(A+BK,)-L,®BK,) X
(A.12)
+(Iy®(A+BK, - 1I,)h.

Introducing the state linear transformation x = TX for the
linear system (A.12), one obtains

x =T(Ily®(A+BK,)-L,®BK,) T 'x

(A13)
+T(Iy® (A+BK, - I))h.
Lety = [X],...,%y_,]", then
y" = (Iy.,®(A+BK,) - T,L,T,®BK,) y
(A14)

+(To®Iy) (Iy® (A+BK, —1,))h

is held. Since y = 0 must be the equilibrium point if the
DLMASs (1) reach the formation h, one has (To ® (A +
BK, — I,,))h = 0. The residuary proof is similar to that of
Theorem 7. O
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A development procedure for a low-cost attitude and heading reference system (AHRS) based on the distributed filter has been
proposed. The AHRS consists of three single-axis accelerometers, three single-axis gyroscopes, and one 3-axis digital compass. The
initial attitude estimation is readily accomplished by using the complementary filtering. The attitude estimation for UAV flying
in the real time is realized by using the three low orders EKE The validation results show that the estimated orientations of the
developed AHRS are within the acceptable region, and AHRS can give a stabilized attitude and heading information for a long

time.

1. Introduction

Recent advances in autonomous vehicle technologies have
made unmanned aerial vehicles (UAV) to become an attrac-
tive solution for the modern military and civilian applications
such as aerial surveying, pipeline and power line inspection,
post-disaster assessment, remote sensing, and cruise missiles
[1, 2]. A 2011 report by the Teal Group, who is specialized in
aerospace market analysis, forecasts that UAV expenditures
worldwide will double within the next ten years to reach $11.3
billion dollars annually in 2020 [3]. By 2018, analysts expect
that over 15,000 UAVs could be operating within United
States Airspace [4]. Commonly, it needs to know the UAV’s
orientation, velocity, and position to be operated, whether
manually or with computer assistance. When cost or weight
is an issue, inertial navigation using very accurate inertial
sensors has been excluded. Instead, low-cost systems using
inertial sensors based on microelectromechanical systems
(MEMS) have been widely used. To ensure safe and reliable
flight of UAV, an accurate attitude and heading reference
system (AHRS) is a key component and can give information
about the UAV’s orientation in three-dimensional spaces.
MEMS-based AHRS are of low cost, light weight, and
consume little power. However, the advantages of inexpensive

MEMS sensors are coupled with the drawback of having
greater potential error in reported roll, pitch, and yaw due to
increased sensor noise and drift. Most of the previous works
at fusing are based on inertial sensors with GPS for attitude
determination [5, 6]. However, GPS signals are susceptible
to interference and deception. GPS is unreliable in hostile
jammed environments or caused by shadowing effects since
the possibility of the outage of GPS. More importantly, the
transmitters cannot afford long-term, stable, and reliable
positioning information because of the risk of destruction.
Recently, many AHRS based on low-cost MEMS gyroscopes,
accelerometers, and magnetometers have been developed
[7-10]. A number of estimation filters have been proposed
since 1970s. The basic idea is to blend several different mea-
surements to obtain the best approximation of the signals.
Although many filtering techniques have been proposed and
studied to design observers for attitude determination [11-
15], the Extended Kalman Filter (EKF) is still one of the
most well-known and widely adopted filtering algorithms to
design such estimators [16, 17]. The Kalman filter provides
the best estimates based on the system dynamics and a priori
knowledge of the noise characteristics of the signals. How-
ever, EKF divergence due to the linearization of the system
and large-state initialization error is a frequent stumbling



FIGURE 1: b frame, n frame, and Euler angles.

block to the implementation of the filter. Major difficulties
when implementing a centralized Kalman filter (CKF) on a
microcontroller arise from the complexity caused by the need
for inverting certain matrices. This problem is exacerbated by
the need to implement an EKF in case the system is nonlinear
and with a large number of states. In contrast to the CKEF, the
distributed filter is simple, easy to implement, and it has been
successfully used for decades on a low-performance micro-
controller [18].

The attitude and heading estimation filter proposed in
this work is based on the distributed filtering theory, initial
attitude estimation is based on the complementary filtering
theory, and the real-time attitude estimation will use the three
low orders EKF for UAV flying.

The paper is organized as follows. The design of attitude
estimation filter is presented in Section 2. Section 3 focuses
on the implementation of the attitude estimation filter. Exper-
imental results obtained during UAV flying are presented
in Section 4 to illustrate the performance of the proposed
AHRS. Concluding remarks and future work are pointed out
in Section 5.

2. Problem Statement and System Design

The Euler angles describe the body-axis orientation of UAV
body coordinate frame (b frame) in North, East, and Up
navigation coordinates frame (n frame). Here, y is the yaw
angle, ¥ is the pitch angle, and y is the roll angle, as
illustrated in Figurel. The initial attitude and heading of
the UAV are needed to initialize the AHRS. When UAV is
stationary, Initial attitude and heading of UAV are computed
by accelerators and digital compass. The calculation formulas
are described as follows:
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where, f7, ff, and f? are the specific force of the accelerom-

eters in body coordinate frame (b frame). mf’c, ml;, and mi
are the components of the magnetic field strength in body
coordinate frame.

However, stationary UAV is difficult owing to wind and
engine vibration in actual test, the initial attitude and heading
are seriously influenced by high-frequency noise when the
initial attitude and heading are computed by using (1). When
the condition of UAV is stationary or low dynamic, the
attitude and heading of UAV are accurate and have good low-
pass property. However, the error of attitude and heading
computed from the gyroscopes output is large since it is easily
influenced by drift of the gyroscope. There is complementary
property between the attitude derived from the gyroscope
outputs and the attitude derived from the accelerometer out-
puts. The complementary filters theory provides an estimate
of the true signal by employing two complementary high-
pass and low-pass filters, and an unknown signal can be
estimated using corrupted measurements from one or more
sensors whose information naturally stands in distinct and
complementary frequency bands [19-21]. The initial attitude
estimation filter based on complementary filter is to pass the
attitude derived from the gyroscope through a high-pass filter
and the attitude derived from the accelerometer through a
low-pass filter and then to fuse those signals to obtain the
estimated attitude; thus, compensating for the drift on the
gyroscope and for the slow dynamics of the accelerometer,
the block is shown in Figure 2.

The real attitude and heading are processed on an embed-
ded processor in actual flying test, major difficulties when
implementing a centralized extended Kalman filter (CEKF)
on a embedded processor arise from the complexity caused
by the need of the Jacobian matrix computing and the system
equation linearizing, and this problem is exacerbated by the
need to implement an EKF with a large number of states. To
solve this problem, the attitude and heading estimation filter
based on the distributed filtering is designed and completed,
three low-order parallel EFK are implemented on the ARM
9 embedded processor. The block diagram of the orientation
estimating filter based on the distributed filtering is shown in
Figure 3.

3. Attitude and Heading Estimation Filter

3.1 Initial Alignment Filter. Complementary filters have been
widely used to combine two independent noisy measure-
ments of the same signal, where each measurement is cor-
rupted by different types of spectral noise [19]. The com-
plementary filters have first-order filter and second-order
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FIGURE 3: Design of the orientation estimating filter based on the distributed filtering.

filter; the second-order complementary filter consists of a
second-order high-pass filter and a second-order low-pass
filter. The second-order complementary filter of the attitude
is described as follows [22]:

- W} (26/w,) D . D’
Y= Doy 26wyD + w} Yoo oy 26wy D + w? P

2)
5- w; (26/wy) D D?

D? +2w,D+wi * D?+2w,D +w?
where D is the differential operator, w, is the natural fre-
quency, and ¢ is the damping ratio.

With the estimated roll and pitch, the yaw can be derived
from the measured strength of the magnetic field in body

coordinate frame by the digital compass:

M"
_ -1
Yy, = tan (ﬁi)
y
b

~ b . o~
1 m, cosy + m, siny

= tan

>

©)

b sin 7sin 9 + m? cos 9 — mP cos ¥ sin 9
mS sinysin 9 + m7 cos Y — m; cos y'sin I

where m;, m”, and m], are the components of the magnetic
field strength in navigation coordinate frame (n frame). The
relationship between real heading v,,, and ¥, is described as
follows [23]:
B M50, 5,50,
Vo= Tt 2m M50, 9,<0, @)

Yyt M <O,

3.2. Attitude and Heading Estimation Filter. According to the
initial attitude and heading, the initial strapdown attitude
matrix is computed as follow [23]:

T,
Tll T12 T13
= T21 Tzz Tzs
T31 T32 T33
G+ai - -4 2(0d - 9093)  2(4195 + 9042)
2Ad2+9095) 9o -4 +9— 45 2(9295 — Dohr)

2019 - %) 209+ d) 6@ -9 - D+ 95
(5)
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TaBLE 1: The error between AHRS outputs and the reference values for the dynamic test on the ground.

Pitch angle error (°) Roll angle error (°) Yaw angle error (°)
Mean Variance Mean Variance Mean Variance
Dynamic test -0.017 0.069 —0.056 0.089 -0.013 0.150

Attitude and heading estimation depend on the updated
quaternion; the system state equation selected the system

state X = [qy 41 9 q3]T is built as follows:

[0 -@; @y -] g

. 2:‘1’ B @& 0 @ -al|q
Zj 2@ -at o @l ||a
@ @, -a, 0 |l

_ b bA
0 -w, —w, -, 0 FIGURE 4: Self-developed autopilot from DNC.
b b b
1 w, 0 w, -w||gq
2 wi’, —wi’ 0 wi 9 ©)  from the quaternion, the computing equation is described as
b b ) follows [23]:
0, w, ~w, 0 ] 93
v = tan™ ( 2(0:9> — 9095) )
Q1 D 9 s 1 G~ qi+ 95— 95
+ 1 T B 8?, 9, = sin”! (29295 +29041) » 8)
21-9; -9 @ Y
0 -4 - 0, y, = tan™ ( 2 (4195 — 9092) )
S ! G- G+
=FOXH)+Gt)W(1),

The measurement matrix (See Appendix) is obtained by

T T linearizing (6) and (7):
where @ = [@ @) @]" = [2-8" 2 -8 2-3]", &

T
wb=[ b w;’, wZ]T,and5b= [62 82’, 6’;]Tistheidealvalue, H =[98y 049 @]
real output value, and drift of gyroscopes in body coordinate 0X oX X
frame (b frame), respectively. F(t) is the state transition oAy 0Ay O0Ay OAy OAy
matrix; G(t) is the covariance matrix of noise. ox [ dq, 0q, 0q, 0gs ] ’

According to (1) and (5), the measurement equation is (9)

built by the attitude derived from the gyroscope output and 0AY [@ 0AY  0A9 @]
the attitude derived from the accelerometers output. The 9X loq, 9q, 9q, 9gq; )’

measurement equation is described as follows:

oy _[oty oy oay osy)

Z, () Ay Vi — ¥, 0X 19dqy 0q, 0q, Oqs
zw)=|z,0)| =09 |=1|9,- 9q =H(t,q)+V (1), The quaternion is updated by (6) and (7), the principal
value of pitch, roll and yaw are derived from the updated T}’
Z4 (t) Ay Ya =Yg [23], for example,
7)

9, =sin"' (Ty,),

where Z(t) = [0y 89 SA]T is the error of the attitude and [ -Ty,

heading. y,, is the yaw derived from the digital compass. 9, Yp = tan (—) , (10)
m a T

and y, is respectively the pitch, and roll derived from the

accelerators; the computing equations are described in (1)

ol 12
Vg 9> and y, is respectively the yaw, pitch, and roll derived Vp=tan < Ty, ) '
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TaBLE 2: The attitude error between AHRS outputs and MIMU/GPS integrated system outputs for flight test.

Pitch angle error (°)

Roll angle error (°) Yaw angle error (*)

Mean Variance Mean Variance Mean Variance
Flighting test 1.84 3.73 -1.12 4.43 — —
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FIGURE 5: AHRS outputs and the reference values for the dynamic test on the ground, (a) pitch, (b) roll, and (c) yaw.

The domain of yaw, pitch, and roll is [0° 360°],
[-90° 90°] and [-180° 180°], respectively. The domain and
range of pitch are the same; the real value of pitch is the
principal value, for example, O = §,,. The real value of yaw
and roll is computed as follows, respectively [23],

Vo Ty >0,
Y=Y+ 70 Ty <0, yp<0,
Vp— 7 T33<0, 9,>0,
)
Yy T,, <0,
V=y,+2-m, Ty >0, v, >0,
Y, + I, Ty, >0, y, <0.

4. Experimental Test and Results Analysis

Experiments are conducted using an autopilot self-developed
from Digital Navigation Center (DNC), BUAA (see Figure 4).
This system is composed of three single-axis accelerometers,
three single-axis gyroscopes, one 3-axis digital compass, one
barometer, one airspeed meter, and one Global Positioning
System (GPS) receiver. In order to test the proposed atti-
tude and heading calculation method based on distributed
filtering, the dynamic test on the ground and flying test
are implemented by using the autopilot from DNC. In the
process of dynamic testing, the autopilot is put on the ground,
the pitch and roll of UAV do not change, the autopilot is
turned around the z axis from the initial yaw to 360°, the
yaw is turned to make a quarter turn, and the autopilot is
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FIGURE 6: The error between AHRS outputs and the reference values for the dynamic test on the ground, (a) pitch error, (b) roll error, and

(c) yaw error.

stationary for a period of time. The outputs of the AHRS and
the reference values for the dynamic test on the ground is
represented in Figure 5. The error between of AHRS outputs
and the reference values are represented in Figure 6 and
Table 1.

Seen from Figures 5 and 6, and Table 1 the attitude cal-
culated output from the AHRS system this paper proposed
is stable and can track the reference value. The pitch, roll,
and yaw have big fluctuation because when the yaw is turned
manually, the MIMU cannot maintain horizontality, and the
precision of pitch, roll, and yaw is 0.069°, 0.089°, and 0.15,
respectively.

In order to further test the AHRS system this article pro-
posed, the flight test is carried out using a fixed-wing UAV.
After the plane takes off through manual manipulation, the
condition is changed to automated driving condition dur-
ing aircruise phases and the acceleration, gyroscope, and
magnetic compass data are stored in an SD card. The test
verification is based on the actual data and the results are
shown in Figure 7 and Table 2.

Seen from Figure 7 and Table 2, the attitude calculated
output from the AHRS system this paper proposed is also
stable under the dynamic condition through actual flight test.
The attitude error between AHRS outputs and reference value
is small and the precisions of pitch and roll are 3.73" and

4.43°, respectively. So, AHRS can give a stabilized attitude and
heading information in long time.

5. Conclusions

In this paper, based on the distributed filter, the low-cost
attitude and heading reference system has been developed.
The dynamic test on the ground and actual flight test are
implemented, and the test results show that the presented
AHRS based on the distributed filter can give the stabilized
attitude and heading information for a long time and can
implement the automatic flight control of UAV.

Appendix

The attitude and heading based on quaternion were updated
2(919; ~ 9093)

as follows:
v = tan”' < 2 2 2 2 ) >
D ~—49 T9>— 493

9 =sin”™' (29,95 + 2901) »

y= tan”! ( 2 (‘11‘13 - ‘10‘12)
B9~ DG +a5
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Parallel runway is the mainstream structure of China hub airport, runway is often the bottleneck of an airport, and the evaluation
of its capacity is of great importance to airport management. This study outlines a model, multiagent architecture, implementation
approach, and software prototype of a simulation system for evaluating runway capacity. Agent Unified Modeling Language
(AUML) is applied to illustrate the inbound and departing procedure of planes and design the agent-based model. The model
is evaluated experimentally, and the quality is studied in comparison with models, created by SIMMOD and Arena. The results
seem to be highly efficient, so the method can be applied to parallel runway capacity evaluation and the model propose favorable

flexibility and extensibility.

1. Introduction

Airports play a key role in the commercial aviation system by
allowing airlines and their customers to converge. However,
since the early 1970s, the peaking of traffic at airports has
been a problem of increasing concern to airport operators
around the world. This challenge is most pronounced in
the runways, where multiple traffic flows converge within a
confined region. A failure to manage these runways effectively
can start a causal chain wherein an accumulating bottleneck
effect leads to fighting delays, unused runway capacity,
and increased controller workload which, in turn, leads to
increased financial and environmental costs.

An airport’s capacity may be broadly defined as its ability
to handle a given volume. While a runway system capacity
is defined as the hourly rate of aircraft operations which
may be reasonably expected to be accommodated by a single
or a combination of runways under given local conditions
[1]. Congestion occurs when demand approaches or exceeds
capacity. Nonintersecting runways, whose extended centre
lines have an angle of convergence/divergence of 15 degrees

or less, are called near parallel runways. The use of parallel
runways to increase aerodrome capacity is a common concept
at busy aerodromes.

Results in this study are mainly focused on parallel run-
ways, conducted using an agent-based simulation software
called AnyLogic. Given its capabilities for modeling at a very
high level of detail and closely representing reality in terms of
applicable separation standards and air traffic management
procedures. Agent based model is created to simulate pro-
posed alternative. Using the methodology proposed here, the
baseline and the different alternatives were evaluated in terms
of design functionality and overall utilization of potential
capacity.

2. Literature Review

2.1. Capacity Estimation Models. The primary analytical
models used to estimate runway capacity include the LMI
runway capacity model and the FAA airfield capacity model
[2]. The LMI capacity model is an analytical model for
computing the capacity of a runway system. Its fundamental



building block is a model that computes the capacity of a
single runway. The FAA airfield capacity model is an analytic
model which calculates the capacity of a runway system, but it
assumes that all random variables in the model are normally
distributed and a 5% probability of violation of separation
requirements is used in determining spacing of runway
operations, using these normal distributions. A hybrid of
these two models, with the logic of the LMI model and the
extension to multiple runways featured in the FAA model,
is expected to be very useful in providing quick estimates of
runway system capacity [3].

A distinction between analytical and simulation models
is made based on the methodology used to compute capacity,
delay, or other such metrics. Analytical models are primarily
sought to provide estimates of capacity by manipulation of
the representation formulated. These models tend to have a
low level of detail [4].

Simulation of the airport environment is increasingly
applied to obtain more realistic estimates of capacity by
randomizing the various input parameters. Many commercial
simulation tools for air traffic are available, for example,
SIMMOD and TAAM. These tools dedicated to airport types
of simulation seek to generate traffic flows through the
airports, which are modeled and configured to represent
actual constraints and uncertainties. Observations from these
flows allow appropriate measures of capacity and/or delay to
be computed. Simulations tend to have a much higher level of
detail including conflict resolution, airport taxiway, and gate
selection, to deal with more tactical issues.

In many applications these commercial simulation tools
will satisfy the simulation objectives, but when microsimula-
tion becomes an issue to consider, very few models analyze air
traffic metrics in combination with capacity and safety. With
regard to microsimulation, we are concerned with events
such as wake-vortex separation violations, simultaneous
runway occupancies (SRO’), and collisions on a runway.
Furthermore, the aviation system is a complicated stochastic
system.

2.2. Agent-Based Systems for Air-Traffic Control and Man-
agement. Agent-based computing is one of the powerful
technologies for the development of distributed complex
systems [5, 6]. Many researchers believe that agents represent
the most important new paradigm for software development
since object-oriented design [7], and the concept of intelligent
agents has already found a diverse range of applications in
transportation systems.

The geographical and functional distribution and the
highly dynamic nature of air traffic control (ATC) make it an
ideal candidate with many potential applications that can be
modeled with MAS [8], such as air traffic flow management
[9]. The optimal aircraft sequencing using intelligent schedul-
ing (OASIS) presented in [10] is a real-time agent-oriented
system developed to support air traffic management. OASIS
distributes air traffic control (ATC) tasks into two classes
of autonomous and cooperating agents: aircraft agents and
global agents. Each aircraft agent associates with an arriving
aircraft and performs computation or reasoning relevant to
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the aircraft. The system helps alleviate air traffic congestion
by maximizing runway utilization through arranging landing
aircrafts into an optimal order and monitoring the progress of
each individual aircraft in real time.

An agent-based model enables modeling of every individ-
ual throughout the complete simulation lifecycle in complex
scenarios, so, to follow these domestic properties, an agent-
based simulation is created to provide the necessary informa-
tion for parallel runways.

3. Operational Conceptions and
Considerations

The impetus for considering operations on parallel or near-
parallel instrument runways is provided by the need to
increase capacity at busy aerodromes. The procedures for
airports with multiple parallel runways are similar, with
added safeguards to ensure that an aircraft is safely separated
from those approaching the adjacent parallel runway. The
relation among many parallel runways can be turned to the
relation between two parallel runways. So we only focus our
research on two parallel runways.

In order to enable evaluation of capacity of parallel
runway, it is necessary to model the details of how arriving
aircraft is guided through the final stage, including their
behavior and interactions. Modeling of the agents was accom-
plished by comparison with a set of baseline operational data
and consultation with subject matter experts.

3.1. Modes of Operation

3.1.1 Simultaneous Parallel Approaches. Independent parallel
approaches: simultaneous approaches to parallel or near-
parallel instrument runways where radar separation minima
between aircraft on adjacent extended runway centre lines are
not prescribed. Dependent parallel approaches: simultaneous
approaches to parallel or near-parallel instrument runways
where radar separation minima between aircraft on adjacent
extended runway centre lines are prescribed.

3.1.2. Simultaneous Parallel Departures/Departures. Indepen-
dent parallel departures: simultaneous departures from par-
allel or near-parallel instrument runways. Segregated parallel
departures: simultaneous operations on parallel or near-
parallel instrument runways. Under this mode, one runway
is used exclusively for approaches and the other runway
is used exclusively for departures. There may be semim-
ixed operations; that is, one runway is used exclusively for
departures, while the other runway is used for a mixture of
approaches and departures; or, one runway is used exclusively
for approaches while the other is used for a mixture of
approaches and departures.

3.2. Safeguards for Parallel Runway. In order to obtain reliable
and valid model to evaluate the capacity, it was necessary
to collect these regulations in a systematic and controlled
manner. Therefore, various aircraft controls are described in
this section.
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3.2.1. Separation Control. The separations imposed between
aircraft by terminal controllers can be characterized by the
interarrival separation distribution of aircraft as they fly along
the final approach course. This distribution is a good measure
of the applied separations since it is sensitive not only to
the average separations applied, but also to the variability of
the applied separations around the average. The variability
of aircraft separations can have many sources, including the
different required minimums between different aircraft types
and the deviation of aircraft from their assigned routes and
speeds. All of these sources are captured by the interarrival
separation distribution along the final approach. The final
approach is particularly important because it is where aircraft
are moving most slowly, are most closely spaced, and have
their routes most constrained.

To avoid the situation where a faster aircraft catches up
with a slower aircraft, an extraseparation is required for the
following faster aircraft at the beginning of its final approach.
FAA has an official separation requirement for each aircraft
mix, and the separations are chosen to avoid a wake vortex
encounter. The target separation at the threshold is drawn
from a Gaussian distribution ~N(u, 0*), where the mean  is
given in Tables 1 and 2 based on the leader and trailer aircraft
types, and the standard deviation o is assumed to be 0.39 nm.
The actual separation at the threshold depends on several
factors including aircraft speed and time of arrival at the final
approach fix.

3.2.2. Runway Entrance Control. The minimal time between
an aircraft that wants to takeoff (takeoff lasts about 30
seconds) and an aircraft that wants to land is about 3 minutes.
If the time difference is smaller, aircraft at the ground have to
hold until the runway is vacated.

3.2.3. Runway Balance Control. The model flow manager
chooses a landing runway for each inbound aircraft based
on the need to balance throughput on the available runways.
Balancing the throughput on all the runways of an airport is
important because overwhelming one runway while another
remains underutilized will lower the overall throughput of
the airport. In order to choose which runway would be best,
based on balancing considerations, the model flow manager
first calculates an estimated demand on each runway and then
decides whether reassigning the aircraft to other than the
nearest runway would be desirable. The estimated demand is
calculated as a weighted moving average constructed so that
nearer flights contribute more to the estimated demand than
distant flights.

Once estimated demands have been calculated for each
available runway, the flow manager will reassign the incoming
flight to the runway with the lowest estimated demand if the
demand estimate on that runway is lower than the demand
estimate on the nearest runway by at least a specified amount
called the demand barrier. The demand barrier used in the
simulations is 2 flights per hour. The purpose of the demand
barrier is to ensure that flights are not reassigned to other than
their closest runway unless there is a clear advantage in doing
S0.

3
TABLE 1: Separation standard matrix (nautical mile).

Leader Trailer

Heavy Large Small
Heavy 4 5 6
Large 25 2.5 4
Small 2.5 2.5 2.5

TaBLE 2: Hypothetical reduced separation (nautical mile).

Leader Trailer

Heavy Large Small
Heavy 33 33 33
Large 2.5 2.5 4
Small 2.5 2.5 2.5
4. Architecture of MAS

4.1. Agent-Oriented Parallel Runway Architecture. Agent-
based modeling develops computational representation of
a complex system by modeling each of the components or
subsystems as agents and it models the rules for possible
actions and interaction between these agents.

To formulate the evaluation model, we created the fol-
lowing pseudoagent. The developed model considers each
subsystem as an independent type of agent that acts based on
its local knowledge and its interaction with other agents.

(1) Runway agent is applied to simulate the runway and
it was afforded statistical methods to recorder the
utilization rate of the runway.

(2) Runway entrance agent is applied to simulate the
entrance of the runway and it was embedded in the
runway agent.

(3) Departure agent is applied to simulate the departure
aircraft. Different aircraft types are modeled through
database of aircraft performance parameters.

(4) Departure environment agent is applied to simulate
the surrounding condition of the departure aircraft.
The departure aircraft can learn the surrounding
information from this agent, and it is embedded in
the departure agent.

(5) Arrival agent is applied to simulate the departure
aircraft.

(6) Arrival environment agent is applied to simulate the
surrounding condition of the arrival aircraft.

(7) Departure track agent is applied to simulate the
approach line of aircraft, it can record the quantity of
arrival aircraft at any time.

(8) Arrival track agent is applied to simulate the approach
line of aircraft.

(9) Rule agent receives and converts the regulation data,
for example, the miss distance between aircraft.

(10) Control agent balances the arrival and departure
aircraft.



Considering that UML is a language widely accepted,
we will design the architecture of the agent-oriented par-
allel runway system at this part by AUML. The AUML is
extended from UML with agent-related modeling techniques,
to enhance the modeling capabilities of UML [11]. Figure 1
shows the group membership hierarchy on which the design
of the runway system is based. To describe the simulation
model in more detail, some entities are further decom-
posed to virtual agents. For example, the arrival aircraft is
decomposed to arrival agent and the corresponding arrival
environment agent; in this way the model can be applied
to more complicated condition without much change, as is
shown in Figure 2. The main features of the important agents
presented in this architecture are specified in the following
sections.

4.2. Agent Description

4.2.1. Arrival Agent. An agent will be created for each arrival
aircraft. Therefore, in response to the arrival of an aircraft
(arrival agent creation event) the system will create a new
arrival agent instance for this aircraft. Each arrival agent
faces a safe problem. In this problem, a strict set of rules
must be followed, and arrival agent may get a copy of
the rules from rule agent through communication and can
get the position and characteristics information of nearby-
arrival agents through its arrival environment agent. Also,
the agent has to coordinate with the other service agents
in order to resolve any conflicts. This arrival agent must
have the following information: the ID of assigned runway
to the aircraft, the aircraft characteristics, the operation time
assigned to the different operations (approach/landing).

4.2.2. Runway Agent. Each aircraft will be assigned to a
specific runway. Each one of the runway is controlled by
a runway agent. To do this, the agent will have to manage
the runway assigned and the corresponding runway entrance
agents, informing the control agent and the corresponding
aircraft agent when necessary.

When an arrival agent approaches to the target runway,
it will have to communicate with runway agent to check the
state of the runway. If the runway is not locked by departure
agent and no aircraft will take the runway upon its arrival to
the runway, the aircraft will continue its approach processes;
otherwise’ it will have to hover at its current position.

4.2.3. Control Agent. The main goal of this agent is to
determine the appropriate allocation for the arrival/departure
aircrafts to specific time and runway. While an arrival agent
is created, it has to wait in the approach queue for the
instruction of the control agent before it moves to the target
runway, so do departure aircraft.

The control agent will try to obtain the most appropriate
scheduling to balance the arrival and departure stream. At
this point, the agent will search the information of aircrafts
at approach/departure queues. The agent will have to know
the following information in order to perform its task: the
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length of the approach/departure queues and the cumula-
tive waiting time and max waiting time of aircrafts of the
approach/departure queues.

4.3. Agent Communication. One of the most important tasks
is the coordination and the negotiation between the agents.
Each one is in charge of one independent part of the system.
The message interchange between agents forming the system
is not based on the most popular foundation for intelligent
physical agents specifications (FIPA-ACL). Instead, we apply
the regular interobject communication facilities of the sim-
ulation environment for agents: calling methods, sending
messages via ports, linking continuously changing variables,
and so forth.

The interaction between agents, while arrival aircraft
approaches to the runway, is shown in Figure 3.

While arrival aircraft is created, it gets target runway
and obstacle aircraft information from control agent. The
aircraft registers its information to the arrival track agent and
approaches to the runway, as soon as it gets permission from
the control agent. During the approach process, the aircraft
checks whether the distance to obstacle aircraft satisfies the
safety rules. If the distance is too short, the aircraft will
hold on current position, until it is safe for it to move
forward again. Upon the final approach stage, the aircraft
communicates with the runway agent and departure aircrafts
to make sure that the runway will be available when it reaches
the runway, and no departure aircraft has locked the runway.

5. Developing Models in AnyLogic

5.1. Simulation Control and Data Collection. The simula-
tion approach used in this paper is based on the software
tool AnyLogic. AnyLogic is a programming and simulation
environment based on Java that is matching with unified
modeling language (UML) inherently and the model based
on AnyLogic possesses the open architecture as [12] char-
acterizes. AnyLogic focuses on agent-based approach and
business simulation and allows the user to combine different
techniques and approaches.

The example problem is considered in this case study to
conduct simulation although the model being developed is
independent of the problem structure. The example is drawn
partially with minor modifications from Bei Jing airport
runway structure, the structure information of the parallel
runway is stored in the database, and the distance between
runways can be manually changed during simulation. Fig-
ure 4 shows the parallel runway structure.

Validation of the computer simulation is a critical step
since the reliability of predictions derived from it depends
on the fidelity of the simulation to actual operations. It is a
good idea to compare the simulation results of the model with
real airport operation data, but the data is hard to collect.
So, we verify the multiagent model through comparison
with SIMMOD model and Arena model. The screenshot
for multiagent-based parallel runway simulation model is
presented in Figure 5. Several versions of the model have been
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FIGURE 2: Collaboration of Virtual Agents.
simulated allowing a comparison of runway capacity under TABLE 3: Scenario data.
different operation modes. ;
. v 1 . . . Aircraft types
The experimenter’s display is essentially an electronic _
. . Medium Heavy
map of an area. All aircraft are shown as symbols at their - -
proper locations. In a separate window on the screen, a  Arrival velocity km/h 314 334
variety of information about the subject aircraft is displayed. Take-off velocity km/h 309 315
This information is received from the model and is shown Mixindex% 63.4 36.6

as a reference for the experimenter. Information about
pseudoaircraft can be displayed, including the waypoints the
pseudoaircraft is flying through.

5.2. Numerical Experiments. Small aircrafts are seldom used
in recent years at Chinese aviation market, so we suppose that
only large and heavy aircraft were available at the simulation
experiments. Some of the important parameters of the aircraft
are displayed at Tables 3 and 4.

Being one of the oldest and most commonly used air
traffic simulation modeling tools, SIMMOD outputs were
used as the baseline for expected results. The average delay

of aircrafts is used to measure the quality of a scenario after
execution and to compare with other scenarios.

One of the main benefits of a simulation model is the
wealth of information derived from each simulation run.
Each scenario is repeated for 20 times, and the averaged
simulation results are then presented to illustrate the use of
the model developed.

5.3. Results and Analysis. In the case of independent arrival,
the distance between parallel runways is over 1035 m, and the
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FIGURE 3: Message sequence diagram.
TABLE 4: Taxiway choice parameters.
Ratio of medium aircraft that taxi
1 blcl Al B1 Cl1 i 0.4,0.3,0.3
v First to AL BI, and C1
a2 b2 c2 A2 B2 C2 runway . ) ) .
Ratio of medium aircraft that taxi 0.2.03.05
to Al, B1, and C1 o
Second Ratio of heavy aircraft that taxi to 03,04, 03
FIGURE 4: Runway Structure. runway Al Bl and C1
Ratio of heavy aircraft that taxi to
0.2,0.2,0.6
Al, Bl,and C1
AN t 1t
— T \ results of multiagent model are in accordance with those of
/ SIMMOD, but the results of the Arena and SIMMOD are

FIGURE 5: Screenshot of the model.

initial arrival rate is 10 aircrafts per hour. Then the arrival rate
will gradually rise to an unrealistically high level. As expected,
the level resulted in all flights being delay. The resulting delay
distribution is depicted in Figure 6.

As can be seen form Figure 6, the results of the models
are quite similar when the density of arrival aircraft is
small. While the arrival rate turns to unsustainable heavy,
the distinction turns to be clear. This fact ensures that a
simulation validated against airport arrival operations will
have been stress tested in high-density traffic situations. The

significantly different.

Suppose that the tolerable level of average delay is 4
minutes, and the corresponding capacity is regarded as
runway practical capacity. Figure 7 shows the simulation
results of dependant approach scenarios.

Clearly there are differences between the results of Arena
and SIMMOD models for this scenario, and, by inspection
of the confidence intervals, it is clear that the results of agent
and SIMMOD are similar. The most important reason for the
difference lies in the technique used to implement origin-
destination routing and separation control. While agent-
based model uses a monitoring technology, checking the dis-
tance between nearby aircraft at any time. Arena uses a trigger
technology, checking the distance at particular moment or
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FIGURE 6: Comparison of delays under independent parallel
approaches.

particular position. Consequently, Arena required each inter-
section to have hard-coded turning movement percentages.
The reason for not implementing routing and separation
mechanism in Arena to match that in Agent model is the
complexity of the cooperative logic and component in a
microscopic level system. From this, it is very difficult to
determine specific vehicle turning directions at each inter-
section, which results in shorter separation for aircrafts. Due
to the nature of the routing technique utilized in Arena,
there was no way to assign specific destinations for aircrafts
each origin. Because of this, there was no guarantee that
destination volumes in Arena would match those established
separation rules.

The purpose of introducing agents into parallel runway
simulation is to increase the flexibility and the ability of
the system to deal with uncertainty in a dynamic environ-
ment. Through the above comparison, we can see that the
multiagent model consists of multiple functional stationary
agents that are intelligent and cooperative. Interoperability is
critically needed in making decisions based on information
across systems, organizational and jurisdictional boundaries,
or application scenarios in which the integration of multiple
agent systems is needed.

6. Conclusions

This research applied agent-based modeling approach to
the simulation of parallel runway system. The simulation
model that seeks aircrafts and runway interactions using
individual agents that attempt to fulfill a specific objective
is developed. The coordination between agents is achieved
through protocols. The hierarchical architecture makes it
possible to examine and understand how approach mode
and architecture decisions might affect the parallel runway
capacity. Regarding the proposed model, the movement of
aircrafts at taxiway should be also included at the multiagent
model in future research.
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FIGURE 7: Comparison of capacities under dependent parallel
approaches.
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The approximate analytical solutions of differential equations with fractional time derivative are obtained with the help of a
general framework of the reduced differential transform method (RDTM) and the homotopy perturbation method (HPM).
RDTM technique does not require any discretization, linearization, or small perturbations and therefore it reduces significantly
the numerical computation. Comparing the methodology (RDTM) with some known technique (HPM) shows that the present
approach is effective and powerful. The numerical calculations are carried out when the initial conditions in the form of periodic
functions and the results are depicted through graphs. The two different cases have studied and proved that the method is extremely

effective due to its simplistic approach and performance.

1. Introduction

Various fields of science and engineering deal with dynamical
systems (see [1, 2]), some of which can be described by
fractional-order equations (see [3-5] and the references
therein). The last two decades have witnessed a great progress
in fractional calculus and fractional-order dynamical sys-
tems. It has been found that fractional calculus is a math-
ematical tool that works adequately for anomalous social
and physical systems with nonlocal, frequency- and history-
dependent properties, and for intermediate states such as
soft materials, which are neither idea solid nor idea fluid
(see [3, 4, 6]). Differential equations with fractional-order
derivatives/integrals are called fractional differential equa-
tions, and they have found many successful applications
in viscoelasticity, heat conduction, electromagnetic wave,
diffusion wave, control theory, and so on (see [7-9] and the
references therein).

Bistable systems play an important role in the study of
spatial patterns. A typical example, which appears in popu-
lation dynamics, leads to

ou du 3
§=$+u—u, (1)

referred to as the classical Fisher-Kolmogorov (FK) equation.
In investigating such spatial patterns, a key role is played by
a model equation, which is simpler than the full equation
describing the process. Recently, interest has turned to
higher-order model equations involving bistable dynamics,
such as the extended Fisher-Kolmogorov (EFK) equation

ou o'u  u 3
o~ Vo Toa T
proposed by Coullet et al. [10] in 1987 as well as by Dee and
Van Saarloos [11] in 1988. The EFK equation has appeared in

y >0, ()



studies of phase transitions, for instance, near a Lifshitz point
(cf. Zimmerman [12]). Another well-known equation of this
type is the Swift-Hohenberg equation

2 2
%:au—<l+%)u—u3, «>0, (3)
proposed in 1977.

Whereas the EFK equation and the SH equation involve
fourth-order spatial derivatives, certain phase-field models
lead to even-higher-order spatial gradients. The following
equation

ou ou o*u o*u 3
E=ﬁ+A@+B$+M—M, (4)
studied by Gardner and Jones [13] and Caginalp and Fife [14],
in which A and B are constants. In this paper, we consider the
initial value problem (IVP) of perturbed diffusion equation
with fractional time derivative
%u o*u o*u 3
— +A—+B—+u-u,
ox® ox* oxz Y “ (5)

u(x,0) =¢(x),

Diu =

where the fractional derivative in (5) is in the sense of Caputo
and 0 < & < 1.

Historically, comparatively little was known about the
extraordinary range of behavior presented by the solutions
of nonlinear partial differential equations. Except for a few
special cases, it is impossible to find a closed form solution
for a fractional differential equation. Effective methods for
solving such equations are needed. So approximate and
numerical techniques must be used.

The homotopy perturbation method (HPM) is relatively
new approach to provide an analytical approximation to
linear or nonlinear problem. This method was first presented
by He [15, 16] and applied to various nonlinear problems [17,
18]. The basic difference of this method from the other pertur-
bation techniques is that it does not require small parameters
in the equation, which overcomes the limitations of the tra-
ditional perturbation techniques. Recently, the application of
this method is extended for fractional differential equations
[5, 19-21]. Zhou [22] was the first one to use differential
transform method (DTM) in engineering applications. He
employed DTM in solution of initial boundary value prob-
lems in electric circuit analysis. This method constructs an
analytical solution in the form of a polynomial. It is different
from the traditional high order Taylor series method, which
requires symbolic computation of necessary derivatives of
the data functions. The differential transform is an iterative
procedure for obtaining analytical differential equations. The
concept of DTM has broadened to problems involving partial
differential equations and systems of differential equations
[23, 24]. Some researchers have lately applied DTM for anal-
ysis of uniform and non-uniform beams [25-27]. Recently,
the application of reduced differential transform method
is successfully extended to obtain analytical approximate
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solutions to linear and nonlinear ordinary differential equa-
tions of fractional order [28-30].

In this paper, we try to find an approximate analytical
solution of (5) for fractional time derivatives with the help of
powerful analytical method. We use the reduced differential
transform method (RDTM) and homotopy perturbation
method (HPM) to obtain the solutions and compare them
with each other. We know that the HPM method is based
on the use of homotopy parameter for classification of most
favorable values of parameters in between [0, 1]. While,
RDTM technique does not require any parameter, discretiza-
tion, linearization, or small perturbations and therefore it
reduces significantly the numerical computation. For the
standard cases, comparing the methodology with some
known techniques shows that the present approach is effec-
tive and powerful.

2. Preliminaries

There are several approaches to define the fractional calcu-
lus, for example, Riemann-Liouville, Gruunwald-Letnikow,
Caputo, and Generalized Functions approach. For the read-
ers’ convenience, definitions of fractional integral/derivative
and some preliminary results are given in this section.

Definition I (see [6]). The fractional integral of order « > 0
of a function u(x, t) is given by

Iu(x,t) = ﬁ Lt (t =) u(x,s)ds, (6)

provided that the right side is point-wise defined on (0, +00),
where I'(+) is the well-known gamma function.

Definition 2 (see [6]). The Caputo derivative of order s > 0 of
a continuous function u(x, t) is defined to be

CDfu (x,t) = (7)

1 J t ™ (x, 1)

T,
I‘ (1’1 _ S) 0 (t _ T)S—Vl+1

where n = [s] + 1, provided that the right side is point-wise
defined on (0, +00).

Definition 3 (see [6]). The Riemann-Liouville derivative of
order s > 0 of a continuous function u(x, t) is defined to be

1 a “t u(x,7)

RL s
D )= ———
U ('x ) r(n _ S) A 0 (t _ T)s—n+1

dr] ,  (8)

where n = [s] + 1, provided that the right side is point-wise
defined on (0, +00).

Riemann-Liouville fractional derivative is mostly used
by mathematicians but this approach is not suitable for real
world physical problems since it requires the definition of
fractional order initial conditions, which have no physically
meaningful explanation yet. Caputo introduced an alterna-
tive definition, which has the advantage of defining integer
order initial conditions for fractional order differential equa-
tions. We have chosen the Caputo fractional derivative
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because it allows traditional initial and boundary conditions
to be included in the formulation of the problem. And some
other properties of fractional derivative can be found in [4, 6].

The relation between the Riemann-Liouville operator and
Caputo operator is given by

n—1 i
; t

CD:u (x,1) :RLD: u(x,t) - Zu(') (x0) = | 9)
i=1 v

By using (9), from (8), we obtain fractional derivative in the
Caputo sense as follows:

Cpys _ 1 d_n
Dot = 16—y a
) [ Jt w(x,7) - Y] u(i) (316, 0) ('/it) m
0 (t _T)s n+
(10)

Let us expand the analytical and continuous function
u(x, t) in terms of a fractional power series as follows:

u(xt) = Y U (x) %, (1)
k=0

where « is the order of fraction and U, (x) is the fractional

differential transform of u(x, t).
Since the initial conditions are implemented to the integer

order derivatives, the transformations of the initial conditions
are defined as follows:

(kY L. 1
if <&> <25 e

k/o
X[Wu (x, t)]t0

if <E>€R\Z+, 0.
(04

Uy (x) = 1 for k=0,1,2,...,(as— 1)

(12)

The following theorems that can be deduced from (7) and
(8) are given below.

Theorem 4. Ifw(x,t) = x"t"u(x,t), then Wi(x) = x"U,_, (x).

Theorem 5. If w(x,t) = u(x, t)v(x,t), then

k k
W (%)= YU, () Vi, () = Y Up, () V, (). (13)
r=0 r=0
Theorem 6. If w(x,t) = (0"/0x™)u(x,t), then Wr(x) =
(0" [0x"™)U(x).

Theorem 7. Ifw(x,t) = (0P /0tP)u(x, t), then Wi (x) = (T(+
1+ k/0)/T(1 + k/0))Up ().

3. Solution of the Problem by
the RDTM and HPM

To illustrate the basic ideas of HPM [15], we consider the
following general nonlinear differential equation:

A(y)-f() =0, req, (14)
with boundary conditions
B<y,g—’};>20, rel, (15)

where A is a general differential operator, B is a boundary
operator, f(r) is a known analytic function, and T is the
boundary of the domain Q.

The operator A can be generally divided into two parts L
and N, where L is linear, while N is nonlinear. Therefore (14)
can be written as follows:

L(y)+N(y)-f(r)=0. (16)

We construct a homotopy of (14) y(r,p) : O x [0,1] — R
which satisfies

H(y,p)=(1-p)[L(y) =L +p[A) - f (D] =0,

pel01], reQ,
17)

which is equivalent to

H(y,p)=L(y)-L(y)+pL(y)+p[N(y)- f (1] ?12)

where p € [0,1] is an embedding parameter, and y, is
an initial guess approximation of (14) which satisfies the
boundary conditions. It follows from (17) and (18) that

H(y,0)=L(y)-L(y)=0
H(y,1)=A(y)-f()=0.

Thus, the changing process of p from 0 to 1 is just that
of y(r,p) from yy(r) to y(r). In topology this is called
deformation and L(y) — L(y,) and A(y) — f(r) are called
homotopic. Here the embedding parameter is introduced
much more naturally, unaffected by artificial factors; further
it can be considered as a small parameter for 0 < p < 1. So
it is very natural to assume that the solution of (18) and (19)
can be expressed as

(19)

y (&) =y (1) + py, (1) + Py, () + -+ . (20)

The approximate solutions of the original equations can be
obtained by setting p = 1; that is,

SORS LY SACESHORS NGRS AORSEINC)
n=0

The convergence of series (21) has been proved by He in his
paper [15].



Because of the knowledge of various perturbation meth-
ods that low-order approximate solution leads to high accu-
racy, there requires no infinite series. Then after a series of
recurrent calculation by using Mathematica software, we will
get approximate solutions of fractional model (5).

According to HPM, we construct the following homotopy
of (5)

o%u o*u o’u 5
Du=p|—+A— +B— +u—-u"|, 22
=P 58 oxt ox? (22
where the homotopy parameter p is considered to be small,
0O<ps<lL
Assuming the solution of (22) has the form

u(x,t) = Uy + puy + iy + porig + -+, (23)

when p — 1, (23) becomes the approximate solution of
(5). Substituting (23) into (22) and equating the terms with
identical powers of p, we obtain the following set of linear
differential equations:

0 o
p :D;uy =0,
1 o _ 2
P :Djuy = Dyl + ADy g + BD g + g — g,
2 o
p: Dt U, = Dxxxxxxul + ADxxxxul + BDxxul +uy - 2“0”1’

(24)

and so on. The method is based on applying the operators
I (the inverse operators of the Caputo derivative D;’) on
both sides of the above linear differential equations. Using
this selection we obtain the successive approximations and
the solution may be obtained.

Finally, we approximate the analytical solutions of u(x, t)
by the truncated series

N-1
u(xt) = lim > u, (o). (25)
n=0

For the illustration of the methodology of the reduced
differential transform method, we write (5) in the standard
operator form

L(u(x,t)) — R(u(x,t)) + N (u(x,t)) =0, (26)
with initial condition
u(x,0)=¢(x), (27)

where L(u(x,t)) = (0%/0t%)u(x,t) is the fractional time
derivative operator and R(u(x, t)) = 0%u/ox® + A(0*u/ox?) +
B(0’u/9x*) + u is linear operator and N(u(x,t)) = u? is
nonlinear operator.

According to the RDTM and Theorems 6 and 7, we can

construct the following iteration formula for (26):

[(a+1+k/q)

T kg Ckrea® = RUD) =N (Ui (). (28)
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For the convenience of readers, we can give the first few
nonlinear term are

N (Up (%) = Up (%),
N (U, (x)) = 2U, (x) U, (x), (29)
N (U, (x)) = 2U, (x) U, (x) + U} (x) .
From initial condition, we write
Uy (x) = ¢ (x). (30)

Substituting (30) into (28) and by a straight forward iterative
calculations, we get the following U, (x) values:

Uy (x,t) = ¢ (x),

Uy (x.1) = [0 (x) + 49" (x) + Be'? (x) 31
t(X

+¢(x) - (¢ (X))z] “Tar1)

and so on. Then the inverse transformation of the set of values
{Ue(x)};_, gives approximation solution as

i, (1) = Y Up ()15, (32)

k=0

where 7 is order of approximation solution.
Therefore, the exact solution of problem is given by

u(x,t) = nlglgoﬁn (x,1). (33)

4. Numerical Results and Discussion

Here, we take three different values of ¢(x) and comparing
the results of RDTM and HPM in the form of three- and two
dimensional figures for each case, we would see that RDTM
and HPM solutions are in excellent agreement. In this section
we assume that A = B = 1.

Case Study 1. ¢(x) = 4 sech(px). See Figures 1 and 2.

Case Study 2. ¢(x) = 1 + p cos(fx). See Figures 3 and 4.

5. Conclusions

In this paper, RDTM and HPM are successfully applied
to find the solution of the fractional differential equation
and standard motion with different initial conditions. Unlike
the traditional methods, the solutions here are given in
series 9 form. The approximate solution to the equation
was computed without any need for special transformations,
linearization, or discretization. In addition, we compare
these two methods and show that the results of the RDTM
method are in excellent agreement with results of the HPM
method and the obtained numerical solutions are shown
graphically. We use the mathematical simulation to calculate
the functions obtained from the RDTM and HPM. It was
shown that RDTM and HPM methods are powerful tools for
solving analytically of nonlinear equations.
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FIGURE I: The comparison of the results of the RDTM and HPM for « = 1/4and o = 3/4 att = 0.8 and y = 1.

FIGURE 2: Results of the HPM for o = 1/4,1/2,3/4and 1 and pt = 1.
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FIGURE 4: Results of the HPM for « = 1/4,1/2,3/4and land =y = 1.
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This paper investigates the synchronization phenomenon of an intermittently coupled dynamical network in which the coupling
among nodes can occur only at discrete instants and the coupling configuration of the network is time varying. A model of
intermittently coupled dynamical network consisting of identical nodes is introduced. Based on the stability theory for impulsive
differential equations, some synchronization criteria for intermittently coupled dynamical networks are derived. The network
synchronizability is shown to be related to the second largest and the smallest eigenvalues of the coupling matrix, the coupling
strength, and the impulsive intervals. Using the chaotic Chua system and Lorenz system as nodes of a dynamical network for
simulation, respectively, the theoretical results are verified and illustrated.

1. Introduction

A complex dynamical network is a large set of interconnected
nodes, in which each node is typically a nonlinear dynamical
system. Many real systems in nature and engineering, such as
physical, biological, technological, and social systems, can be
described by various models of complex dynamical networks.
Complex dynamical networks, therefore, have become a
significant research topic for studying nonlinear dynamics in
various fields of sciences and humanities today [1-7].

One of the most remarkable phenomena in complex
dynamical networks is the synchronization of dynamical
nodes, which has been extensively investigated in recent years
[8-32]. Wang and Chen [8, 9] presented a unified dynamical
network model and investigated its synchronization in small-
world and scale-free networks. Belykh et al. [11, 12] proposed
an effective method for determining the global stability
of synchronization in dynamical networks with different
topologies, which combines the Lyapunov function approach
with graph-theoretic reasoning. Restrepo et al. [19] studied
the emergence of coherence in large-scale complex networks
of interacting heterogeneous dynamical systems and showed
that the largest eigenvalue of the network adjacency matrix
plays a key role in determining the transition to coherence.

Zhou et al. [20-22] derived some synchronization criteria
for general complex delayed dynamical networks. Recently,
synchronization of complex dynamical networks with impul-
sive control has been extensively studied [23-32]. For exam-
ple, Guan et al. [23, 24] proposed a hybrid impulsive and
switching control strategy and investigated the stabilization
of complex networks. Liu et al. [25] proposed an impulsive
synchronization scheme for an uncertain dynamical network.
Zhang et al. [26] designed an effective impulsive controller to
achieve impulsive synchronization for a complex dynamical
network with unknown coupling. Lu et al. [27] investi-
gated the problem of globally exponential synchronization
of impulsive dynamical network, with a unified impulsive
synchronization criterion derived by proposing a concept
of average impulsive interval. Tang et al. [29] investigated
the pinning synchronization problem of stochastic impulsive
networks. Zhou et al. [30] proposed an impulsive control
approach for analyzing pinning stability in a complex delayed
dynamical network comprised of linearly coupled dynamical
systems with coupling delays. Han et al. [31] and Sun et al.
[32] derived some distributed impulsive control schemes for
various impulsively coupled complex dynamical systems with
or without delays.



However, the aforementioned work and most other
existing research focus on the networks whose couplings
are invariable or continuously varying in time. In the real
world, there are many networks in which the coupling among
nodes is intermittent. For example, in neural networks,
the connections among neurons are usually cut-off type or
extremely faint. There are prominent impulsive interactions
among neurons when they are stimulated by certain signals,
and the interactions are not identical due to the differences
of stimulating signals. This type of networks is referred to
as intermittently coupled dynamical networks. Note that the
structure of such networks is time varying, and the interac-
tions among nodes can only take place when some conditions
are satisfied which are usually described by a group of discrete
time sequences. To the best of our knowledge, there are few
theoretical results about intermittently coupled dynamical
networks in the current literature.

In this paper, an intermittently coupled dynamical net-
work consisting of identical nodes is investigated. In the
network, the coupling among nodes can only occur at discrete
instants, and the coupling configuration of the network is
varying at different instants. Based on the stability theory
for impulsive differential equations, some synchronization
criteria are obtained, showing that the synchronizability
of the intermittently coupled dynamical network is related
to the second largest and the smallest eigenvalues of the
coupling matrix, the coupling strength, and the impulsive
intervals. It turns out that the analytical results about the
second largest and the smallest eigenvalues of the coupling
matrix are consistent with other known results about complex
dynamical networks [8, 9, 19].

The rest of the paper is organized as follows. In Section 2,
an intermittently coupled dynamical network model is intro-
duced, and some necessary definitions and preliminary lem-
mas are presented. The main results of the paper are given
in Section 3, where some synchronization criteria for the
network model are derived. In Section 4, using the chaotic
Chua system and Lorenz system as nodes of a dynamical
network, respectively, numerical simulations are performed
to illustrate and verify the theoretical results. Finally, conclu-
sions are drawn in Section 5.

2. Model Description and Preliminaries

Consider an intermittently coupled dynamical network con-
sisting of N identical nodes, with each node being an n-
dimension dynamical system, described by

% (1) = (x5 ®O)+ Y Ui (6xy,...,x0) 0 (t - 1),
k=1

ey

i=1,2,...,N,
where x; = (x;,%X;,...,X;,). € R"is the state vector
of node i, f : R* — R"is continuously differentiable,

,Xy) : Rx R™ — R"are coupling functions,
<t < g

Ul(t; Xl, x2, e
time sequence {t;},-, satisfies 0 < t; < f, < ---
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< oo, limy | ot = 00, and §(+) is a Dirac delta function
defined by
0o, t=t
S(t-t)=1" o 2
=t {o, t# b @

satisfying the identities f;o o(t)dt = 1 and f;o gt)o(t -
ty)dt = g(t,) for any continuous function g(t). Suppose that
the function f satisfies the following condition.

(A1) There exists a positive scalar L such that, for any
x,y €R",

If )= f D < Ll =] (3)

In this paper, we consider the dynamical network with time-
varying diffusive coupling at discrete instants. Let

N

,xN) = ¢ Z ‘aij ()T [xj (te) = x; (tk)] >
(4)

Ui (tk;xl, .
Lyt

where constant ¢ > 0 is the coupling strength, A(t,) =
(a;;(t)) € RYN s the outer-coupling matrix which rep-
resents the coupling configuration of network (1) at instant
ti> and a;(t;) is defined as follows: if there is a connection
between nodes 7 and j (i # j), then a;;(t;) = a;(f) = 1,
otherwise, a;;(t;) = a;;(t;) = 0 (i # j); the diagonal elements
are defined by

N N
a; (t) = - Z a;; (t) = - Z a;; (t)

j=Lj#i j=Lj#i (5)
i=12,...,N,

and T = diag{y,,y...>y,} € R™" is the inner-linking
matrix. Let I' = diag{1, 1,..., 1}. Thus, (4) becomes

N
U; (t %15 %35+ Xy) :Czaij (t)Tx; (t).  (6)
j=1

Assume that network (1) is connected at instants t,,t,, ..., in
the sense that there is no isolated cluster; that is, A(t;) is an
irreducible matrix.

Lemma 1 (see [14]). Suppose that the outer-coupling matrix

A = (ay) € RN satisfies the above-mentioned conditions.
Then,

(i) 0 is an eigenvalue of matrix A of multiplicity 1, associ-
ated with eigenvector (1//N, 1/VN, ..., I/W)T;

(ii) all the other eigenvalues of A are real-valued and are
strictly negative.

Lemma 1 implies that the outer-coupling matrix A(t;) of
network (1) at instant £, has a 0 eigenvalue of multiplicity 1,
with Ay (t) < --- < A,(t) < A () = 0.
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Remark 2. According to matrix theory, there exists an
orthogonal matrix B(t;) such that A(t;) = BT(tk)A(tk)B(tk),
where A(t;) = diag{A,(t),..., An(t)}. It is easy to see that
the first column of BT(tk) can be chosen as the eigenvector
(1/VN,1/¥N,...,
value of A(f).

Next, network (1) is rewritten as the following impulsive
differential equations:

x ()= f(x; (1),

1/VN )T corresponding to the zero eigen-

t%étk, i: 1,2,...,N,

N (7)
Ax; () = ¢ Z a;; (te) x; (t),
=1

tztk, k= 1,2,...,

where Ax;(t,) = x;(t;) — x;(t;) is the “jump” in the state
variable at instant t;, with xi(t,:) = limt_,t;x(t), x;(t,) =
lim, ,, x(t). For simplicity, assume that x;(t;) = x;(t;),
which means x;(f) is continuous from the left.

Definition 3. The synchronization manifold is presented as
S = {(xl,xz,...,xE)T e RN . x; = x,, i,j=12,...N},
wherex; € R", i=1,2,...,N.

j

Definition 4. The coupled system (6) is said to achieve
synchronization if, for all 4, j = 1,2,..., N, lim, _, |lx;(¢) -
Xl =0.

From Definitions 3 and 4, it can be easily seen that the
intermittently coupled system (7) achieves synchronization if
and only if the synchronization manifold S for the coupled
system (7) is globally asymptotically stable.

3. Synchronization of the Intermittently
Coupled Network

Let X(t) = (1/N) Y11, x;(t) and X(¢) = [x(¢),.., X" ()]
S, which can be regarded as a projection of X(t) =

T
[xlT(t),...,xI,(t)] on the synchronization manifold. The
dynamical equation of x(f) can be written as

1 &,
=ﬁ;mM=

On the other hand,

Zx ()

t#t.  (8)

Ai,if(xi ).

() =+

N

OAE

i=1

. %zxiw%z[zaﬁak)]xj(tk)

i=1 =1

)+ (1) %, (1)
Fawsw|

k=1,2,....

=% (k)
Define the synchronization error of node 7 as e;(t) = x;(t) -
x(t),i=1,2,...,N. Obviously, Zﬁl e(t)=0

3
Fort#t;,k=1,2,..., onehas
1N
&) = f(x (1) - N Z fa®)
j=1
| N
Fla)-fEO)+ 5 X [fEEO - f(x0)]
j=1
~ 1 X
=fle®) -2 Fle;®),
j=1
(10)

where f(e;(t)) = f(x(t) + e,(t)) — f(x(t)).

According to assumption (Al), it can be easily shown that

"f(ei (f))H < Lle;

Fort=t,, k=1,2,..

®|, i=12,...,N. (11)
., one has

€ (tI:) =X (t;) _E(t;)

=x; () +¢ Z a; (t) x; (t) = (t)

= (12)
N
=e(t) +¢ Z Ajj (t) €; (t).
=1
Therefore, the error dynamical system can be described as

N
60 = Fle) - Y Fle,®), t#

j=1

.

(13)
k=12,...,

ei(tp) =e;(te) +c Z a; (te) e (t)»

wherei=1,2,...,N.

Lete(t) = [ T, .. ,eL(t)]T e R 1tis easily seen that
the stability of the synchronization manifold is equivalent to
e(t) — Oast — 00.In the following, we directly investigate
the dynamical behaviors of the error dynamical system (13).

Theorem 5. Let P € R™" be a symmetric and positive definite
matrix, with A, (P) and A, (P) being the largest and the
smallest eigenvalues, respectively. Suppose that there exists a
constant & > 1 and, forallk = 1,2,.. .,

(P) exp 2L P) A i P (b1 )

mm

>E>1, (14)

where A(t,) = max{(1 + cA;(t;))* | i = 2,N}, A,(t,) and
An(ti) are the second largest and the smallest eigenvalues of
matrix A(t,), respectively, and the constant ¢ > 0 is the coupling
strength. Then, the trivial solution of the error dynamical
system (21) is asymptotically stable, implying that network (1)
achieves synchronization.



Proof. Construct a Lyapunov function as

N
Vite)=e (t)(IyeP)e(t) =Y ¢ (t)Pe;(t), (15

i=1

where ® denotes the Kronecker product operator.
For t # t;, taking Dini’s derivative along the trajectories of
(13) gives

N
D'V (t,e) = ) 2¢/ (t) Pé; (t)

i=1

1 N
26, OP| fle®) =5 2 Fle;®)

N

lMZ

Z

=Y 2¢; (t) Pf (e; (1))

i=1

Anin (P) Amax PV FT (e, (1)) £ (e; (1))

IA
M=
==

I
—_

L T T
RIE (P)ei (t) P Pe; (t)
N el () Pe; (t)
< Z;L A i (P) A (p)m

LJ e ) 7 ) o 1

mm (P) l
_ /\max( )
= 2L\//\mm (P)V(t ,e).
(16)
Fort = t;, one has
e(tt) = (] (6), €5 () ol (1)
=e (tk) + CAT (tk) ® Ine (tk) (17)

= [IN oI, +cA" () ®

I,]e(t).
Therefore,
V(tie) =€ (1) (Iy® P)e(ty)
= e’ (1) [(Iy +cA(t)) © 1] (Iy @ P)
x [(Iy+cA(t) ®1,] e (t)
< A (P " (8) [(Iy +cA (1)) ® 1]
x [(Iy +cA(t) ®1,] e (t)

= )Lmax (P) eT (tk) [(IN +cA (tk))z ® In] e (tk) .
(18)
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Based on the property of the matrix A(t,) mentioned in
Remark 2, there exits an orthogonal matrix B(t;) such that
A(t) = BT (t,)A(t;)B(t,), where

A(ty) = diag{A, (t),...,

and the first column of BT(tk) is the eigenvector (1 /VN,
., 1/VN)T corresponding to the zero eigenvalue of A(t;).

An (80} (19)

Let n(ty) = (1 (8, -, Wz(z(tk))T = (B(ty) ® I))e(t;). Then,
1 N
m (t) = i Z € (te) = 0. (20)
=1
Therefore,
7(t) = (0,77 () ol () (1)
Let A(tk) = max{(l + CA,'(tk))z | i = 2, N}, where Az(tk) and

An(tp) are the second largest and the smallest eigenvalues of
matrix A(t;), respectively. It follows from (18) and (21) that

V (t5,€) < Aoy (P) el (te)
X [(BT (tx) (Iy + cA (tk))zB (tk)) ® In] e(ty)
= Mnex PV (1) ((IN +eA(t) ® In) 1 (t)

= Amax (P) 17 () (1+ ey (5)) 7 (1)

i=1
N
< Anax (P) A (2) Z () i (te)
i=1
= Amax P) A (1) €" (t2) (BT (t) ® In)
x (B(t) ®I,)e(ty)
A nax (P)
B Amin (P)

)‘max (P)

= mA (tk) Vv (tk’ e) .

A(te)e" (1) (Iy ® P)e (t)

(22)

LetS, = {x € R": ||x]| < p}. Since|le(t)I| = [[[(In+cA(t)®
Lle(tp)ll < |[(Iy + cA(ty) @ L |llle(t)|] and ||(Iy + cA(ty)) ®
LIl < 0o, there exists a p, > 0 such that e(f;) € S, implies
e(ty) € S, for all k.

Since P is a symmetric and positive definite matrix, one
has

A (P) Z el (t)e;(t) <V (t,e) < Ay (P) Z el (t)e; (t).
i=1 i=1 (23)

Thus, by the well-known comparison Theorem [33], the
asymptotic stability of the trivial solution of the impulsive
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dynamical system (13) follows from the comparison system
below:

s A max (P)
w(t) = 2L\j—Amin ?) w(t), t#t,
+ A'l'l'la.x P
w0(t) = KEP;A(tk)w(tk), b=ty k=1,2,...,
w(ty) = w,.

(24)

Therefore, by the stability criterion for impulsive differential
equations [34], there exists a constant £ > 1 such that

Amax (P) A max (P)
In A—P)A (tk)€+ 2L\/)|,—P) (tk+1 — tk) < 0, (25)

min ( min (

namely,
A (P) exp 2EV R P Aoin P tkes =10

Hence, the trivial solution of error dynamical system (13)
is asymptotically stable, implying that network (1) achieves
synchronization. O

>E> 1. (26)

Remark 6. For a dynamical network consisting of N nodes,
the number of possible coupling matrices which represent the
coupling configurations of the network is finite. Therefore,
one may define

Amax —

k=1.2,... AT = krzl})ig“)‘N (t),  (27)

and A = max{(1 + cA™)? (1 + cA™")?}. It is obvious that
Alt,) < Aforallk =1,2,....

Remark 7. 'The synchronizability of network (1) is determined
by the second largest eigenvalue A, (t;) and the smallest eigen-
value A 5 (t;) of the coupling matrix, the coupling strength c,
and impulsive intervals o, =t —t;, k=1,2,....

4. Numerical Simulations

In this section, two illustrative examples about the chaotic
Chua system and Lorenz system, respectively, are given to
demonstrate the theoretical results obtained above. Without
loss of generality, let the impulses be equidistant and sepa-
rated by a constant interval ¢ > 0.

Example 1. The chaotic Chua system is used as nodes of a
dynamical network, which is described by

<x> <06[y-x-¢(x)]>
y | = X-y+z R (28)
z -By

where «, 3 are two parameters and ¢(x) = bx + 0.5(a —
b)(|x + 1| —|x —1|) represents a piecewise-linear diode, where

0 02 04 06 08 1 12 14 16 18 2
. 1
£ (107 x10

€

0 02 04 06 08 1 12 14 16 18 2
£(107%) *10

30

20
10
0 —

€3

£(107%)

FIGURE 1: N = 100, 0 = 0.01, and ¢ = 0.01.

a < b < 0 are two constants. It is well known that Chua
system is chaotic when « = 9.22, 8 = 15.99,a = —1.25, and
b =-0.76.

The intermittently coupled dynamical network is
described by

% ()= f(x (1), t#t
N 29
Axi(tk):(:zaij(tk)xj-(tk), t:tk, k=1,2,..., ( )

j=1

where

afxp = x5 = (x;)]
flx@®)= X1 — Xip t X3 . (30)

—Bx;

The outer-coupling matrix A(t) = (a;(f)) € RN repre-
sents the coupling configuration of the dynamical network at
instant t; and is defined as follows.

When k is odd, the dynamical network has nearest-
neighbor coupling, so

-2 10 ---
1 21 .-

O O

; (D)
1 0 0---1 -2
When k is even, the dynamical network has star coupling,
$O

-N+1 1 1 ---1 1
1 -10---0 0

Alt) = A, = (32)

1 0 0--0-1
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0 02 04 06 08 1 12 14 16 18 2

4
t(1073) x10
15
L 10 .
&
5 4
0 1 1 1 1 1 1 1 1 1
0 02 04 06 0.8 1 1.2 14 16 1.8 %
t(10_3) x10
Q_:Q
0 02 04 06 08 1 1.2 14 16 1.8 2
4
t(1073) x10
FIGURE 2: N = 100, ¢ = 0.05, and ¢ = 0.01.
50
— O .
&
_50 4
~100 —
0 01 02 03 04 05 06 07 08 09 1
3 x10*
t(1077)
20
N O "l| "
&
_20 4
_40 L L L L L L L L "
0 01 02 03 04 05 06 07 08 09 1
. x10*
t(107°)
200
100 | 1
&
0 U
~100 : —_
0 01 02 03 04 05 06 07 08 09 1

4
£(107) *10

FIGURE 3: N = 100, ¢ = 0.05, and ¢ = 0.05.

In the simulation, we choose N = 100. The initial values of
these systems are chosen randomly from interval [-20, 20].
For a small impulsive interval ¢ > 0, the synchronization
of network (29) can be achieved by choosing an appropriate
coupling strength c. The numerical simulation results are
shown in Figures 1-5, where € = Zfiz Ixij —xljl/(N— 1), j=
1,2,3.

In Figurel, 0 = 0.01 and ¢ = 0.01. One can see that
the state errors between node 1 and node i,i = 2,3,...,100,
tend to zero asymptotically as time evolves, implying that
network (29) achieves synchronization. When o = 0.05 and

0 PUTYTYYY Y T By VP TR I I WY S N .
0 0.5 1 1.5 2 2.5 3

FIGURE 4: N = 100, 0 = 0.05, and ¢ = 0.06.

150
100 ]
5
50 1
0 —
0 0.5 1 L5
£(107%) x10
80 :
60 ]
& 40 _
20 ]
0 Al i L
0 0.5 1 L5
t(10_3) x10
300
200 ]
o
100 ]
0 AL 1
0 0.5 1 15
£(107%) x10

FIGURE 5: N = 100, o = 0.01, and ¢ = 0.06.

¢ = 0.01, network (29) cannot achieve synchronization, as
shown in Figure 2. Figure 3 shows that network (29) achieves
synchronization with o = 0.05 and ¢ = 0.05. Figure 4 shows
that network (29) cannot achieve synchronization where o =
0.05 and ¢ = 0.06. Figure 5 shows that network (29) achieves
synchronization with o = 0.01 and ¢ = 0.06.
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FIGURE 6: N = 200, 0 = 0.1, and ¢ = 0.01. FIGURE 8: N = 50,0 = 0.1, and ¢ = 0.015.
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FIGURE 7: N = 200,0 = 0.1, and ¢ = 0.015. FIGURE 9: N = 50,0 = 0.1, and ¢ = 0.055.

Example 2. The chaotic Lorenz system is used as nodes of a

dynamical network, which is described by The intermittently coupled dynamical network is de-

scribed by

X a(y-x)
<y>=<cx—xz—y>, (33) %) =f(x (1), t#t, k=12,...,

z xy —bz
N (34)
Ax;(t) =c Z a; (t) x; (), t=te
with a chaotic attractor when a = 10, b = 8/3, and ¢ = 28. =1
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FIGURE 10: N = 50, 0 = 0.1, and ¢ = 0.048.
where

a (xiz - xn)
Flx (@) = exy = xpx5— x5 | (35)

Xj X — bxjs

Let I = k mod 3. The outer-coupling matrix A(f;) =
(a;(ty) € RN*N is defined as follows.

When [ = 1, the dynamical network has global coupling,
and its outer-coupling matrix is

-N+1 1 1 .- 1

1 -N+11 --- 1

Al =4e={ 1
1 1 1 -+ -N+1

(36)

When [ = 2, the dynamical network has nearest-neighbor
coupling, with

2 1 0 ---
1 21 -
Alt)=A,y={ - . . . |]. 6
1 0 0 -1 =2
When [ = 0, the dynamical network has star coupling,
with

-N+1 1 1 ---1 1
1 -10---0 0

At) =A, = (38)

1 0 0---0 -1
In the simulation, we choose ¢ = 0.1. The initial

values of these systems are chosen randomly from interval
[-20, 20]. The numerical simulation results indicate that the
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synchronizability of network (34) is related to the coupling
strength ¢ and the number of nodes N, as shown in Figures
6-10, where ¢;; = ZZZ |x;; = x1;1/(N = 1), j = 1,2, 3. For the
coupling matrices of this network (34), the spectral width of
eigenvalues will be broadened with increasing N. Therefore,
the synchronizability of the network will be weakened if the
node number increases sharply.

In Figure 6, N = 200 and ¢ = 0.01. One can see that
the state errors tend to zero asymptotically as time evolves,
implying that network (34) achieves synchronization. When
N = 200 and ¢ = 0.015, network (34) cannot achieve
synchronization, as illustrated in Figure7. When N = 50
and ¢ = 0.015, network (34) achieves synchronization,
as shown in Figure8. When N = 50 and ¢ = 0.055,
network (34) cannot achieve synchronization, as shown in
Figure 9. Figure 10 demonstrates that network (34) achieves
synchronization when N = 50 and ¢ = 0.048.

5. Conclusions

This paper investigates the synchronization phenomenon of
an intermittently coupled dynamical network, in which the
coupling among nodes can occur only at discrete instants
and the coupling configuration of the network is varying
at different instants. For such an intermittently coupled
dynamical network consisting of identical nodes, based on
the stability theory for impulsive differential equations, some
synchronization conditions are derived. It is shown that the
synchronizability of the network is related to the second
largest eigenvalue and the smallest eigenvalue of the coupling
matrix, the coupling strength, and the impulsive intervals. It
is worth noting that the analytical results about the second
largest and the smallest eigenvalues of the coupling matrix are
consistent with most existing criteria for complex dynamical
networks. Finally, by employing the chaotic Chua system and
Lorenz system as nodes of a dynamical network, respectively,
numerical simulations are carried out to illustrate and verify
the theoretical results.
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This paper proposes a new second-order discrete-time multiagent model and addresses the controllability of second-order
multiagent system with multiple leaders and general dynamics. The leaders play an important role in governing the other member
agents to achieve any desired configuration. Some suflicient and necessary conditions are given for the controllability of the second-
order multiagent system. Moreover, the speed controllability of the second-order multiagent system with general dynamics is
discussed. Particularly, it is shown that the controllability of the whole system relies on the number of leaders and the connectivity
between the leaders and the members. Numerical examples illustrate the theoretical results.

1. Introduction

Controllability is one of the fundamental issues for coordi-
nated control of multiagent systems which is partly due to
the wide applications in communication and computation, as
well as cooperative control [1-19].

So far, the issue of controllability shows new features
and difficulties, and is still lacking in studies. In [4], the
issue of controllability was firstly investigated by the nearest
neighbor rules. Tanner had obtained necessary and sufficient
conditions of the controllability for first-order multiagent
dynamic systems regarding an agent as a leader or the
external input. In [5, 7], the controllability for multiagent
systems was investigated by the graph theoretic charac-
terization. Moreover, Ji et al. [17] analyzed the multiagent
controllability using tree topology. Jafari et al. [18] studied
the structural controllability of multiagent systems. In [9, 15,

16], the authors discussed the controllability of discrete-time
multiagent systems with a single leader or multiple leaders
on fixed networks and switching networks, respectively, and
obtained the necessary or sufficient controllable conditions
for multiagent systems. References [10, 14] studied the con-
trollability of continuous-time multiagent systems with time-
delay and switching topology, respectively.

However, most of the recent research work focuses on the
controllability of single integrator or first-order multiagent
dynamic systems, such as [4-19]. But the controllability
of double integrator or second-order multiagent dynamic
systems was seldom studied. Motivated by the works above,
in this paper, we focus on discussing the controllability of
second-order discrete-time multiagent systems with general
dynamic topology. Some sufficient and necessary conditions
for controllability are presented. The main contributions
of our paper lie in the following. (1) A novel model of



discrete-time multiagent system is a second-order. (2) The
influence of leaders on the followers is investigated. (3) The
controllability of such second-order discrete-time system
with multiple leaders and general dynamics is considered,
which cannot be found in the recent literatures. (4) The
controllability and the speed controllability of the second-
order multiagent system are discussed, respectively. (5) A
sufficient and necessary condition for controllability of the
second-order system is presented.

This paper is organized as follows. In Section 2, we present
some concepts in graph theory. Section 3 gives the model
to be studied. In Section 4, main results are presented. In
Section 5, numerical examples and simulations are provided
to illustrate the theoretical results. A conclusion is made in
Section 6.

2. Preliminaries

In this section, some basic definitions and concepts in graph
theory [20] are first introduced.

Let & = (7, &, A) be an undirected graph of order n
with the set of nodes 7" = {1,2, 3,...,n} and the set of edges
& C 7 x 7. An edge of @ is denoted by (i, j), which is
an unordered pair of distinct nodes of 7°. If i, j € 7/, and
(i, j) € &, then we say that j is a neighbor of i or i and j
are adjacent. The neighborhood set of node i is denoted by
Ne=1j €7 :Gj) € & A= [a;] € R, where
a; > 0 & (j,i) € &, and a;; is called the coupling weight
of edge (i, j).

Any undirected graph can be represented by its adjacency
matrix A, which is a symmetric matrix. A diagonal matrix
D = diag{d,,d,,...,d,} € R"" is a degree matrix of & with
its diagonal elements d; = zjé/V,- ;> i=1,2,...,n

Then, the Laplacian of the graph & (or matrix A) is de-
fined as

L=D-AeR™ 1

3. Model

Consider a second-order multiagent system with N +
agents, labeled the first N agents from 1 to N as followers and
the remainder »; agents from N + 1 to N + #; as leaders, and
each agent moves according to the following dynamics:

x; (k+1) = x; (k) +v; (k),

)
v; (k+1) = v, (k) +u; (K),
with
w (k)= = ) ay (v (k) = v; (k)
ieN;,
’ 3)
= by (R - v, (0), ke
PG/ViP

where x; € R™ is the state of agenti (i e N 2 {N+1,...,N +
m}) and x, € R™ is the state of agent p (p € N+n -
N, N+m = {1,2,...,N}). //; presents the neighbor set of
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agenti. J/; U N =Niand Ny N N, = 0. ]y is a discrete-

time index set. The coupling matrix A = [a;;] € RMN with

a;; > 0 and a;; = O represents the coupling strength among the
followers, and B = [b,] € RN with by, > 0 represents the
coupling strength from the leaders to the followers. y;, = 1
if there is information from leader p to follower i; otherwise
Yip = 0.

Throughout this paper, it is assumed that the leader can
influence the member followers but cannot be influenced by
its neighbors.

Suppose z = (X, Xps...rXp»>VprVas--osXy). and y =

T
(X415 XN425 - > XNamp VN1 V42> - - > Vi) DE the state
vector of all the followers and all the leaders, respectively.
Then, (2) can be rewritten as

z(k+1) = Gz (k) + Hy (k),

o(iD) w(D)

F=1-L-R,Iisthe N x N identity matrix,

ke Ji (4)

where

R = diag {Z)}lpblp’ Zy2pb2p> e Zprpr]» e RV
» P ?

Vl(N+1)b1(N+1) Vl(N+2)b1(N+z) YI(N+nl)bl(N+nl)

Yz(N+1)b2(N+1) Vz(N+2)b2(N+2) YZ(N+nl)b2(N+nl)

P=

YN(N+1)bN(N+1) YN(N+2)bN(N+2) YN(N+n,)bN(N+nl)

(6)
For simplicity, we denote (6) as
P = [pN+l’pN+2>""pN+n,] e RNV (7)
where
T X
pP = (YIPblp’ YZprp’ te ’YprNp) € RN 1’ (8)
qe N+m—-N,
and the matrix L = [l,-j] with
—aij> li] and ] € ‘/Vi;
lij: Z % 1= 9)
]G/Vij
0, otherwise.

It can be easily seen that the matrix L satisfies the
following:
(i) the off-diagonal elements are all negative or zero;

(ii) the row sums are equal to the column sums with the
value of zero.
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4. Main Results

In the following, we first give the definition of controllability
in second-order discrete-time system and the classical crite-
rion of controllability.

Definition 1. A nonzero state z,, of system (4) is controllable
at the initial time h € J if there exists a finite timel € J,I > h
and a control input y(k), such that z(h) = z, and z(I) = 0. If
any nonzero state z,, of system (4) is controllable, then system
(4) is said to be controllable. If x(h) = x, and x(I) = 0, then
system (4) is position controllable, and if v(h) = v, and v(I) =
0, then system (4) is speed controllable.

Definition 2 (controllability matrix). The controllability ma-
trix of system (4) is given by

Q=[H GH G*H --- GN"'H], (10)

where matrix Q € RN,

Lemma 3 (Rank test for controllability). System (4) is control-
lable if Rank (Q) = 2N.

Lemma 4 (PBH rank test for discrete-time systems). System
(4) is controllable if (4) satisfies one of the following conditions:

(i) rank(sI - G, H) = 2N, forall s € C;

(ii) rank(A;,I — G, H) = 2N, where A,, foralli = 1,2,...,
2N, is the eigenvalue of matrix G.

In general, for second-order multiagent systems, the con-
trollable matrix is too hard to calculate. Therefore, we can use
the PBH rank rest to justify the controllability of such system.
In the following, we will give a more simple and convenient
theorem using the PBH rank rest.

Theorem 5. System (4) is controllable if Rank (P) = m.

Proof. By Lemma 4, system (4) is controllability if rank(A,I -
G,H) = 2N, where A;, for alli = 1,2,...,2N, is the eigen-
value of matrix G. Then, it is obvious to see that

M- -1 0
rank (A, -G H):rank< 0 AI-F P>=2N,
(11)

if Rank(P) = m. O

Remark 6. From Theorem 5, we can find that the second-
order multiagent system (4) is controllable if 7, > N (#, is the
number ofleaders and N the number of followers); otherwise,
the system is always uncontrollable.

Remark 7. Notice that the direct consequence of Theorem 5
is that the controllability of the network (4) of a group of
agents relies only on the connectivity between the leaders and
members, regardless of the connectivity of the members in
the network.

Corollary 8. If Rank (P) = N, system (4) is speed control-
lable.

FIGURE 1: The network topology 1.
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FIGURE 2: A straight line configuration with speed.

Under the symmetry condition of the adjacent matrix A,
we can have the following result.

Theorem 9. System (4) is speed controllable if and only if the
following conditions hold.

(i) The eigenvalues of F are all distinct.

(ii) All the eigenvectors of F are not orthogonal to at least
one column in P simultaneously.

The proof of Lemma 3 is similar to that of [15, Theorem
1], here omitted.

Remark 10. From Corollary 8 and Theorem 9, it can be easily
seen that even though system (4) is speed controllable, system
(4) cannot be completely controllable.

5. Numerical Examples and Simulations

This section presents some numerical examples and simula-
tions to illustrate the theoretical results.

Example 1. Consider a seven-agent network with agents 4-7
as the leaders, where the topology of the network is described
by Figure 1. From Figure 1, we can see that the number of the
leaders is more than that of the followers. For simplicity, let
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FIGURE 3: Second-order controllability.

a; = b, = lfori,j =1,2,3and p = 4,5,6,7. According to
Figure 1, the second-order multiagent system (4) is defined by

100 1 0 O
010 0 1 O
001 0 0 1

G_000—210’ H=
000 1 -3 1
000 0 1 =2

with

1 -1 0

L={(-1 2 -1}, R=
0 -1 1

1100

P=(0110

0011

By computing, Rank(P)

SO = O OO

3 and Rank(Q)

» (12)

O == O OO
——_ 0 O O O
—_0 O O OO

(13)

Rank [H GH G*H --- GZN_IH] = 6, then system (4) is

indeed controllable.

Figures 2 and 3 show the simulation results of formation
control of the second-order network. The follower agents (the
black star dots) move from a random initial configuration to
desired ones: aligning in a straight line (the black circles) with
controllable speed as shown in Figures 2 and 3, respectively.

Example 2. A five-agent network with agents 4 and 5 as the
leaders and with fixed topology described by the graph in

FIGURE 4: The network topology 2.

Figure 4. From Figure 4, we can see that the number of the
leaders is less than that of the followers.

From Figure 1, the second-order multiagent system (4) is
given by

1001 0 O 0
0100 1 O 0
001 0 0 1 0
000-11 0 H_l
000 1 -3 1 1
000 0 1 -1 0
-1 0 100

2 -1, R=1020}{,
-1 1 001

, (14

——_0 O O O

O =
—— O

(15)
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FIGURE 5: Speed controllability.

Using Matlab calculation, the eigenvalues of F are

eig (F) = {~3.7321,-1,-0.2679},

—-0.3251 0.8881 -0.3251
-0.7071 -0.0000 0.7071 |,
0.6280 0.4597 0.6280

Ul =
(16)

0.5630 0.5630
-0.7071 0.7071
1.0877 1.0877

Ulp=

It is obvious that the eigenvalues of F are all different, and
the elements of U” P are all nonzero. Therefore, system (4) is
speed controllable. However, Rank(P) = 2 and Rank(Q) =
Rank [H GH G*H --- GZN_IH] = 5, then system (4) is
uncontrollable.

Figure 5 shows the simulation results of the second-
order network. It is easily seen that the speeds of the
system are controllable, but the positions of the system are
uncontrollable. Therefore, the whole second-order system is
uncontrollable.

6. Conclusion

This paper has studied the controllability of discrete-time
second-order multiagent systems with multiple leaders and
general dynamic topology. By applying the PBH rank test
technique, some effective sufficient and necessary conditions
for the controllability of the multiagent discrete-time systems
are obtained. The results in this paper show that the con-
trollability of discrete-time second-order multiagent systems
can only depend on the information from the leaders to the

followers, regardless of the connectivity of the members in
the network. These studies are helpful in understanding the
dynamics of interconnected systems. However, for discrete-
time second-order multiagent systems, as in cases often
encountered in practice, it is usually difficult to deal with the
controllability problem due to complexity of the topology and
lack of theoretical tools. Our main result shows an advantage
of the second-order topology scheme. We anticipate that
our solutions to the above-described problems will offer a
theoretical basis and valuable ideas for future applications
of networked multiagent systems in the field of coordination
control, including formation control and tracking problems.
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Voltage source converter (VSC) based high-voltage direct-current (HVDC) system is a new transmission technique, which has
the most promising applications in the fields of power systems and power electronics. Considering the importance of power
flow analysis of the VSC-HVDC system for its utilization and exploitation, the improved power flow algorithms for VSC-HVDC
system based on third-order and sixth-order Newton-type method are presented. The steady power model of VSC-HVDC system is
introduced firstly. Then the derivation solving formats of multivariable matrix for third-order and sixth-order Newton-type power
flow method of VSC-HVDC system are given. The formats have the feature of third-order and sixth-order convergence based on
Newton method. Further, based on the automatic differentiation technology and third-order Newton method, a new improved
algorithm is given, which will help in improving the program development, computation efficiency, maintainability, and flexibility
of the power flow. Simulations of AC/DC power systems in two-terminal, multi-terminal, and multi-infeed DC with VSC-HVDC
are carried out for the modified IEEE bus systems, which show the effectiveness and practicality of the presented algorithms for

VSC-HVDC system.

1. Introduction

Voltage source converter (VSC) based high-voltage direct-
current (HVDC) is a new technology of HVDC transmission
system. Based on pulse width modulation and VSC, the
VSC-HVDC system has many merits and attracted wide
publicity worldwide [1-3]. Since the first pilot project appli-
cation in 1997, the VSC-HVDC system is widely applied in
interconnected power system, the connection of distributed
generation to power grid, the supply of electric power to
islands or offshore drilling platform, the distribution of power
to urban power network, and so forth.

The main advantages of VSC-HVDC system are as fol-
lows: no synchronization problem of AC system, the feature
of supplying power to passive network, the simultaneous and
independent control for active power and reactive power, the
easy achievement of inversion for power flow, the more flexi-
ble control modes, the suitable application for multi-terminal

and multi-infeed system, and so on. In the near future, a series
of new VSC-HVDC transmission system will be built and put
into operation worldwide [1, 4]. As a fundamental analytical
method for operation and analyzing of power system, the
reliable power flow calculation algorithm is an indispensable
tool for AC/DC interconnected power systems [5-10]. A great
deal of research has been conducted in this field. Now there
are two critical methods for the power flow analysis of AC/DC
systems, the unified iteration technique and the alternative
iteration technique [10-14]. The former has the precision of
quadratic convergence and has the better convergence for a
variety of control modes of HVDC system. But the realization
of the control modes switching for HVDC system is difficult.
The latter has the trait of easy programming, especially for the
varying process of HVDC control modes. But the alternative
iteration technique is sensitive to the operation ways and
control modes of the HVDC system and is inclined to the
convergence problem.



The Newton method is a fundamental and important
technology to solve the power flow of power system [6-
9, 15-17]. In [6], a Newton-Raphson power flow algorithm
is proposed for the VSC-HVDC system. In [7], the steady
power flow of VSC-HVDC is presented based on Newton
method and alternative iteration technique. In [8], an optimal
power flow (OPF) model suitable for VSC-HVDC system
is presented based on Newton-Raphson algorithm. In [9],
based on Newton method, a new model that considers the
operational constraints associated with the MVA ratings of
the converters for OPF analysis of VSC-HVDC system is
introduced. In these papers, the modeling approach based
on Newton algorithm only has the first-order or quadratic
convergence, and the convergence precision needs to be
further improved.

In recent years, the solution of nonlinear equation has
made great progress, especially the modified Newton method
with high-order convergence performance [18-23]. In [23],
the power flow algorithm with cubic convergence is analyzed
for power system. Despite the fact that a great many improved
algorithms for power flow analysis of AC/DC interconnected
networks with VSC-HVDC have been presented in many
aspects, few papers use the Newton method of high-order
convergence to analyze the power flow of VSC-HVDC
system. Moreover, with the VSC-HVDC adding to AC/DC
system, the kind and number of the system variables are mul-
tiplied, causing the modeling of AC/DC system to become
more complex. And with the increase of DC line of VSC-
HVDC, the dimension and scale of Jacobian matrix and
equations of AC/DC system are increased obviously, causing
the efficiency of hand codes to decrease. The automatic
differentiation (AD) technology overcomes the shortcomings
of hand codes. Compared with other differential methods,
such as numerical differentiation and symbolic differentia-
tion methods, the AD has the advantages of no truncation
error, the exact solution of Jacobian matrix, the less work
of hand codes, and so on [24-26]. Motivated by the above
discussions, we will investigate the problem of power flow
for AC/DC systems with VSC-HVDC. Novel third-order and
sixth-order convergence of power flow technique based on
Newton method will be derived, and the AD technology will
be introduced in this paper based on third-order Newton
method to raise the efficiency of programming. The effec-
tiveness of the presented arithmetics for VSC-HVDC system
is also discussed. These results and observations will help
promote the practical applications of high-order Newton-
type method in AC/DC systems with VSC-HVDC.

The remaining of this paper is arranged as follows. In
Section 2, a mathematical model for the VSC-HVDC system
is presented, in which all the AC system equations, the VSC
equations, and the control modes of VSC are analyzed basing
on steady model. In Section 3, the power flow and converter
equations of VSC-HVDC, the mathematical description of
Newton method, third-order and sixth-order convergence of
Newton-type methods, and the improved third-order New-
ton method based on automatic differentiation are presented.
In Section 4, the methods are applied to the modified IEEE
bus test systems with VSC-HVDC. This paper ends with a
conclusion finally.
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FIGURE I: Schematic diagram of steady state physical model for
multi-terminal VSC-HVDC.

2. Mathematical Steady Model of
VSC-HVDC System

2.1. Per-Unit Value System of VSC-HVDC. For the simulation
and calculation of AC/DC hybrid power systems, the unified
per-unit value system should be adopted both for AC system
and DC system. In this paper the per-unit value system is
introduced as follows [7]:

Py = SB’
Ugg = Us,
€))
IdB = \/ng,
RdB = ZB’

where Sp, Py are the reference power of AC system and DC
system, respectively. U, I, and Zj are the reference voltage,
reference current, and reference impedance of AC side of the
converter, respectively. Uyp, I35, and R,y are the reference
voltage, reference current, and reference impedance of DC
side of the converter, respectively.

2.2. Mathematical Steady Model of VSC-HVDC System. The
VSC-HVDC system consists of at least two VSC stations,
one operating as a rectifier station and the other as an
inverter station. The VSC stations can be connected as two-
terminal, multi-terminal, or multi-infeed DC system with
VSC-HVDC, depending on the various different applications
fields [1-3]. The steady state physical model for a multi-
terminal DC system with VSC-HVDC is shown schemati-
cally in Figure 1. The steady models of VSC-HVDC are given
in the per-unit system (p.u.) as follows:

I = Usi _Uci

T R; + lei’ (@)

S:i =Lyt sti = UsiI?’ (3)

P, = - |v;|UU, cos (8; + &) + V| Uj cos e, (4)
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U2
Q4 =- |Yz| UgU, sin (8; + o) + lel Uszi siney; + X_S” ®)
fi

P, = |Yz| UgU, cos (8; — ;) = |Yz| Uczi COS «;, (6)
Qg =- |Yz| UgU,; sin (61' - ‘xi) - |Yz| Uczi sin;, ™)
Py =Ugly; = IYll UgU,; cos (51' - “i) - IYzl Uczi cosay, (8)

6M.Uy;
U, = YoMy 9
4
The variables in the equations of (2)-(9) are referenced to the
literature [14].

2.3. Steady-State Control Modes of VSC-HVDC. Owning to
having full controllable power electronic switch semiconduc-
tors such as insulated gate bipolar transistor and gate turn-oft
thyristor, VSC-HVDC has the ability to independent control
active and reactive power at its terminal. So for each VSC, a
couple of regular used control goals can be set [27].

(1) AC active power control: determines the active power
exchanged with the AC system.

(2) DC voltage control: is used to keep the DC voltage
control constant.

(3) AC reactive power control: determines the reactive
power exchanged with the AC system.

(4) AC voltage control: instead of controlling reactive

power, AC voltage can be directly controlled, deter-
mining the voltage of the system bus.

The general used control means of VSC include the
following four categories:

® constant DC voltage control, constant AC reactive
power control;

® constant DC voltage control, constant AC voltage
control;

® constant AC active power control, constant AC
reactive power control;

® constant AC active power control, constant AC
voltage control.

3. The Improved Power Flow Algorithms of
AC/DC Systems with VSC-HVDC Based on
High-Order Newton-Type Method

3.1. Steady Mathematical Model of Power Flow Calculation

of VSC-HVDC System. For the AC/DC systems with VSC-

HVDC, the power flow equations are given as follows [14].
Pure AC bus equation

AP; =P, - UaiZUj (Gij cos Gij + Bjjsin Gi]-) ,
jei
(10)
AQ,; = Q,; — UaiZUj (Gi]- sin 01-]- - B;j cos Gij) .

jei

3
DC bus equation
AP, =P, - UtiZUj (G,-j cos Bij + Bl-j sin Gij) ,
jei
(11)
AQti = Qti - UUZU] (GU sin 61] - Bl] Cos 01]) .
jei
VSC converter equation
V6
Adkl = Ly + TMkUtkUdk |Y| COS (8k + “k)
- Utzk |Y| cos o,
V6 .
Ady, = Qy + TMkUtkUdk Y] sin (8 + o)
U2
- Utzk |Y|sin o — —tk (12)
X
fk
V6
Adys = Uylgr — 7 MiUuUa Y] cos (8 — o)
3 2
+ g(MkUdk) Y| cos oy,
Id = GdUd‘
DC network equation
Mac
Adyy =+l - ngksUds =0. (13)
s=1

The variables in the equations of (10)-(13) are referenced to
the literature [14].

3.2. The Mathematical Description of Newton Method. The
mathematical description of multivariable iterative form for
Newton method is given by

-1
Ax® = - [F(x9) 7] F' (x¥),
(14)
KD = 5B AR,
The formula (14) has the second-order convergence [23, 28].

The equivalence form of linear equation solution for (14)
is given by

[F (x9)] ax® = ' (x®),

NESBNCINWCE

(15)

where F'(x(k)) is the matrix variable of first-order partial
derivative of F(x) and k is the number of iterations.

3.3. The Newton-Type Method of Third-Order Convergence
(Algorithm 1). The single variable iterative algorithm format
based on modified Newton-type method is given by

f(xk+f(xk) /f’ (xk)) _f(xk)'

(16)
f (xk)

X+1 = Xg —



The iterative format of (16) has the trait of third-order
convergence [29].
The multivariable matrix equivalent form of (16) is given

by
F' (x®) ax® = —F (x¥),
PSRN RO
F' (x®)az® = —F' (%) + F (x¥),

e N OB

17)

The gotten Jacobian matrix and its triangular factoriza-
tion are being utilized fully in the algorithm iterative process
of (17).

3.4. The Newton-Type Method of Third-Order Convergence
(Algorithm 2). Another single variable iterative algorithm
format with third-order convergence based on Newton-type
method is given by:

Xpp1 = X — 0.5f (%)
1 1 (18)
X
F o f ) 1 () ()

The iterative format of (18) has the trait of third-order
convergence [30].
The multivariable matrix equivalent form of (18) is given

by:

F'(x®) ax® = —F (),
PO BN WO
F' (x%) az® = -F (x™),

X =50 105 (ax® + Az9).

(19)

3.5. The Newton-Type Method of Sixth-Order Convergence.
For the above presented Algorithm 1 and Algorithm 2, the
two iterative formats have the advantages for fast convergence
speed of Newton method and less computations of simplified
Newton method. The application of Algorithm 1 and Algo-
rithm 2 is a two-step process.

Step 1. 'The prediction based on the Newton method [23]
ax® = _[F (<Y F (x),

gE = B Ax®),

(20)

Step 2. The correction for the obtained predicted value of
~(k+1)
X

a5 < {F ()] [ () (7).

KD B AR

(21)
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The simplified realization of the iterative procedure for
(20) and (21) is given by

Y= X — f ()
I (%)
2f (x)
X — ] ] >
f1 )+ 1 ()
where z; is the iterative result of x;,, at the k iterative cycle.

An effective implement of the iterative process of (22) is
given by [31]

(22)

2 =

f(2)

Xiy1 = R — f’ (zk) . (23)
The approximate value of f'(x) at z; is given by
F(2) = £ (%) (3f () - f (xk))' (24)

() + 1 (%)
The (16) or (18), (23), and (24) comprise the new sixth-
order convergence method [31]:
Y = % — f(x)
¢ , f (%)
2f (i)
f1 () + f )’
X =z — f (=) f,(xk)"'f’(yk).
BT () 3 () - ' ()

Z = X (25)

3.6. The Automatic Differentiation Algorithm Based on Third-
Order Newton-Type Method. The AD technique could always
be decomposed to complex computations of basic func-
tions and basic mathematical operations, such as the four
arithmetic operations of add, subtract, multiply, and divide,
the basic functions of trigonometric function, exponential
function, and logarithmic function. Here an instance is given
to illustrate the application of AD. The function expression of
a certain model is given by

f(x) =sinx; +e"™. (26)

The independent variables and intermediate variables
of (26) are given in Tablel. For the use of independent
variables and intermediate variables, the function of (26) is
decomposed to a series of basic functions. If the value of
independent variables is given, the exact value of y is gotten
by top-down solution order in Table 1. Given the value of x,
and x,, the differentiation of (26) can be obtained mechan-
ically through the chain rule of differentiation calculation.
At present, there are two main modes for the application of
AD, the forward mode and the backward mode, as shown in
Table 2. And in Table 2, x; ; = 0x;/0x, p; = 0y/0x;.

Now there are two kinds of implementation method
for AD, the source code transform method and operator
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TaBLE 1: Independent variables and intermediate variables of (26).

Independent variables Intermediate variables
X, X3 = sin x;
X2 Xy = XX

— M4
X5 =€
x6=x3+x5

Y =X

TABLE 2: Forward and backward mode.

Backward mode

P =Pt Xx3,D;
Py = P1 X401 Ps P2 = P2t XynPy
Py = Pyt XsyPs
P3s = P3 + X63P6> Ps = Ps + X65P6
pr=1

Forward mode

%, = con (x;) - %,
Xy = X%, + XX,
X5 = XXy

Xg = X3 + X5

Y =%

overloading method. The typical representative softwares for
the former is ADIFOR and ADIC. The typical representative
software for the latter is ADOL-C and ADC. The method of
ADOL-C realizes the differentiation of C++ program auto-
matically by using operator overloading and can calculate
any order derivative by forward and backward mode. In this
paper, the ADOL-C method is used to realize the differential
operation [32].

The steps of the improved AD algorithm based on third-
order Newton method are listed below.

Step 1. Read network parameter, including bus num-
ber, active and reactive power of load, compensate
capacitance, branch number of line, resistor and
reactance in series, and ratio and impedance of
transformer.

Step 2 (initialization). Form the admittance matrix of
the DC and AC systems.

Step 3. Distribute space for AD and state active vari-
ables, including independent variables and dependent
variables.

Step 4. Transmit the value of system variable to active
variable.

Step 5. Form the expression of dependent variable by
using independent variable.

Step 6. Judge the maximum of imbalance equation
whether to meet the error precision or not. If yes, exit
the loop. If not, the loop goes on.

Step 7. Call the function of Jacobian and Hessian of
AD.

Step 8. Solve the equation of (17) or (19).

Return to Step 3.

4. Case Studies

In this part, in order to validate the correctness and suitability
of the proposed algorithms, three sections are presented.

VSC VSC

FIGURE 2: The modified IEEE-30 bus AC/DC system with VSC-
HVDC.

(1) For the modified high-order Newton methods, the
modified IEEE 30-bus system with two-terminal and
multi-infeed VSC-HVDC is analyzed in detail firstly.

(2) Then the simulation results of performance compar-
isons for the improved high-order Newton methods
are presented among the modified IEEE 5-bus, IEEE
9-bus, IEEE 14-bus, IEEE 57-bus, and IEEE 118- bus
text systems.

(3) Atlast, the AD based on third-order Newton method
is evaluated for the modified IEEE 30-bus system with
two-terminal of VSC-HVDC.

4.1. The Modified IEEE 30-Bus System with Two-Terminal and
Multi-Infeed VSC-HVDC. The proposed method has been
applied to the modified IEEE 30-bus system [33]. The wiring
diagram is shown in Figure 2. In this section, two cases
are considered and compared. In Figure 2, the dotted lines
represent the possible positions of VSC stations, and the
specific positions are located as follows.

(1) In the system with two-terminal VSC-HVDC, the
VSC1 and VSC2 are connected to AC line of bus 29
and bus 30, respectively.

(2) In the system with two-infeed VSC-HVDC, the VSCl,
VSC2, VSC3, and VSC4 are connected to AC line of
bus 12, bus 14, bus 29, and bus 30, respectively.
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TABLE 3: Results of the power flow calculation of AC system.

Bus Number

Control mode Method 1 2 3 4
1% 0 \% 0 \% 0 1% 0
Newton 1.0600 0 1.0450 -5.5025 1.0333 -8.1365 1.0271 -9.8132
D+06 Algorithm 1 1.0600 0 1.0450 -5.5025 1.0333 -8.1365 1.0271 -9.8132
Algorithm 2 1.0600 0 1.0450 -5.5025 1.0333 -8.1365 1.0271 -9.8132
Sixth-order Newton 1.0600 0 1.0450 -5.5025 1.0333 -8.1365 1.0271 -9.8132
Newton 1.0600 0 1.0450 -5.5012 1.0340 —-8.1415 1.0279 -9.8187
O+® Algorithm 1 1.0600 0 1.0450 -5.5012 1.0340 —-8.1415 1.0279 -9.8187
Algorithm 2 1.0600 0 1.0450 -5.5012 1.0340 -8.1415 1.0279 -9.8187
Sixth-order Newton 1.0600 0 1.0450 -5.5012 1.0340 -8.1415 1.0279 -9.8187
Newton 1.0600 0 1.0450 -5.5013 1.0341 -8.1434 1.0281 -9.8208
®+0 Algorithm 1 1.0600 0 1.0450 -5.5013 1.0341 -8.1434 1.0281 -9.8208
Algorithm 2 1.0600 0 1.0450 -5.5013 1.0341 -8.1434 1.0281 -9.8208
Sixth-order Newton 1.0600 0 1.0450 -5.5013 1.0341 -8.1434 1.0281 -9.8208
Newton 1.0600 0 1.0450 —5.4996 1.0344 —8.1435 1.0284 -9.8208
O+6 Algorithm 1 1.0600 0 1.0450 —-5.4996 1.0344 —8.1435 1.0284 -9.8208
Algorithm 2 1.0600 0 1.0450 —-5.4996 1.0344 -8.1435 1.0284 -9.8208
Sixth-order Newton 1.0600 0 1.0450 —-5.4996 1.0344 -8.1435 1.0284 -9.8208

TABLE 4: Results of the power flow calculation of DC system.

Control mode

DC variable Converter number
®+® O+® @+ @+®
VSC, 2.0000 2.0000 2.0000 2.0000
Newton
VSC, 1.9994 1.9994 1.9994 1.9994
Algorithm 1 VSC, 2.0000 2.0000 2.0000 2.0000
U VSC, 1.9994 1.9994 1.9994 1.9994
d . VSC, 2.0000 2.0000 2.0000 2.0000
Algorithm 2
VSC, 1.9994 1.9994 1.9994 1.9994
Sixth-order Newton VSC, 2.0000 2.0000 2.0000 2.0000
VSC, 1.9994 1.9994 1.9994 1.9994
VSC, 0.3556 0.3402 0.3381 0.3322
Newton
VSC, -0.3701 -0.2960 —0.3495 —0.3047
Algorithm 1 VSC, 0.0062 0.0059 0.0059 0.0058
s VSC, —-0.0065 —-0.0052 —0.0061 —-0.0053
Algorithm 2 VSC, 0.0062 0.0059 0.0059 0.0058
VSC, —0.0065 —0.0052 —0.0061 —0.0053
Sixth-order Newton VSC, 0.0062 0.0059 0.0059 0.0058
VSC, —0.0065 —0.0052 —0.0061 —0.0053
VSC, 0.7663 0.7838 0.8282 0.8257
Newton
VSC, 0.7574 0.8188 0.7794 0.8161
Algorithm 1 VSC, 0.7663 0.7838 0.8282 0.8257
M VSC, 0.7574 0.8188 0.7794 0.8161
Algorithm 2 VSC, 0.7663 0.7838 0.8282 0.8257
VSC, 0.7574 0.8188 0.7794 0.8161
VSC, 0.7663 0.7838 0.8282 0.8257

Sixth-order Newton
VSC, 0.7574 0.8188 0.7794 0.8161
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TaBLE 5: Comparisons of iteration times and computing time.

Iteration times
Control mode

Newton Algorithm 1

Algorithm 2 Sixth-order Newton Newton Algorithm 1

Computing time (ms)
Algorithm 2 Sixth-order Newton

©+06 4 3 3 2
O+ 4 3 3 2
@+ 4 3 3 15"
@+® 4 3 3 15"

8.6885 8.8367 0.1040 12.6763
9.8464 5.6506 0.1023 9.5408
9.3356 5.6121 0.1045 8.4520
9.4767 5.6403 0.0990 8.2271

TABLE 6: Comparison of iteration times and computing time.

Control mode Iteration times

VSC, + VSC, VSC; + VSC, Newton Algorithm1 Algorithm 2

Sixth-order

Computing time (ms)

Newton Algorithm 1 Algorithm 2 Sixth-order

Newton Newton
0+ 0 O+0 4 3 3 15 100649  8.6786 0.1186 0.4648
0O+ O+® 4 3 3 1.5 9.4347 6.8694 0.1110 0.4870
®+0 ®+06 4 3 3 15 9.4438  6.0041 0.1086 0.4399
O+ ®+@® 4 3 3 1.5 9.8407 6.7326 0.1136 0.4384
O+0 O+@® 4 3 3 1.5 9.4073 6.3733 0.1164 0.4885
O+@® @+06 4 3 3 1.5 10.1531 5.9505 0.1113 0.4499
®+0 O+0 4 3 3 15 58884  6.0551 0.1121 0.4273
@+0 ®@+06 4 3 3 1.5 9.7429 5.8435 0.1330 0.4283
@+06 ®+@® 4 3 3 1.5 9.8400 6.1026 0.1216 0.3860
®+® O+® 4 3 3 15 97773 62020 0.1168 0.4181

4.1.1. The Modified IEEE 30-Bus System with Two-Terminal
VSC-HVDC. The results of the power flow calculation of the
AC system and DC system under different control modes for
Newton, third-order and sixth-order Newton methods are
shown in Tables 3 and 4. In Table 3, the simulation results of
bus number of 1, 2, 3, and 4 are presented only, and the other
buses of the modified IEEE 30-bus system are not included
for the sake of brevity. There are two methods of third-order
Newton in Tables 3 and 4, Algorithm 1, and Algorithm 2.
In Table 3, the “Newton” method is the algorithm in the
references of [5-10], the unit of V is p.u., and the unit of 0
is

It can be seen from Table 3 the voltage amplitudes of bus
1 and bus 2 are all the same for the proposed four methods.
This is due to the node type of bus 1 and bus 2 for the IEEE
30-bus system. Bus 1 is the equilibrium node. And Bus 2 is the
PV node. So in the iterative process of the proposed different
methods, if the generators of bus 1 and bus 2 have not reached
the limit of reactive power, the voltage amplitudes of bus 1 and
bus 2 remain the same.

In Table 4, the DC variables of Ud are the same for
different control modes and Newton methods; the reason
is that for the general used four control modes of VSC, all
the mode combinations of ® + ®, ® + ®, @ + ®, and
@ + ® contain the constant DC voltage control category. As
a result, in the operation process of VSC-HVDC system, the
DC voltage of VSC remains constant.

Both in Tables 3 and 4, for the proposed algorithms of
Newton, Algorithm 1, Algorithm 2, and sixth-order Newton
method, the results of the power flow calculation for the four
different control modes remain the same fundamentally. And

the operational parameters of DC system are all in the normal
range. The simulation results also illustrate the flexible appli-
cation of the third-order and sixth-order Newton methods for
the AC/DC system with VSC-HVDC.

The comparisons of iteration times and computing time
for the four proposed Newton methods are shown in Table 5.
In Table 5, the * indicates that the criterion for convergence
is met only at the front half iteration procedure. As seen in
Table 5, for the modified IEEE 30-bus text system with two-
terminal VSC-HVDC, the iteration times of sixth-order New-
ton method are evidently less than other Newton methods.
And the CPU computing time of the third-order Newton of
Algorithm 2 is smaller than other Newton methods under
four different control modes. The reason is that for the
modified IEEE 30-bus text system, the computation task of
Jacobian matrix formation and triangular factorization for
high-order Newton method is less than Newton method.

4.1.2. The Modified IEEE 30-Bus System with Multi-Infeed
VSC-HVDC. For the flexible control performance and par-
ticular technical advantages, the VSC-HVDC is suitable for
application in multi-infeed system [5, 34]. In this section,
the comparison of iteration times and computing time under
different control modes for improved Newton methods is
shown in Table 6 for the modified IEEE 30-bus system with
two-infeed VSC-HVDC. For two-infeed VSC-HVDC, the
combinations ways of VSC have ten different types, as shown
in Table 6.

It can be seen from Table 6, both for the iteration times
and the computing time, the high-order Newton-type of
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TABLE 7: The topology and parameter settings for different IEEE text systems.

Topology Two-terminal Two-infeed Three-terminal

Modified * yppps  IgEE9  IEEE-4  IEEE-57  IEEE-lIS IEEE-14 IEEE-14 IEEE-57

test system

Bus number
5 8 9 13 14 56 57 75

VSC, VSC, VSC, VSC, VSC, VSC, VSC, VSC, VSC, VSC, VSC, VSC, VSC; VSC, VSC, VSC, VSC; VSC, VSC, VSC,
us 12 14 29 30 12 13 14 55 56 41

TABLE 8: Performance comparison for different text systems.

Iteration times

Computing time (ms)

Topology Modified test system ) ) : )
Newton Algorithm1 Sixth-order Newton Newton Algorithm1 Sixth-order Newton

Two-terminal IEEE-5 5 4 L5 4.8287 4.4651 5.3692
Two-terminal 1IEEE-9 4 3 L5 3.1646 2.2094 2.7866
Two-terminal IEEE-14 4 3 L5 4.1375 2.6509 4.1890
Two-infeed IEEE-14 4 3 L5 4.3529 3.1544 3.9907
Three-terminal IEEE-14 4 3 L5 4.3546 2.9592 4.1260
Two-terminal IEEE-57 4 4 2 22.0698 14.2854 23.6236
Three-terminal IEEE-57 4 4 2 28.9858 24.7143 29.0658
Two-terminal IEEE-118 4 3 1.5 120.8938 70.8048 115.1420

TABLE 9: Results of the power flow calculation of DC system.

; Converter Control modes
DC bl
variable . o mes
Algorithm 1+ AD VSG, 2.0000
Ua VSG, 1.9994
Algorithm 2 + AD VSC, 2.0000
VSG, 1.9994
Algorithm 1+ AD VSC, 0.0062
9 VSG, ~0.0064
Algorithm 2 + AD VSG, 0.0062
VSG, —0.0064
Algorithm 1+ AD VSG, 0.7677
M VSG, 0.7589
Algorithm 2 + AD VSC, 0.7677
VSG, 0.7589

third-order and sixth-order Newton methods is less than the
Newton method. And the advantage of computing time for
Algorithm 2 is obvious. Table 6 also shows the proposed high-
order methods suitable for the AC/DC systems with multi-
infeed VSC-HVDC.

4.2. The Simulations of Modified IEEE 5-, 9-, 14-, 57-, and
118-Bus Systems. The modified IEEE 5-, 9-, 14-, 57-, and 118-
bus systems are analyzed in this section [33]. The topology
and parameter settings for those different IEEE text systems
are shown in Table 7. The simulation results of performance
comparisons for those IEEE text systems among improved
Newton methods are shown in Table 8. The system topologies
of two-terminal, two-infeed, and three-terminal are analyzed
in this section.

It can be seen in Table 8, as the size and scale of the IEEE
text systems grow, the iteration times keep mostly unchange-
able for the third-order Newton and sixth-order Newton
methods. And the computing time of the third-order or
sixth-order Newton method is less than the Newton method.
The validity and usability of the proposed improved Newton
method suitable for VSC-HVDC system are certified.

4.3. The Simulation Results of AD Based on Third-Order
Newton Method. In this part, the simulation results for
AD algorithm based on Algorithm 1 and Algorithm 2 of
third-order Newton method are presented. The IEEE-30 bus
text system with two-terminal VSC-HVDC is employed to
demonstrate the validity of the proposed AD algorithm. The
results of the power flow calculation of DC system of control
mode @ + ® are shown in Table 9. The comparison of
iteration times and computing time for the proposed AD
algorithm is shown in Table 10.

From the results of Tables 9 and 10, the following can be
seen.

(1) Compared with the results of Algorithm 1 and Algo-
rithm 2 of third-order Newton method, as shown
in Table 4, the improved AD algorithm satisfies the
operation requirements of VSC parameter.

(2) Compared with the results of Table 5, for the iteration
times and computing time, the improved AD algo-
rithm has certain advantages.

(3) The result shows that AD technology is suitable
for use in the third-order Newton method of VSC-
HVDC system. And the application of AD technology
reduces the work of hand code greatly. The efficiency
of code programming is improved.
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TaBLE 10: Comparison of iteration times and computing time

Control mode Iteration times Computing time (ms)

% VSC, + VSC, Algorithm 1+ AD Algorithm 2 + AD Algorithm 1+ AD Algorithm 2 + AD
O+G 2 2 0.15 0.31

O+® 2 2 0.31 0.31

@+0G 2 2 0.31 0.32
@+@® 2 2 0.31 0.32

5. Conclusions

In this paper, based on the steady mathematical model of
VSC-HVDC, the modified third-order Newton and sixth-
order Newton methods have been presented to calculate the
power flow of AC/DC systems with VSC-HVDC. The mul-
tivariate iteration matrix forms of the presented algorithms
suitable for VSC-HVDC system are given. The proposed
high-order Newton method has the third-order and sixth-
order convergence, without solving the Hessian matrix. The
task of the calculation is greatly reduced, and the efficiency
is improved. Based on the third-order Newton method,
the automatic differentiation technology is used to increase
the efficiency of hand code. Some numerical examples on
the modified IEEE bus systems with two-terminal, multi-
terminal, and multi-infeed VSC-HVDC have demonstrated
the computational performance of the power flow algorithms
with incorporation of VSC-HVDC models.
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Compensation scheme-based H, control is investigated for networked control systems with packet disordering and packet loss.
Since the existence of packet disordering and packet loss inevitably degrades the control performance of networked control systems,
it is worth studying a control scheme to compensate for them, such that the control performance can be improved. Thus, a
compensation control strategy is first proposed following this direction. Next, a mathematical model of networked control systems
with Markovian property is constructed due to the signals executed by the plant subject to Markovian chain. Based on it, a sufficient
condition for stochastic stability of networked control systems with uncertain parameters as well as compensation strategy is
presented, and an adaptive controller is designed based on linear matrix inequality (LMI) technique. Finally, a numerical example
and simulations are given to illustrate the effectiveness of the proposed method.

1. Introduction

Networked control systems (NCSs), in which nodes com-
municate over communication networks, have attracted lots
of researchers’ attention [1-4]. Since networks-based control
gives rise to many advantages including low cost, easy
maintenance, and flexible system structure, the successful
application of NCSs can be found in a wide range of areas such
as industrial automation, intelligent transportation system,
and smart grid. However, packet disordering and packet
dropout inevitably exist in the transmission of signals. They
are recognized to be two main causes for performance
deterioration or even instability of NCSs, hence, considerable
research has been done (see, e.g. [5-21] and the references
therein).

So far, the majority of NCSs research has focused on
controller design to provide sufficient stability conditions for
NCSs with packet loss. A lot of effort has also been taken for
modeling NCSs in presence of packet losses as asynchronous
dynamic systems or Markovian jumping systems [5, 6]. With

further study on packet loss, some effective compensation
strategies for packet loss that occurred during communica-
tion are proposed to improve control performance of NCSs.
Predictive control is a typical method with wich the control
prediction generator provides a set of future control predic-
tions to enable the closed-loop system to achieve the desired
control performance leading to removing the effects of data
dropout [7-11]. Another typical compensation methodology
for packet loss is observer-based state estimation [12]. In addi-
tion, [13] proposed a packet dropout-based compensation
scheme, namely, the latest control signal is used for compen-
sation if the ideal control input is missing. However, note that,
in all of the aforementioned literature, packet disordering is
not considered, but packet disordering and packet loss coexist
in packets delivered network communication.

Packet disordering means that a packet sent earlier may
arrive at the destination node later or vice versa. Packet
disordering of NCSs has drawn an increasing attention [10,
14-21]. In [14], packets that arrived late at control nodes
were discarded, and stability and H,_, compensation control



were investigated. However, the packet disordering is not
described clearly. In [15, 16], the sampling instants of received
signals were compared to describe packet disordering, and
stability analysis and synthesis were studied. Some literature
using the similar method can be found in the existing
reported results (e.g., [17]). Recently, [10, 18] proposed an
active compensation for packet disordering; that is, the latest
control actions applied to the plant are available by comparing
the time stamps of packets. The so called compensation
method has been also presented in [19-21], where the latest
signals are executed by the plant by defining an operator
constructing a mapping between the newest signals and
packet displacement values. However, note that a situation
where no new control actions arrive at the actuator may occur
due to packet disordering and packet loss during a sampling
interval. In this case, it is critical how to control the plant.
To the best of the authors” knowledge, this problem has been
not fully investigated to date, which motivates this work for
proposing a new compensation scheme.

The specific problem addressed in this paper is the
compensation control when the newest signal is not available
for NCSs due to the packet disordering and packet loss. The
highlighted method is that control inputs are determined
by defining some operators associated with packet displace-
ments; that is, the latest control input is chosen when no new
signals arrive at the actuator during the sampling interval
((k — 1)T,kT]; otherwise, the newest signal controls the
plant. After that, a Markovian jumping model of NCSs is put
forward. Stability analysis and the controller synthesis are
thoroughly investigated and the adaptive controller design
is obtained in terms of linear matrix inequalities (LMI). A
numerical example is provided to demonstrate the effective-
ness of the proposed approach.

The rest of the paper is organized as follows. Section 2
is concerned with problem statement. In this section, a
compensation control scheme is proposed, and a model
of networked control systems is constructed. Section 3
investigates the stability and H,, control for NCSs with
packet disordering and packet losses. The results of numerical
simulation are presented in Section 4. Conclusions are stated
in Section 5.

Notation. R" denotes the n dimensional Euclidean space. P >
0 means that matrix P is real symmetric and positive definite,
and I is the identity matrix of appropriate dimensions. The
subscript “I” denotes the matrix transpose. In symmetric
block matrices, we use “x” to represent a term that is induced
by symmetry, and diag(---) stands for a block-diagonal

matrix. [ x| stands for the standard /, norm of vector x; that
. T \1/2
is, x| = (x'x) .

2. Problem Statement
The following system is considered:
X = ka + Euk +D,w;

)

Zk = ka + Dzwk,
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where x, = x(kT) € R", u, = ukl) € R™, and z; =
z(kT) € RP are the state vector, control input vector,
and controlled output vector, respectively. T is the sampling
period. A = A + AA,B = B + AB,(AA AB) =
DF(k)(E, E,), A,B,C,D,D,,D,,E,, and E, are some con-
stant matrices of appropriate dimensions, and FI(k)F(k) <
I. wi = w(kT) € 1,[0, co] denotes the exogenous disturbance
signal.
The state feedback controller can be expressed as

uk = ka, (2)

where K is some constant matrix of appropriate dimensions.

Here, we assume that sensor and actuator are time-driven
synchronously, the period is identical and equal to T, and
the controller is event-driven. Since the states of systems
and control signals are transmitted over the communica-
tion networks with limited bandwidth, the packet disor-
dering and intermittent packet dropouts are inevitable in
the communication channels. To describe the phenomenon
of packet disordering and design compensation scheme,
we define the displacement values of packets and some
operators determining the control actions. The details are as
follows.

Without loss of generalization, we consider a sequence
of packets X;_j,, Xj_p415- - -» Xi transmitted over the network
from the sensor, where h is a given integer. The max-
imum delay bound is an alternative solution to h. For
Xie—iv Xjpe1> - - - » Xpoo it is well known that the corresponding
expected arrival sequence numbers are 1,2,...,h + 1. Then,
the expected arrival sequence number of packet x;_; is h +
1-i@G = 0,1,...,h) is easily obtained. A receive_index
I'(I=1,2,...,h+1) is assigned to each nonduplicate packet
as it arrives at the point of measurement, which we refer to as
the destination (actuator) since the control is event-driven. To
describe the newest signal executed by the plant, we assume
that packets which have not appeared or lost during the
sampling interval ((k — 1)T,kT] arrive at the actuator in
order after the kT time instant, and their receive_index values
are 1 more than the real values. Moreover, if the sampled
packets behind p (p is some positive integer) lost packets
arrive at the plant before the kT time instant (including kT
time instant), their receive index values are p more than the
real values. R, (i) and d.(h + 1 — i) denote the receive_index
and displacement value of packet x;_;, respectively. For packet
X,_; arriving at the actuator before the kT instant (including
kT instant), if d (h + 1 — i) # 0, then a “disordering event” has
occurred in communication. Packet x;_; islate if d; (h+1-i) >
0, earlyifd,(h+1—-1i) < 0,andin orderifdi(h+ 1 -i) =0
(see [19-21]). To guarantee the newest signals being executed
by the plant, the packets that arrive at the actuator late are
discarded. Define the following operators:

set-n={ #6050 @

i—1
O @) =[[(1-0(d (h+1-1))d(d (h+1-1), (4)

j=0
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TABLE 1: An example in Figure 1. TABLE 2: An example in Figure 2.
Xk—2 Xk-1 Xk Xk-1 Xk-1 Xk
Exception values 1 2 3 Exception values 1 2 3
Receive_index 2 3 Receive_index 1 3
Displacement values 1 1 Displacement values 0 1
0,(-1)=1 0,(-1)=0
Parameters 0,.(0) =0 Parameters 0,(0) =0
0,(1) =0 0,(1) =0
0,(2) = 0 0,(2) = 1
where H;:lo(l -0deth+1-13)) =1G = 0,1,...,h). Xk-2 Xk-1 Xk
The function of 8,(i) ( = 0,1,...,h) is to guarantee Sensor . . ! .
that the newest signal is executed if it has arrived at the N i \ i \:Am i
actuator during the interval ((k — 1)T, kT]. Moreover, note ctuator ! ! ! !
that it may happen not to receive new signal due to late kKT (k+ DT

coming packet or packet loss; thus we design the following
controller:

h
u, = zek (1) ka*i + ek (—1) We_1» (5)
i=0
where
1 de(h+1-i)>0,
0, (-1) = Vi(i=0,1,...,h) (6)

0 otherwise.

Remark 1. As a matter of fact, the operators 0,(i)(i =
-1,0,...,h) are defined for the purpose of selecting control
input. Note that 6,(i) = 1 or 0,and Y7, 6,(i) = 1. (i) =
lor6(i) = 0(G = 0,1,...,h), which is determined in
terms of the displacement values of packets. More detailed
explanations can be found in the examples in Figures 1 and
2, Tables 1 and 2. Since we choose event-triggered controller,
once x;_; arrives at the controller, control action Kx, _; is sent
to the actuator. When the displacement values of all packets
dh+1-1i) > 0@G = 0,1,...,h); that is, there are no
new signals arriving the actuator during sampling interval
((k = 1)T,KT1], 6,(-1) is set to be 1 by (6) and other 8,(i) =
0(i=0,1,...,h) hold due to (4), which indicates the control
input w,_; to act on the plant (see Figure 1 and Table 1).
Otherwise, 0;.(—1) = 0 and there exists one 0,(i) = 1 (i =
0,1,...,h). In this context, the newest control signal Kx;_; is
regarded as the control action uy. It is worth pointing out that
the packet disordering, random time-varying transmission
delay, and packet loss are taken into account in the suggested
compensation control scheme (5), simultaneously. From this
point of view, it is readily seen that the proposed control
scheme (5) is quite general.

For further understanding compensation control scheme
(5), we study two examples shown in Figures 1 and 2
which illustrate the arriving timing of signals transmitted.
Expected arrival sequence numbers, assigned receive_index
values, and displacement values for a sequence transmitted,

FIGURE 1: Timing diagram of signals transmitting in the example
with packet disordering.

corresponding to Figures 1 and 2, are given in Tables 1 and 2,
respectively. In the two examples, we choose h = 2, which
means that a group of 3 packets is used as the studying
object. From Table 1, we find that, packets x;_,, x;_; and
x, are displaced by one unit from their positions, then all
of displacement values are equal to 1. In this context, the
actuator does not receive new signal during the sampling
interval ((k — 1)T, kT], which can be seen in Figure 1. By (3),
(4), and (6), we obtain 0,(-1) = 1 and 6,(0) = 6,(1) =
0,(2) = 0. And by (5), the control input u,_; acts on
the plant, which is entirely consistent with the proposed
compensation control scheme that the latest control action
is utilized to control the plant when no new signal is available
during the sampling interval ((k — 1)T,kT]. In Figure 2,
note that packet x;_; has lost. Similarly, by calculating, we
obtain 0,(2) = 1 and 0,(0) = 6,(1) = 0,(-1) = 0. Then,
Kx,_, is used as the newest control input by virtue of (5).
Obviously, this result accords with the actual situation shown
in Figure 2.

Remark 2. Similar to [13], we execute the compensation
control scheme. However, there are two distinct differences
from [13]. The first one is that the stability analysis and
compensation strategy are investigated in the presence of
both packet loss and packet disordering simultaneously. In
this sense, the theory method presented in this paper extends
the results presented in [13], since packet disordering is
not taken into account in [13]. The second difference is
that an operator deciding how to choose control actions is
clearly defined based on the displacement values of packets,
while [13] control strategy is proposed in terms of delay
information.

Remark 3. Compared with the existing studies on NCSs
with packet disordering [10, 14-21], a key difference is
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FIGURE 2: Timing diagram of signals transmitting in the example
with packet loss.

that a compensation control scheme is proposed when no
new signal arrives at the actuator.

The closed-loop system can be obtained by substituting
(5) into (1):

h

Xk+1 = ka + E (zek (1) ka*l' + 9k (—1) uk71 >
i=0

7)

+ Dlwk

zZ, = CXk + Dzwk.

Letting E,f = [xz X;f—l . -x,ffh] and 17,? = [E,f uzfl], (7) is
expressed as

e = Aqgbi + Aty + Dywy

(8)
we = Ay + 0 (D gy,
where
A+M, M, --- M,_, M,
| o --- 0 0
All’k = . . . . ’
0 0 I 0
BO, (-1) D,
0 0 ©)
A12,k = > Dl = >
0 0
Ayg = [0 (0K 6 (DK --- 6 (WK],
M, =Biy()K (i=0,1,...,h).
Further, we have
kel = Kk’?k + ﬁlwk
(10)

Z, = /CI’]k + Dzwk,
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where

i T R

o [A(ek(o)wwek(’l))K ek(_l)l])
R = DF (k) E,6, (-1) + B, (-1),

I'=A+BA(6,(0),...,0, (h)K

+DF (k) (E, + E,A (6, (0),...,0;, (W) K),

K:diag{K,K,...,K}, c=[Co0 - 0],
(h+1) (11)
AO---00 B
1000 o
A= . > B= 5
0010 0

It is well known that the newest signals executed by
plant may be subject to some probability distribution [6];
here we will assume that the newest signals transmitted over
communication network are subject to Markovian chain.
Define d;, = [0,(~1),6,(0),...,6,(h)]"; since 6,(i)) = 1 or
0(i=-1,0,....,h) and ¥ | 6,(i) = 1, then, there are h + 2
possible values for d;, obviously. Similar to our prior effort
[21], for ease of notation, we define a vector-valued function
f:d, — o(k) to map the vector d; into a scalar number
o(k) e 3 ={1,2,...,r},wherer = h+2.0(k) = i also denotes
the No. i (i € ) subsystem of NCS (10). Moreover, transition
probability associated with the newest signals executed is
defined as my = Prob(o(k + 1) = j | o(k) = i), where
o(k) = i denotesd;, = [0, ..., 1,...,0]%, namely, 0, (i—2) = L.
Obviously, ¥ .5 m;; = 1. Thus, (10) is a Markovian jumping
system.

JjES

Remark 4. In this paper, the stability analysis and H_, con-
troller design are investigated on the premise that transition
probability matrix is fully known. Actually, the analysis
and control methods for NCSs with uncertain transition
probabilities have been developed, and we can refer to [22,
23].

3. Stability Analysis and H_,
Controller Design

In this section, we will present a sufficient condition for
H_, control and the design of the controller gains K; (i =
1,2,...,r) adapting to No. i switched subsystem.
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Lemma 5 (see [24]). For any matrices W, M, N, F(k) with
FL(k)F(k) < I, and any scalar € > 0, the following inequality
holds:

W + MF (k)N + N"FT (k) M”
(12)
<W+eMM! + e 'NTN.

Theorem 6. For given scalars handy > 0, matrices K;, if there
exist matrices P; > 0, Q; > 0 (i € ), such that

Yl YZ
[* Y3] <0, (13)

then the closed-loop system (10) is stochastic stable with
_T _
an H,, norm bound vy, where Y, Yjes TiiA WAL +
_1ATA —T S _1AT
y'IC'C - W, Y, = YigmAWD, +y'C'D,Y; =
—T — 1T

ZjeS ;D WDy +y 1Dz D, -yL

Proof. Without loss of generalization, we set o(k) to be i.
Choosing a Lyapunov-Krasovskii functional candidate which
is given by

Vie = e Witto (14)

where
_|P: 0
W, = [0 Qi]’ (15)
we can obtain

EVig —Vi = Zﬂij(xkrlk + ﬁ1Wk)TWj

e 35 T
X (Ak’7k + Dlwk) =11 Witlg
T
Lete, = [17,3 w,f] ; we can obtain EVy,, -V} = e, ©,e,, where

—T — —T —

-W, + Y ;A WA, > A WD,
JjES JjES

—T —

* Z”ileij1

jES

Q. =

1

17)

And
Y 'z 2 — ywewi + EViyy = Vi = 1 (@, + A) g, (18)
where

y_IETC )/_IETD2

A= .
* y'DID, —yI

(19)

If (13) is satisfied, we have (®,+A) < 0. Further, we can obtain
1T T
Y e Yi — YW Wi + EViyy = Vi <0. (20)

Then, y_lzzyk - ywzwk < —=(EVj;; — Vi). Summing up both
sides of the above inequality from k = 0 to k = n, using

the zero initial condition, we have ZZ:O ||zk||2 <
V> Yo Iwell> = yEV,,, for all n. Letting n — co, we
have

2 a2

lzill; < y*Iwell- @1

If w, = 0 and (13) holds, it is clear that I; = —-W, +
Yies ﬂinZWij < 0 can be implied by (13), then

EViyr = Vi < -Bx %, (22)

where $ = min{A,;,(-T}),i € J}. Summing up both sides of
the above inequality from k = Oto k = fiand Lettinghi — oo,
we can see that for any /1 > 1

hlim EV (h+1) -V (¢, )

hoo (23)
< —ﬁhlilréOZE (kak)
k=0
or
R 1
hlin;Ok:OE (xexc) < hlirréOBV (99, $9) <00, (24)

where ¢, and s, are the initial condition of the system. The
stochastic stability is obtained. This completes the proof. [J

For the purpose of controller design, we give Theorem 7.

Theorem 7. For a given scalar h,, if there exist matrices X; >
0,Y; and F; (i € ), such that

-, 0 g, sC" Hf
« —yl 8, DI o
£ % B3 0 0 [<0, (25)
* * * —yI 0
* * * * B |

then K; (K; = FX;',K; = diag(K;, K, ..., K;)) are adaptive
controller gains with an H_, norm bound y, where

- T T T
S = [PilNi PaN; o pN; ] g
- —T =T —T
82 =[pD, pD; - D)

\Ili,ll \Pi,lz \Pi,lr

* Wi o0 Yin

\Ili = . . )
* * .. :
* * x Y.

irr

Ei3 = dlag (_Sl, _SZ’ ey _Sr) + \Iji’ (26)

pj=m; (G=12....7),

N - AX,+BAF, BO, (-1)Y,
’ AF; O (-DY; |°

ﬁi = [Elxi + EZAiFi Ezek (_1)Yl] >

Wi = pa * pijSﬁﬁT (Lj=12,...,7).
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FIGURE 3: Transmission delay (a) and displacement values (b).

Proof. By Schur complement and Lemma 5, (13) is equivalent
to

-W;, 0 A, C' Hf

* =yl By Dg 0
x x Ay 0 0 [<0, (27)

* * * —yI 0

* * * *  —&l

where
AT 1T s
Ay = [PilAk PoAx - pirAk] >

A =diag(-W,-W,,...,-W,) + ¥, (28)

H; = [E, + E,A K, E6,(-1)].

Pre- and postmultiplying both sides of (27) with

diag(W;",L..., 1) and its transpose, letting X; = P;', Y, =
r+3

Qi_l, S, = Wi_l, KX, =F, (i =1,2,...r), (25) can be derived.

Theorem 7 is completed. O

4. Numerical Examples

In this section, we verify the effectiveness of the control
strategy proposed for NCSs with packet disordering and
packet loss. First, we show the control results for NCSs with
packet disordering and packet loss under two cases. One
is in the absence of structural uncertainty, and the other is
with uncertain structure. One can clearly see that the method
proposed has good robustness. Second, comparative studies
are performed to demonstrate clearly the advantages enjoyed
by the suggested compensation scheme described in this

paper.

Example 1. Consider the following unstable system:
0.0885 -0.0659
X = ( [—0.1538 0.2977 ] - AA) Xk

0.5234
* <[—0.o990] * AB) U

(29)
, [L2544
0.5317 | Wk
Z,y = [0.0690 —0.3554] x, + 0.3304w,,
where
- [8;?‘?2] ., E,=[03237 -02128]
: (30)

E, = 0.5243.

The transmission delays and displacement values of pack-
ets delivered over network are shown in Figure 3. It
should be explained that delay determines the arrival
orders of packets, based on which displacement values of
packets are calculated. Clearly, the bound of transmission
delay /i = 2 under assuming sampling period 0.15s. Based on
the displacement values of packets, thus the jumping process
taking values in a finite set § = {1,2,3,4}, standing for
S = {[1,0,0,0],[0,1,0,0],[0,0,1,0], [0,0,0, 1]}, governs the
switching among the different system modes, then » = 4.
[1,0,0,0] — 1 means no new signal arrives at the actuator,
u(k — 1) acts on the plant; [0,1,0,0] — 2 means the newest
signal K,x, transmitted over network is executed by the plant
at kT time instant, the rest may be deduced by analogy;
[0,0,0,1] — 4 means the newest signal K,x;_, transmitted
over network is executed by the plant at kT  time instant.
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Switched states

20 40 60 80 100 120
Time (s)

FIGURE 4: Markovian process of NCS with packet disordering and
dropouts competition.

Thus, the newest signals executed by the plant are subject
to Markovian process, whose switched states are shown in
Figure 4 and transition probability matrix is given as follows:

0.2000 0.5000 0  0.3000
0  0.2941 0.7059 0
0 04167 0  0.5833

0.2500 0.2813 0  0.4688

(31)

4.1. Verification of Compensation Scheme. First, we consider
the systems without structural uncertainty in NCS. By Theo-
rem 7, we obtain the following adaptive controller gains

K, = [-0.3271 0.5110]
K; = 1.0e — 03 * [0.1137 —0.1898] (32)
K, = 1.0e - 03 = [-0.0474 0.1103].

Second, if the uncertainty exists in the NCSs, by Theorem 7,
we also obtain the corresponding adaptive controller gains

K,

[-0.3903 0.5512]
K, = [-0.2038 0.3679] (33)
K, = [-0.2869 0.3902].

We choose the uncertain parameter F(k) = sin(k). At
the initial state value x, = [-1 - 3]%, the states and
output response of the NCS, without uncertainty and with
uncertainty under the network environment in the presence
of packet disordering and packet loss competition, are shown
in Figures 5 and 6, respectively. Compared with the result
given in Figure 5, the NCS with uncertainty can be also
stabilized quickly using the competition controller designed
in this paper though there exist packet disordering and packet
dropout in communication network. This makes it clear that
the proposed control scheme has a good robustness.

States and controlled output
(=}
?‘7

_3 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Time (s)

— X
- Xy
.z

FIGURE 5: State and output response of the system.

States and controlled output
I
1)
w

0 10 20 30 40 50 60 70 80 90 100
Time (s)

c—— Xy
-z

FIGURE 6: State and output response of the system.

4.2. Control Performance Comparison. It should be pointed
out that the discrete-time system in this example can be
inverted into a continuous-time system in [14, 20] if sampling
period T = 0.1s is given. If w; #0, the H,, norm bounds
and corresponding controller gains are shown in Table 3 (“—”
denotes that the conditions are infeasible). Obviously, a more
optimal H_, norm bound is obtained in this paper than those
in [14, 20] since the competition scheme is performed when
no signal is available by the plant due to packet disordering
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TaBLE 3: Comparison of convergence time.
H_, norm bound Controller gain
(14] — —
_ -7
[20] 15 K=1.0=10
[0.1278 -0.0714]
K, = [-0.4867 0.7869]
This paper 0.6977 K, =[0 0]
K, =[0 0]

States and controlled output

251 J
-3 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Time (s)
C—m Xy

-z

FIGURE 7: Curves of state and output response of the system subject
to exogenous disturbance.

and packet loss. At the initial state value x, = [-1 —3]", the
disturbance input w(¢) is as follows:

(34)

sin(f) 5s<t<20s
w(t) = .
0 otherwise,

the state and output response of the NCS in the presence of
packet disordering and packet loss are shown in Figure 7.

5. Conclusions

In this paper, we are concerned with H, control of NCSs with
compensation scheme. The aim of devised control scheme is
that the effect of packet disordering and packet loss on control
performance is eliminated. The main idea is that we first
describe the packet disordering and give the compensation
scheme when there are no new signals executed by the plant
during the sampling interval ((k — 1)T, kT]. Second, a model
of NCSs with Markovian jumping property is presented.
Furthermore, the stochastic stability and controller design are
discussed. Finally, a numerical example and simulations are
given to illustrate the advantages and the effectiveness of the
developed theory.
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This paper studies the consensus problem of multiple agents with general linear continuous-time dynamics. It is assumed that the
information transmission among agents is intermittent; namely, each agent can only obtain the information of other agents at some
discrete times, where the discrete time intervals may not be equal. Some sufficient conditions for consensus in the cases of state
feedback and static output feedback are established, and it is shown that if the controller gain and the upper bound of discrete
time intervals satisfy certain linear matrix inequality, then consensus can be reached. Simulations are performed to validate the

theoretical results.

1. Introduction

Consensus is one of the fundamental issues in the study
of distributed control of multiagent systems, and it has
wide applications in formation control of multiple robots,
communication among sensor networks, cooperative control
of unmanned aerial vehicles, and so forth. Much research
work on consensus has been emerged, and most of the
existing work focuses on the consensus problems of multiple
agents with special dynamics, such as first-order dynamics
(or single integrator) [1-10], second-order dynamics (or
double integrators) [11-19], and high-order dynamics [20, 21].
Consensus problems of second-order continuous-time mul-
tiagent systems are studied in [12-14], where the information
transmission among agents is intermittent. In [15-17], only
the partial state of second-order agent can be measured, and
thus, some static or dynamic output feedback controllers are
designed. In [20-22], consensus is studied for high-order and
nonlinear multiagent systems, respectively.

In recent years, the consensus of multiple agents with
general linear dynamics has been paid more and more
attention, such as [23-28], and the analysis of such multi-
agent systems is more challenging than the case of special

dynamics. In [24], consensus is considered in the case of
static output feedback, and it is proved that the consensus is
equivalent to the Hurwitz stable or Schur stable of a constant
matrix, which is determined by the topology and the system
dynamics. By studying the stability of the constant matrix, it
is shown that consensus can be reached for continuous-time
multiagent systems if and only if the system is stabilizable and
detectable and the topology has a spanning tree under some
rank constraints, and a necessary condition is also provided
for consensus of discrete-time multiagent systems. In [25],
consensus of continuous-time and discrete-time multiagent
systems under a dynamic output feedback controller, which
is actually a state estimator, is investigated, respectively. By
applying the result in [29], some sufficient and necessary
conditions are presented in [25]. In [26], the joint effect
of network topology, agent dynamics, and communication
data rate on consensus of discrete-time multiagent systems is
analyzed, and it is shown that under perfect state feedback,
consensus is reached if and only if the dynamics of each
agent is stabilizable and the unstable eigenvalues of each
agent satisfy some constraints. In [27], the H,, consensus
problem of continuous-time multiagent systems is studied
under dynamic output feedback by applying the robust



control theory and linear matrix inequality technique. In
[28], consensus of discrete-time multiagent systems under
a dynamic output feedback controller, which is actually an
observer-type controller, is discussed, and the discrete-time
consensus region is analyzed for neurally stable agents and
unstable agents, respectively.

It should be mentioned that [23-25, 27] all study the
consensus of continuous-time multiagent systems, and the
information transmission among agents is continuous. How-
ever, due to the limitation of bandwidth, the cost of com-
munication, the technique constraints, and so forth, it is
possible to transmit information in the intermittent man-
ner. In addition, sampled-data control has many favorable
properties, such as flexibility, robustness, and low cost see
[30] for further details. Hence, it is also necessary to study
the consensus of general continuous-time multiagent systems
with intermittent information transmission. To the authors’
best knowledge, there is little research work reported on this
problem. Based on the previous consideration, we analyze
the consensus of continuous-time multiagent systems with
general dynamics, where each agent can only obtain the
information of other agents at discrete times. Moreover, the
discrete time intervals may not be equal, which often occurs
in the event-driven systems or networked control systems
[31]. The sufficient condition for consensus and the method
to design controller gain are presented.

This paper is organized as follows. In Section 2, we present
some concepts in graph theory and formulate the model to
be studied. In Section 3, main results are stated. In Section 4,
simulations are provided to illustrate the effectiveness of the
theoretical results. Conclusion remarks are made in Section 5.

Notations. Let I or I, € R™" be an identity matrix, and
1, = [1,...,1]" € R" for symmetric matrices A and B,
A < B (resp., A < B) means that A — B is a negative definite
(resp., negative semidefinite) matrix; ® denotes the Kronecker
product operator, and C ® D = [¢;D], where C = [¢;] and
D= [dij] are two matrices.

2. Preliminaries

2.1. Graph Theory. Some basic definitions in graph theory
[32] are first introduced.

A directed graph & consists of a vertex set 7°(¥) and
an edge set (%), where 7 (%) = {v;,...,v,} and &(¥) ¢
{(vj,v,-) NS 7 (9)}. For edge (vj,v,-), v; is called the
parent vertex of v; and v; is called the child vertex of v,. The
set of neighbors of vertex v; is defined by N(%,v;) = {v; :
(vj,vi) € &(%) and j#i}, and the associated index set is
denoted by N(&,1) = {j : vj € N(&,v;)}. A (directed) path
from v; to v; is a sequence, v; ,...,v;, of distinct vertices
such that (vl-j, vl-jﬂ) € &(9), j=1,...,k-1. Adirected graph
@ is strongly connected if there is a path from every vertex to
every other vertex. A directed tree is a directed graph, where
every vertex except one special vertex has exactly one parent
vertex, and the special vertex, called root vertex, has no parent
vertices and can be connected to any other vertices via paths.
A subgraph &, of & is a graph such that 7(&,) ¢ 7(9)

Mathematical Problems in Engineering

and &(%,) c &(Z). &, is said to be a spanning subgraph if
V(%) =7(%).Foranyv,,v; € W(?s),if(vi,vj) €8, e
(v; vj) € &(9), then @, is said to be an induced subgraph of
& and Y, isalso said to be induced by 7'(€,). A spanning tree
of & is a directed tree which is a spanning subgraph of &. &
is said to have a spanning tree if some edges form a spanning
tree of G.

A matrix is called nonnegative if each of its elements is
nonnegative. A weighted directed graph Z(F) is a directed
graph & plus a nonnegative matrix F = [f;;] € R™", where
f,»j >0 (vj, v;) € &(%), and f,-j is called the weight of
edge (vjv). The Laplacian matrix L = [lij] e R™" of (f)is
defined as

~fp it

=1 = )
Y fie i=].
s=1,s#i

The Laplacian matrix of €(F) has the following proper-
ties.

Lemmal (see [2]).

(i) Zero is an eigenvalue of L, and 1, is the associated right
eigenvector.

(ii) Zero is an algebraically simple eigenvalue of L, and all
the other eigenvalues are with positive real parts if and
only if (F) has a spanning tree.

2.2. Model. Consider a group of agents with the following
general continuous-time dynamics:

X; (1) = Ax; (t) + By, (1),
y; () = Cx; (1),

2)

i=1,2,...,n

where x; € R™, u; € R? and y; € RY, are the state, control
input, and output of agent i, respectively, and A, B, C are
constant matrices.

Given u;, i = 1,...,n, we say that u; or multiagent
system (2) solves a consensus problem asymptotically if
lim, _, . (x;(t) - x;(t)) = 0,i,j = 1,2,...,n, for any initial
states.

In this paper, we consider the case of intermittent infor-
mation transmission; namely, each agent can only obtain the
information of its neighbors at some discrete times ¢, t;,. ..,
where 0 < t;, <t, <t, <---.Let T} = t;,, — t;, and assume
that T, < d, k = 0,1,...; namely, all discrete time intervals
have a common upper bound. Note that all T, may not be
equal.

In the case that the (relative) state of each agent can be
measured directly, we consider the following control input:

u; (1) =K Z a;j (xj (te) = x; (tk))’

JEN(%,0) (3)
tettiy), i=12,...,n,

where K is the controller gain to be designed.
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In some times, the state of each agent cannot be measured
directly, and thus, we also consider the following static output
feedback controller:

u; (t) =K Z a; (;Vj (t) = y; (tk))>
JEN(%,0) (4)

t € [tote), i=12,...,n

Remark 2. Obviously, if A is Hurwitz stable, then consensus
can be reached for K = 0. Hence, we assume that A is not
Hurwitz stable in this paper.

3. Main Results

In this section, we will present a sufficient condition for
consensus under controllers (3) and (4), respectively, and the
methods to design controller gains are also provided.

Let X(t) = (x\(t),x%(t),...,x(t))", then multiagent
system (2) under controller (3) can be written as

X(t)=(I,® A) X (t) — (L® (BK)) X (t),
te[ttip), k=0,1,....

By Lemma 1, there exists an invertible matrix U, the first
column of which is 1,,, such that

-1 _ 0 «o
vw= (o ). ©
where H € R0 Let §(t) = (U™ ® I,,)X(t); then

8, (t) = A8, (t) - (a® (BK)) 5 (1), 7)

5(t) = (I, ®A)3(t) - (He (BK)S (), ()

where 8(t) = (8,(t)",8(1)")7, 8, (t) € ™.
By the previous state transformation, it is easy to obtain
the following lemma.

Lemma 3. Controller (3) solves a consensus problem asymp-
totically if and only if system (8) is asymptotically stable.

Proof. Sufficiency. Let U = [1,,U,], where U, € %™,
By X(t) = (U ® I,)6(t), we have X(t) = 1, ® &,(t) +
U, ® Im)g(t). Clearly, if system (8) is asymptotically stable,
namely, limt_,oog(t) = 0, then lim, _, o (x;(¢) - x;(t)) = 0,
ij=1,2,...,n

Necessity. Let U™" = (u,,UT)", where U, € %" ", From
U'U = I, we have ulen = 1, U,1,, = 0. Since consensus

is reached, there exists ¢(¢t) € X" such that lim, _, ., (x;(¢) —
¢(t) =0,i=1,2,...,n.Byd(t) = (U ' ® L,)X(t),
st)-(U'er,)(1,8¢1)

=(U'eL,) (X -1,8¢()

— 5t - (é}) ®¢ ()

=(U'eL,) (X1 -1,8¢()

=8(t)—((1)>®¢(t)

- (U e L) (X(t) - 1,86 () ©)

5, ) -¢ @)
=><1 5 )
=(UelL,)(X() -1, ()

- (%"

T
) @g:)tlggo(xu)-lnw(t)).

By limtjoo(X(t) -1, ® ¢t) =
lim, , . 8(t) = 0, which means that system (8) is asymptoti-
cally stable. O

0, it is easy to obtain

By Lemma 3, we will analyze the stability of system (8) by
applying the input delay approach [33], which is an effective
method to deal with the stability of continuous-time systems
with intermittent input.

Let7(t) =t — t, and let t € [t;,t;,,); thent, =t — 7(¢),
and system (8) can be rewritten as

3(t) = (I, ®A)5(t)— (He (BK)3 (t - (1)

=(I,.,® A- H® (BK)) 8 (1) o)
10
+(He (BK) (5(t) -3 (t-7 (1)

=AS(t)+(H® (BK)E(D),

where A = I, , ® A~ H® (BK), &(t) = 8(t) — (¢ — 7(t)).

By T, <d,wehave0 < 7(t) < d, k = 0,1,.... Obviously,
the stability of system (8) is equivalent to that of system
(10). By analyzing the stability of system (10), we obtain the
following main result.

Theorem 4. Assume that (A, B) is stabilizable and the topol-
ogy graph has a spanning tree. Controller (3) solves a consensus
problem asymptotically if there exist positive definite matrices



P, R such that K and d satisfy the following linear matrix
inequality:

PA+ATP P(H ® (BK)) ATR
1
* —ER (He (BK))'R | (1)
1
-—R
* * a

Proof. Consider the following Lyapunov-Krasovskii func-
tional for system (10):

V() = 87 (1) P8 (¢) + Jt (s—t+d)8 ()RS (s)ds,
-d

t

(12)
where P > 0, R > 0, and then
V(1) = 287 (1) P8 (1)
to.T . T 5 (13)
; (—j 5 (s)R3 (s)ds + do (t)R8(t)>.
t—d
By Lemma 4 in [34],
t .T -
J 5 (s)RS (s)ds
t—d
> é(é(t) S8 -T@) R(E® -3¢ -T@)),
(14)

and thus,

V() < 287 (1) P8 (¢)
- é(é(t) ~S@-t@)) R(EO -8 -7(1))
=T -
+dS ()RS ()

- (5" 1),& 1) Q8" .8 ®),

(15)
where
(PZ+ ATP PH® (BK)))
Q= . 1
d (16)
AT _
+d <(H® (BK))T> R(A He®(BK)).

By Schur complement, Q < 0 if and only if (11) is satisfied.
Hence, V(t) < 0; namely, system (10) is asymptotically stable.
By Lemma 3, consensus is reached. O

Remark 5. By [24], if (A, B) is stabilizable and the topology
graph has a spanning tree, then there exists K such that A is
Hurwitz stable; namely, there exists P > 0 such that PA +
ATP < 0. Obviously, if d > 0 is small enough, then (11) must
be satisfied. Hence, by (11), we can find K and d which ensure
consensus.

Mathematical Problems in Engineering

F1GURE 1: Topology.
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FIGURE 2: State trajectories x;;, X,;, X3, X,; during time interval
[0, 3].

Theorem 4 shows that if (A, B) is stabilizable and the
topology graph has a spanning tree, then there exists con-
troller gain K and discrete times ¢, ¢,,..., where t;,, —t; < d,
k =0,1,..., such that consensus is reached. Moreover, K and
d can be obtained by (11), which can be solved easily by the
feasp solver in Matlab LMI Toolbox.

Similar to the analysis in the case of state feedback, the
consensus under controller (4) is equivalent to the asymptotic
stability of the following system:

5(t)= A8 (t)+ (He® (BKC) L (1), 17)

where A =1, ,® A— H® (BKC), {(t) = 8(t) - 8(t - 7(t)). By
analyzing the stability of system (17), we obtain the following
result.

Theorem 6. Assume that (A,B,C) is stabilizable and
detectable and the topology graph has a spanning tree.
Controller (4) solves a consensus problem asymptotically if
there exist positive definite matrices P, R such that K and d
satisfy the following LMI:

PA+ATP P(H ® (BKC)) ATR
% —éR (H® (BKC)'R | (18)
* * —lR

d
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FIGURE 3: State trajectories X,,, X,,, X3,, X, during time interval

[0, 3].
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FIGURE 4: State trajectories X3, X,3, X33, X453 during time interval
[0, 3].

Remark 7. Although only the synchronous case is considered,
the method in our paper can be applied to study the
asynchronous case; namely, the discrete times of each agent
are independent of the others.

4. Simulations

Consider the system of four agents, where the topology
among four agents is shown in Figure 1. The dynamics of each
agent are

X; = Ax; + Bu,,

i=1,2,34, (19)
where x; = (x;1, X;, x,-s)T) and

10 2 1
A=<21 l>, B=<2>. (20)
10 -2 1

Since rank(B, AB, A’B) = 3, (A, B) is stabilizable. It is easy
to verify that A is Hurwitz stable for K = (=4, 5, 2). By using
the feasp solver in Matlab LMI Toolbox, (11) is feasible for d =
0.0625 and it is infeasible for d = 0.0626, which means that for
K = (—4,5,2), the maximum d satistying (11) is d = 0.0625.

0 1 1 1
7.5 8 8.5 9 9.5

Time

FIGURE 5: State trajectories x;, X5, X3;, X4 during time interval
[7.5,9.5].
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Time

FIGURE 6: State trajectories x,,, X,,, X3,, X, during time interval
[7.5,9.5].

By Theorem 4, for K = (-4, 5, 2), consensus can be reached if
the maximum discrete time interval is not larger than 0.0625.

Without loss of generality, the discrete time intervals are
chosen from (0, 0, 0625] randomly. Then the state strategies of
four agents during time interval [0, 3] are shown in Figures 2,
3, and 4, and the state strategies of four agents during time
interval [7.5,9.5] are shown in Figures 5, 6, and 7, which
validate our theoretical results.

5. Conclusion

This paper has studied the consensus problem of continuous-
time multiagent systems with general linear dynamics and
nonuniform sampling. By applying a state transformation
and the input-delay approach, the consensus under consider-
ation is equivalent to the asymptotic stability of a continuous-
time system with time-varying delay. By analyzing the asymp-
totic stability of the continuous-time system, it is shown
that there exist a controller gain and discrete times such
that consensus can be reached. Furthermore, the controller
gain and the upper bound of discrete time intervals can
be obtained easily by solving a linear matrix inequality.



x107

5 8 8.5 9 9.5
Time

FIGURE 7: State trajectories X3, X,3, X33, X3 during time interval
[7.5,9.5].

Simulations have been provided to illustrate the effectiveness
of the theoretical results.
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This paper addresses the optimal bandwidth scheduling problem for a double-layer networked learning control system (NLCS). To
deal with this issue, auction mechanism is employed, and a dynamic bandwidth scheduling methodology is proposed to allocate
the bandwidth for each subsystem. A noncooperative game fairness model is formulated, and the utility function of subsystems is
designed. Under this framework, estimation of distribution algorithm (EDA) is used to obtain Nash equilibrium for NLCS. Finally,
simulation and experimental results are given to demonstrate the effectiveness of the proposed approach.

1. Introduction

Networked control systems (NCSs) are the multiple feedback
control loops closed via a serial communication channel.
Compared with the traditional point-to-point control sys-
tem, the advantages of NCSs are sharing of information
resources, powerful system diagnosis, distributed remote
control, modular design, configuration flexibility, and low
cost [1-4]. As a result, NCSs have been widely used in
national defense, aircraft, industrial automation, intelligent
transportation, process control, and financial management
[5]. And some useful results were reported on network
protocol [6], network-induced delay [7-9], packet dropout
[10-12], NCS structure [13], security [14, 15], scheduling [16-
19], and network constraints [20].

It is notable that most of the aforementioned researches
are focused on single-layer network structure; few results
have been reported on NCSs with double-layer structure.
As pointed out by [21, 22], a networked learning control
system (NLCS) with double-layer structure can obtain better
control performance and stronger robustness. Nonetheless,
in real-time NLCS with limited network resources, random
network-induced delay may have a significant impact on
the performance and stability of the system [23]. The band-
width availability is the major concern in many networking

problems. A good schedule gives an appropriate resource
allocation to network nodes and reduces packet collision. The
performance of network applications is directly affected by
the amount of available bandwidth and the sampling rate
[24]. Therefore, the quality of service (QoS) and the quality of
control (QoC) depend not only on the control algorithm and
the system structure but also on the allocating and scheduling
of the network resources. A more optimal allocation of the
network bandwidth is the key to improve QoS and QoC.
Due to the above discussion, bandwidth scheduling and
optimizing is studied, based on the structure of the NLCS,
in this paper.

We know that if each node is allowed to occupy net-
work resource as much as possible according to its own
requirements, the overall system performance will be very
poor [25]. The limitations of the network resources cause
the competition among many network nodes. These network
nodes will maximize their own network utility, which forms
a noncooperation game among them [26]. To meet the
demands of individual and entirety in the NLCS, a network
bandwidth scheduling strategy based on a noncooperation
game model and auction mechanism is introduced. The
auction mechanism will be used at the high-layer level in cen-
tralized control method, and the control system performance
will be estimated by the cumulative amount of the output



errors of the closed control loops. Considering the difficulty
of the precise calculation, EDA is applied to obtain an optimal
solution.

The remainder of this paper is organized as follows:
Section 2 describes NLCS and scheduling optimization
schemes. Section 3 explains the auction-based methodology
of bandwidth allocation and presents a fair noncooperative
game model for scheduling in NLCS. Section 4 shows how
to use the EDA-based optimization algorithm to find the
equilibrium point of the game model. Simulation and exper-
imental results are provided in Section 4. Finally, Section 5
concludes the results of this study.

Notation. Throughout this paper, R" denotes the n-dimen-
sional Euclidean space. The superscript “I”” denotes matrix
transposition. And the notation Z* stands for the set of
nonnegative integers.

2. Problem Formulation

2.1. System Structure. A typical double-layer NLCS structure
is shown in Figurel [21, 22]. Suppose that the number of
closed-loop subsystems in the lower layer communication
network (LLN) is M and there are two data transfer nodes
(the sensor node and the controller node) in every closed-
loop subsystem, the number of the total data transfer points
will be N = 2M. In this figure, Ci, Ai, and Si represent ith
controller, actuator, and sensor, respectively. The actuator is
event driven, and the controller and sensor are time driven.
The sampling period is longer than the polling period of the
system. The data (sampling data, node identities, and others)
are packed by sensors and sent to the controller. Then, such
data will be used to calculate the control commands in the
controller, which will be packed and sent to the actuator, then
the actuator will update the control algorithm based on the
new control commands. At the same time, the upper layer
communication network (ULN) collects data of the control
performance of the subsystems from the LLN controllers
through shared network (LAN, WAN, or Internet) and then
optimizes the sampling period and control parameters based
on a self-adaptive and scheduling algorithm.

The timing diagram of bandwidth allocation is illus-
trated in Figure 2. The controllers report their bandwidth
requirements to the learning and scheduling center through
the ULN during T} (the polling period). Then the center
collects information and allocates bandwidths during T, (the
allocation period). According to the given bandwidth and
the scheduling algorithm, all control loops send data during
Tp (the transmission period). After T, (the total operating
period), a new period begins.

2.2. The Controlled Plants. The dynamics of the remote
controlled plant is given by the following linear model:

x(k+1) = Fx (k) + Gu (k), 1)

where k € Z*; x(k) € R" is the plant state; u(k) € R™ is the
control input; F and G are known matrices with appropriate
dimensions. Suppose that the full state variables are available
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in the networked subsystem. The sensor is time driven, that is,
at time instant kh, it sends the most recent motor state and its
timestamp to the controller via the network. Note that (1) can
be considered as discretized from a continuous-time system
given by

%, (1) = Ax, () + Bu (1), @)

with the sampling period h and

h
F =M, G= J A" drB. (3)
0
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The electromechanical dynamics of the networked dec-
motor subsystem used in this paper can be described as

: R. K, 1
1, = —zla - Tw + Zu,

. K, B
w=—i, - —w,
J J

where i, is the armature winding current; w is the rotor
angular speed; u is the armature winding input voltage;
R is the armature winding resistance; L is the armature
winding inductance; K, is the back-electromotive-force-
(EMF-) constant; K, is the torque constant; B is the system
damping coeflicient; J is the system moment of inertia. The
parameters of the dc-motor subsystem are listed in Table 1.

Byletting x, = [i,, w]" and the rotor angular speed y = w,
the dc-motor subsystem as Loop 1 can be expressed by

(4)

. ~1579.9 —4.1 318.473
xp(t)‘[ 4303 —0.1]"1’“)*[ 0

y(®) =10 1]x, (). (©6)

]u(t), )

2.3. NLCS Performance Analysis. The performance of the
NLCS can be demonstrated jointly by the subsystems, and
the performance of the subsystem can be described by a
function, such as the integral absolute error (IAE) [27]. The
system error will be greater if some control loop is disturbed,
indicating that the sampling frequency should be raised to a
degree that enables the system to return to the equilibrium
point rapidly. If the error is smaller, no higher sampling
frequency is needed. Figure 3 shows the cumulative error of
a rotor speed for a broad range of sampling rates from h =
0.05 --- 0.5s. Integral absolute error = jot |6(t)|dt, where t,
is the evaluation time interval. As it can be seen in Figure 3,
the relation between control performance and a range of
allowed periods can be approximated by a linear relationship
[28] as (7). Consider the following

e; (t;) = o + Bit;, (7)

where «; and f3; are specific for each control loop and can be
determined prior to system run time. Due to the calculation
of the gradient in solving optimization problems, «; could be
ignored.

For each control loop, the relation between sampling
period t; and allocation bandwidth x; is given by [29]

P

i (8)
where ¢; is the control time of the control loop (which may
contain data exchange from sensor to controller and from
controller to actuator, as well as the time spent to execute the
controller); hypothetically ; is within a sampling period.

On one hand, the QoC of each subsystem should be
improved, on the other hand, the demands of network
bandwidth of each subsystem should be reduced to provide
more resources for extra subsystems. Due to the bandwidth
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TABLE 1: The parameters of the dc-motor subsystem.

R Motor winding resistance 4.961 Q

L Motor winding inductance 3.14x 10 H

K, Back-EMF constant 1.276 x 107> Vs/rad
K, Electric torque constant 7.105 x 1072 N-m/A

] Motor moment of inertia 1.6511 x 10 * kg-m*
B Damping coefficient 23.64 x ¢ ® N-m-sec/rad

limitations, a multiobjective optimization problem can be
expressed as follows

OP: min 6], +(1-9)J,
M
s.t. x; <1-v,
2 ©)

min

where J; = Zz]\fl (o + Bit;) = Zf\i (o + Bici/x): ), = sz\fl Xi>
0 < & < 1. To deal with the accidental overload and avoid
the sudden deterioration of the system performance, the scale
factor vy is introduced to retain part of the bandwidth. x;™"
and x;" can be calculated based on the resource constraints
of the control loop and the maximum allowable delay bound
(MADB) [30].

3. Main Results

The game model based on auction mechanism is discussed
in this section. Auction theory is first proposed by Vickrey in
1961, which mainly includes four basic types: English auction
(ascending-bid auction), Dutch Auction (descending-bid
auction), and first price auction and second price auction
(Vickrey auction). The highest offer will win the bid no matter



what type of auction is used, and the optimum outcome is
that the price exactly equals what the second highest bidder
can afford.

Remark 1. Ttis worth noting that the first two kinds of auction
mechanism are bidding open, and the others are sealed. In
sealed auction, each bidder submits his price without any
information of others, then the auctioneer announces the
winner who offers the highest bid. Both of them are suitable
for bandwidth allocation in NLCS. The only difference
between first and second price auction is the actual price that
the winner paid. For second price auction, the winner just
needs to pay the second highest bid of others instead of his
own. For ease of operation, first price auction is applied in
this paper.

The closed-loop control subsystem is modeled as a player.
Every player is not explicitly aware of the existence of other
players and their status. Each player puts forward its own
bandwidth strategy denoted as x;. Obviously, the band-
width consumption of each player will affect the bandwidth
allocation of other players, but it is impossible to improve
the working performance by only increasing the bandwidth
requirement. So, a noncooperative game is formed among
the closed-loop control subsystems in NLCS. In the game,
ULN plays the roll of auctioneer, and every player will pay the
bandwidth based on their own bidding strategy and the final
bandwidth they have got. The bidding and auction process is
shown as follow.

Step 1. Every player has the same amount of money g before
every round of bidding begins.

Step 2. Every player submits the price y; (y; € [0, g]) based
on their own bandwidth requirement.

Step 3. ULN will run the bandwidth allocation programs
based on the bidding prices and allocate the bandwidth
resources to each player.

Step 4. Every player will pay for the bandwidth they have got.

The price of bandwidth x; defined as y; which player i
needs to pay can be calculated from

¥; = Ax;, (10)

where A is the price of unity bandwidth. The revenue function
of every player can be described as follow:

S, (x;) = {Ui (x:) = ¥

U; (0),

ity, >0, an
ify,=0.

Further, the revenue function based on auction theory
and IAE evaluation method is shown as (12):

S; (x;) :ln<1 + el> i

1
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:ln<l+ﬁ>—)\xi

:ln<1 + %)—/\xi.

(12)

Obviously, the revenue of the player is determined by the
received QoC and the payment under certain QoS. Every
player will make the bidding strategy based on their own
revenue and will not increase the price aimlessly. If a player
overly spends its money for a much larger bandwidth than its
actual need, it will only get a low payoft due to the reduced
network utility. The money each player has to pay is based on
the bandwidth they have got, which may not match the initial
offer.

Every player in LLN wants to maximize their revenue
under the framework of NLCS. ULN will make a network
resources allocation strategy which makes it impossible to
get more bandwidth resources through changing the offer.
Generally speaking, the network utility of a single node
depends on the scheduling strategy of others. If there is no
node chooses other scheduling strategies when the schedul-
ing strategies of other nodes that are decided, this equilibrium
will not be broken in the network. This equilibrium is called
Nash equilibrium (NE) [31]. Thus, the allocation problem of
the network resources can be transformed into the solution
of the Nash equilibrium with a noncooperation game model.

To address the modelling problem, we introduce the
following definitions to prove the existence and uniqueness
of Nash equilibrium in NLCS.

Definition 2. A noncooperative networked learning control
game (NNLCG) with M players participated in, NG =
(T {X;},{S;()}), where T = {1,2,..., M} is the index set of
players, {X;} is a strategy profile, and {S;(-)} is the revenue
function set of players. If x; is the best strategy of player
i when other players choose strategies x*; = (x],..., x|,
X;i1»--.»Xy) which is shown in (13), x* = (x],...,x],...,
x,,) will be a Nash equilibrium. One has the following:

Si(x,x",) =S (xx",), Vx;eX,iel. (13)

Definition 3. The function S;(-) : X; — R defined on the
convex set X; is quasi concave in x; if and only if

S; (Exi +(1-9&) x;,x_i) > min (S,- (x5 %), S; (xl{,x_i))
(14)

forall x;, x; € X;and & € [0, 1].

Theorem 4. A Nash equilibrium exists in game NG = (X,
{P;}, {u;())) if for all j € R:

(1) P; is a nonempty, convex, and compact subset of some
Euclidean space R™.
(2) u;(p) is continuous in p and quasi concave in p;.

Proof. Theorem 4 can be obtained using the classical Kaku-
tani fixed-point theorem and in some sense generalizes Nash’s
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setting on the strategy space of the players. For the proof of
this theorem, please refer to [32]. O

Theorem 5. A Nash equilibrium exists in the NNLCG, NG =
TAXHASOD.

Proof. By Theorem 4, we know that there exists a Nash
equilibrium in NNLCG when the conditions in Theorem 4
are satisfied. Each player in NNLCG has a strategy space
[ ], ™ > 0, and x;"" < x;"*. Thus, the first
condition is satisfied. It remains to prove that the revenue
function S;(x) is quasi concave in x; for all i in NNCG.

The first-order differential of the revenue function S;(-) is

0s; (x;) 1
= - A 15
0x; Bic + x; A (15

The second-order differential of the revenue function S;(-)
is

2
Sl)____ 1, (16)

0x; (Bici + x;)
Known from the above equations, the revenue function
is continuous and differentiable in x and concave in x;. A
concave function S;(x) is quasi concave too. This completes
the proof of the theorem. O

Theorem 6. The NNLCG has a unique equilibrium.

Proof. The proof of the unique equilibrium can be carried out
by following similar lines as in the proof of Theorem 2 in [33]
and is thus omitted here to avoid unnecessary repetition. [

Up to now, the problem of network resources allocation
under a general framework of double-layer NLCS has be
changed into the problem of Nash-equilibrium-point solving
in the noncooperation game model. It is hard to solve the
Nash equilibrium point by the traditional numerical method.
So, estimation of distribution algorithm (EDA) is introduced
in this paper to find the Nash equilibrium point. The EDA
algorithm used in this paper is described as follows.

Rule 1. Initialization: generate gain candidates meeting the
ratio of bandwidth (RoB) randomly to form an initial pop-
ulation.

Rule 2. Repeat the following steps until the termination cri-
terion is met.
(a) Selection: select the best gain candidates from the
parent generation.
(b) Updating: update using the selected promising gain
candidates.
(c) Sampling: generate gain candidates meeting RoB
based on the updated; copy the best gain candidate
in the current population to the next population.

For more details about EDA, please refer to [34, 35], and
the reference therein.

4. Experiments and Result Analysis

In this section, an illustrative example is presented to show
the effectiveness of the proposed method. To this end, let

TABLE 2: Parameters of the rest two subsystems.

Parameter A Parameter B

Loop 2 0 ! 0
1 -217.4 1669.5
Loop 3 -579.9 -4.1 18.4713
30.3 —0.01 0

TABLE 3: Simulation results of comparison test.

EBA ABA
IAE RoB TIAE RoB
Loop1 0.8199 0.30 0.9090 0.22
Loop 2 1.4720 0.30 1.2629 0.37
Loop 3 1.2310 0.30 1.1375 0.31
Total 3.5229 0.90 3.3094 0.90
TABLE 4: Statistics of the 30 simulation results.
EBA ABA
Mean value 1.9048 2.3154
Standard deviation 0.0603 0.0696

us consider a double-layer NLCS as shown in Figure 1. The
considered NLCS has three different networked dc-motor
subsystems, where one takes the form (5) and the models
of the rest two subsystems are listed in Table 2. Apparently,
y=0.1,T5 = 0.5s,T; = 0.005s, Tp = 0.03s, and the rest of
T is T The allocation period T, is very short compared to
T, so that Ty can be assumed to be zero.

The auction-based bandwidth allocation (ABA) has an
initial population of 100 solutions and ten generations. When
the overall fitness value is stabilized, the Nash equilibrium
point is reached. The bandwidth vector allocated by the
ULN in this case is x* = [0.22 0.37 0.31]7. To illustrate
the improving level of QoC and the bandwidth occupied,
we compare ABA with equal bandwidth allocation (EBA),
which is a simple static bandwidth allocation method. And
the ratio of bandwidth given to player i can be quickly
computed by x; = (1 — y)/M. The IAE and the RoB of
two different strategies are given in Table 3. Accordingly, the
step responses of three networked dc-motor subsystems with
given corresponding RoB are shown in Figure 4.

As shown in Table 3 and Figure 4, the control perfor-
mance of networked subsystem degrades when network
conditions become worse (given less RoB). This phenomenon
is reasonable, since each dc-motor subsystem performance
worsens with longer time delays and more packet losses. It
is notable that some loop has higher value of IAE in ABA
than EBA; the ABA still gives the better overall performance
according to the simulation results. So this equal bandwidth
allocation method may be ineffective, since some loops may
not receive enough bandwidth according to their demands,
while others may receive unnecessary bandwidth compared
to them.

Figure 5 shows the box-and-whisker diagram of system
revenue over 30 paired simulation. And the statistics of
the 30 simulation results are listed in Table 4. The same
network condition is used in the simulation of networked
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system using the ABA and the EBA. Note that the 30 paired
runs used 30 different network conditions and they were
generated randomly under the given network constraints.
Obviously, the overall payoff of ABA is higher than EBA.
Based on the mean value of system payoff using ABA and EBA
(denoted as J g, and Jgp,, resp.), as listed in Table 4, we can
further conclude that, comparing with EBA on the average,
ABA method increases the system payoff by 21.56% [(J x4 —
Jepa)100%/ Jepa .

Motivated by the results, we found that auction-based
bandwidth allocation that optimizes resource scheduling
strategy can effectively meet the desired objectives in the
resource-constrained NLCS.

5. Conclusion

This paper presents a noncooperation game model based
on Nash theory and auction mechanism for bandwidth
allocation in NLCS with limited resources. And the esti-
mation of distribution algorithm is introduced to solve the
problem effectively. The proposed method forces all players
sharing the same network to have allocated bandwidths at
Nash equilibrium point. Network resources are allocated in
the optimum way to reduce delays and packet losses, and
the overall performance of systems with communication
constraints is significantly improved. The simulation and
experiment results indicate the effectiveness and availability
of the proposed approach.
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This paper studies robust consensus problem for multiagent systems modeled by an identical linear time-invariant system under
a fixed communication topology. Communication errors in the transferred data are considered, and only the relative output
information between each agent and its neighbors is available. A distributed dynamic output feedback protocol is proposed, and
sufficient conditions for reaching consensus with a prescribed H performance are presented. Numerical examples are given to

illustrate the theoretical results.

1. Introduction

Consensus problem of multiagent systems has been a popular
subject in system and control theory due to its widespread
applications such as satellite formation flying, cooperative
unmanned air vehicles, and mobile robots [1-3]. The study of
consensus problem focuses on designing a distributed proto-
col using information which can only be obtained and shared
locally to ensure that the resulting closed-loop system has the
desired characteristics. A number of solutions that are based
on relative states between each agent and its neighbors to the
consensus problem have been proposed up to now. The theo-
retical framework of solving consensus for multiagent system
was suggested by [4], providing the convergence analysis of a
consensus protocol for a network of single integrators with
directed fixed/switching topologies. Later, under different
cases of communication topologies such as fixed, switching,
and with communication delays, many different types of
protocols have been proposed for different types of agent
dynamics to reach global asymptotical consensus [2, 3, 5-16].

Recently, solving consensus problem for the multiagent
systems by using output information has attracted particular
attention due to its theoretical significance and wide applica-
tions. Reference [17] constructed a dynamic output feedback

protocol based on a observer for the synchronization of a
network of identical linear state space models under a pos-
sibly time-varying and directed interconnection, where each
agent needs to obtain all the observer’s state information of its
neighbors. Based on the low gain approach, [18] proposed a
consensus protocol which only used the relative outputs for N
identical linear dynamics with fixed directed communication
topologies. Consensus problem with &, external disturbance
under switching undirected communication topologies was
studied by [19], where a dynamic output feedback protocol
was proposed for subjecting the external disturbances. Ref-
erence [20] studied the output consensus problem for a class
of heterogeneous uncertain linear SISO multiagent systems,
where each agent’s output information and the relative
outputs with its neighbors were used to design the control-
ler. Reference [21] designed robust static output feedback con-
trollers to achieve consensus for undirected networks of het-
erogeneous agents modeled as nonlinear systems of relative
degree two.

It can be seen that there is a common assumption in the
literatures mentioned above that each agent can receive accu-
rate measurements of relative states or outputs between its
neighbors and itself all the time. However, in some practical
situations, agents cannot perfectly sense their neighbors due
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to the existence of sensor failures or some other communica-
tion constraints. In view of this, we consider the consensus
problems for the multiagent systems with communication
errors. It is required to point out that the measurement for
communication errors we considered is limited to some
errors in the transferred data not including loss of communi-
cation. The robustness analysis of first-/second-order leader-
follower consensus with communication errors is studied by
[22, 23]. Some robustness issues for systems with external
disturbances or model uncertainties are investigated by some
other researchers [19, 24-28], which are different from the
robust consensus problem stated in this paper.

Motivated by the above-mentioned works, we study the
consensus problem for linear multiagent systems to attenuate
the communication errors by using dynamic output feedback
controller. The agent dynamics considered here are general
stabilizable and detectable linear systems, and a dynamic
consensus protocol is proposed which uses only the relative
output information between each agent and its neighbors.
The main contributions of this paper can be summarized as
two aspects. Firstly, in order to describe the effects of com-
munication errors on consensus, a concept called consensus
with H,, performance is introduced which can character-
ize the effects of communication errors on the difference
between the state of each agent and the average of states of all
agents. The problem of consensus with H,, performance is
transmitted into an H_, control problem of another reduced-
order system. It is shown that consensus with H, perfor-
mance can be achieved if there exists a common dynamic
output feedback controller which can be realized by solving
H_, problem for N-1 linear dynamic systems simultaneously,
where N is the number of agents. Secondly, in terms of the N—
1 linear systems, a sufficient condition based on linear matrix
inequalities for the existence of the controller is provided,
and the approach to construct the corresponding controller
is given.

The rest of this paper is organized as follows. Section 2
introduces basic notations and reviews some useful results
on graph theory and robust H_ control theory. Section 3 for-
mulates the problem and conditions for reaching consensus
with H, performances that are derived. The existence for a
dynamic output feedback protocol and a method to construct
such controller are proposed in Section 4. Numerical simula-
tions are provided in Section 5. Section 6 concludes the paper.

Notations. Let R™" and C"™" be the set of n X n real matrices
and n x n complex matrices, respectively. Matrices, if not
explicitly stated, are assumed to have compatible dimensions.
I, and 0,,,, are the n x n identity matrix and the n x m zero
matrix, respectively. For a matrix A, ||A[, is the induced 2-

norm of the vector norm, and [|A], = o(A). The notation
0(A) is the maximal singular value of matrix A. Notations
AT, A™', and A* represent the transpose, the inverse, and
the complex conjugate transpose of matrix A, respectively.
Let Im(A) and ker(A) be the image space and kernel of
A.A < 0 (A > 0) means that the matrix A is negative
(positive) definite. Span{v,,v,,...v,,} is a subspace of R"
spanned by {v,,v,,...v,,}, where v; € R",i = 1,2,...,m.
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The notation ® represents the Kronecker product. For a vector

x ¢ C" |x| 2 Vx*x is the Euclidean norm. 1, denotes
the N x 1 column vector whose elements are all ones. The
space of piecewise continuous functions in R™ that are square
integrable over [0,+00) is denoted by Z}'[0,00), for any
v(t) € £5'10,00), and its normalized energy is defined by

vy, = ('[(;)O |v(t)|2dt)1/2. Let [ é g ] be a state space
realization of G(s) = C(sI — A)'B + D.

2. Preliminaries

2.1. Graph Theory. Directed graphs are used to model
the information interaction among agents. Let &y =
(7 > &> A ) be a directed weighted graph, where 77 =
{1,2,...,N} is the node set, &y € 7'y x 7'y is the edge
set, and o/, € RN is a weighted adjacency matrix with
nonnegative elements a;;. An edge of &y is denoted by (i, )
which means that agent j can directly get information from
agent i. (j,i) € &y if and only if @;; > 0, otherwise a;; =
0.If (i,j) € & © (j,i) € &y, then Ty is said to be
an undirected graph. In this paper, we assume that there are
no self-cycles in &y; that is, a; = 0,7 = 1,2,...,N. The
in-degree and out-degree of the ith agent are, respectively,
defined as d,, (i) = 27:1 a;; and d, (i) = 27:1 aj. Letd, =
max;{d;, (i)}. Correspondingly, the Laplacian matrix of graph
@y isdenotedby Ly = A y—oy € RV where A = (A
is a diagonal matrix with A ;; = d,,,(i).

A sequence (i}, 1,), (iy,13), . . . » (ig_;, ;) of edges is called a
directed path from node i, to node i. &y is called a strongly
connected digraph if foranyi, j € 7"y, there is a directed path
from i to j. ¥ has a directed spanning tree if there exists a
node r € 7"y (a root) such that all other nodes can be linked
to r via a directed path. A directed graph is called balanced if
2w Gij = 2y aj foralli € 7.

Below are well-known results for the Laplacian matrix.

Lemma 1 (see [3]). The Laplacian matrix Ly of a directed
graph has at least one zero eigenvalue with an associated eigen-
vector 1y.

Lemma 2 (see [3]). The Laplacian matrix Ly of a directed
graph has a simple zero eigenvalue with an associated eigen-
vector 1y, and all of the other eigenvalues have positive real
parts if and only if the directed graph has a directed spanning
tree.

Lemma 3 (see [24]). Let Ly be the Laplacian matrix of a
directed graph © , then there exists an orthogonal matrixU =
[1y/VN U] € RYN such that

R
oL o- " WY (1)

L0 UTLU |

Furthermore, if € is a balanced graph, then
U'LU = g UTSNU_ . @)
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2.2. Robust H,, Control Theory. Consider that the nth-order
linear time-invariant (LTT) system is described as follows:

£(t) = Ax () + By (1) + Byu (t),
z(t) =Cix(t) + Dy (t) + Dju(t), (3)

y () = Cx (t) + Dy (t) + Dyyu(t),

where x(t) € R" is the state, w(t) € 32[0, 00) is the external
disturbance, u(t) € R™ is the control input, z(¢t) € R? is the
regulated output, y(¢) € R’ is the measured output, and A, B;,

» and Dy, for i, j = 1,2, are known real constant matrices
of appropriate dimensions. Without loss of generality, we
assume that D,, = 0, (A, B,) is stabilizable and (C,, A) is
detectable.

The n th-order dynamic output feedback (DOF) con-
troller is described as follows:

X (t) = Agx () + By (1),

(4)
u(t) = Cex, (£) + Dy (1),

where x,(t) € R™ is the controller state and A, By, Cy, and
D, are constant matrices with appropriate dimensions.

A.| B,
Let S,.(s) = [T‘D—] be the transfer function from

w(t) to z(t) of the closed-loop system obtained from (3) and
(4), where

A,=A,+BKC, B, =B,+BKD,,

C.=Cy+D,KC,  D.=D,, +D,KD,,

S T S
Belro] esla ) purina
P |p,) K=[‘é:iii]~

The H_, problem for the given LTI system (3) is to find a DOF
controller (4) such that the closed-loop system is internally
stable and ”SPC(S)"oo < y for some constant y > 0.

To facilitate the consensus protocol design and stability
analysis, several results of the H, problem are recalled as
follows.

Lemma 4 (see [29]). Given y > 0, there exists a DOF con-
troller (4) which can solve the H,, problem for the LTI system
(3) if and only if there exist symmetric matrices X > 0 and
Y > 0 such that

. [XA+A*X XB, C;
(a) [ ] B X -yl Dy,

0 I [ 0 1] <0,
O Dy —yI

3
N o [YAT A YO B
0
(b) [OY Gy —yI Dy [OY I] 0,
B Dy, —yI
© |7 ¢]=0
(6)

where Ny and Ny are full-rank matrices whose images satisfy

Im (N) = ker ([C, Dy ]), )
tm (Ny) = ker ([B; D).

As the results shown by [29], the DOF controller (4) solv-
ing the H,, problem for the LTI system (3) can be constructed
as follows.

(i) Find X > 0 and Y > 0 which satisfy Lemma 4.
(ii) Let X, = [;(; )% ], where X, € R™" satisfying X —
Y =X,X;.
(iii) Solve the the following inequality:
Hy +Q'K"Py + Py KQ<0. (8)
For a feasible solution K, where
=[B"x, 0 D,,] =[C D, 0],
XA +AZXC X B, C;
ByX.  -nl Dy |,
Co Dy =yl

€
Hy =

and A,, By, Cyp, B, C, D,,, D, are defined by (5).
The solution K provides the state space realization for
a feasible controller (4) which can solve H , problem
for system (3).

Lemma 5 (see [30]). Lety > 0, G(s) = [%%] with A is

Hurwitz stable, and

ge| At BR™'D*C BR™'B
~|-c*(1+DR'D*)C ~(A+BR'D*C")’
(10)
where R = y*I — D*D. Then, the following conditions are
equivalent:

M 16l < y>

(2) 0(D) < y and H have no eigenvalues on the imaginary
axis,

(3) there exists a matrix X = X* > 0 such that
XA+A*X XB C*
B*X -yl D*|<o. 1)
C D —yI



3. H_,, Consensus Problem

Consider a multiagent system consisting of N identical agents
with linear dynamics described by

x; (£) = Ax; (t) + Bu; (t)
y; () = Cx; (1)

where x;(t) € R” is the state, u;(f) € R™ is the control input,
y,(t) € RP is the measured output, and A, B, and C are
constant matrices with compatible dimensions. It is assumed
that (A, B) is stabilizable and (C, A) is detectable, and without
loss of generality, B is of full column rank. We say that
the control input u,(t) solves the consensus problem for the
multiagent system (12) if the states of the agents satisty

i=1,...,N, (12)

JAim [ () -x; 0] =0, Vije?y o (3)

for any initial states.

Assume that the communication topology among the
N agents is represented by a fixed directed graph &y =
(7 N> En»> ). Based on the relative output information
between the agents, the following dynamic output feedback
(DOF) control protocol is used by [18]:

N
¥ (£) = Ay (t) + By Y ay [y (6) - 3, ()]
7 i=1,..,N,
u; (t) = Cpv, (t) + Dy, Zoaij BAGESAG]
£

(14)

where v;(t) € R™, n, is a preassigned dimension of the
coordinating law, and g;; is the element of the corresponding
adjacency matrix &/, The system matrix

K= [A" B"] (15)
Cr Dy

of the DOF control protocol (14) need to be designed to
make the multiagent system (12) achieve consensus. A general
method for constructing the system matrix K was presented
by [18].

However, if there exist communication errors between
the ith agent and the jth agent, i,j = 1,2,..., N, then the
performance of consensus will be affect by these errors, as
illustrated by the example given below.

Example 6. We consider double-integrator systems given by

&) =u(t),
vy () =),

where &,(t), y,(t) € R. Let éi(t) = {;(t). Then, the above
system can be rewritten as the form of (12) with

x; (t) = [é Eg] A= [8 (1)] b= m (17)

C=[1 0].

i=1,2,...,N, (16)
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FIGURE 1: Communication topology.

The weighted communication topology with 6 agents is
shown in Figure 1. Using the results presented in [18], the
DOF control protocol (14) can be constructed with

-10 -1 10
Ak = | 250.1039 —0.485]’ B = [50]’ 18)

C, = [0.1039 0485], D, =o0.

It is known that the consensus is asymptotically achieved
when there are no communication errors with the designed
protocol (see Figure 2(a)). However, communication errors
are inevitable. Assume that a 1% error appears in all of
the communication channels. Simulation results show that,
under the same protocol, the system diverges in the sense that
the position state of each agent is far away from the position
state of leader (node 1) as can be seen in Figure 2(b).

Example 6 implies that, under the influence of commu-
nication errors, consensus cannot be achieved for each agent
with the given control protocol. This provides motivation to
design an appropriate DOF control protocol to attenuate the
effects of communication errors on the consensus perfor-
mance. In this paper, we assume that there exist communi-
cation errors in the transferred data; that is, the DOF control
protocol takes the following form:

N
U, (8) = Agv (1) + B Y ayi [y (1) = 3 (8) + w (B)],
j=0

al (19)
w; (1) = Cov; () + D Yy [y; () = 3 () + w0 (8)]
j=o

i=1,...,N,
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FIGURE 2: The disagreement states between x; and x, without/with communication errors,i = 2,3,...,6.
where w;; € 35 [0, +00) represents the communication error ~ where
when the ith agent gets information from the jth agent. For
convenience, denote
— [A BCy - | BDy =
x(t) = [x{ (©),....x5 ®)] e RN"™),
T 81 01><N—1 01><N—1
T T .
x; (t) = [xi t),v; (t)] €eR™, i=12...,N, Opng 0 © Openaa
Dy = c RNXN(N—l),
T T T T N
Y& = [y ),y ©),...yn®)] €RY,
T leN—l leN—l 8N
T T T N(N-1
dt)=[d] (1).d} (),....d ()] e RNNP,
8 =[la - Loy Ligeny - v, i=1,...,N,
T T T T 1T
& (1) = [0} (1), s @iy, (8), @l (-] ) (22)

e RNVP 12 .. . N.

(20)

Then, the overall dynamics result in the system (12) with the
DOF control protocol (19) can be written as

x(t)=(Iy®eA-Ly®BC)x(t)+(Dy®B)d(), (21)

and [;; is the element of the Laplacian matrix L .

In order to characterize the effects of the communication
errors on consensus performance, we need to define a
controlled output for the multiagent system (12) as follows.

Assume that the fixed directed communication graph &
has a spanning tree, and according to Lemma 2, the Laplacian
matrix L of graph & has a simple zero, and all of the other
eigenvalues are in the right half-plane. Let e, = (1/VN)1y.



By Lemma 3, there exists an orthogonal matrix [e; U] €

RN guch that
T T
e 0 e; LU
"igle Ul=] N (23)
T N [*1
U 0 Iy

where Ly = UTLU. It is obvious that the eigenvalues of Ly
are equal to the nonzero eigenvalues of L ;, which means that
all of the eigenvalues of Ly are in the right half-plane. Here,
the matrix U satisfies U1y, = 0, UTU = Iy ;,and UUT =
Iy - (l/N)lng according to [e; U] being an orthogonal
matrix.

Let C, = [I, 0].Define an output vector z(t) as

()= (U"eCy)x()=(U"®L)x®), (24

where z(t) = [z (t),...,25 (1)]" € RN 2,(t) € R", and
x(t) = [xF (), xL(t), ..., x5 (5)]". Then,

2P = |(U e C) x| = |x(0) - 1yex, 0, (25

where x,(t) = (1/N) Zf\:]l x;(t), which means that z(t) can
measure the difference between the state of each agent and
the average state of all agents.

Let x(f) = (UT ® I, +nc)x(t). Using the DOF control pro-
tocol (19), the system dynamics with the output z(t) can be
represented as

X(t) = AX(t) + Bd (1),
(26)
z(t) = Cx (1),

where A = Iy, ® A-Ly®BC,B=U"Dy®B,and C =
Iy, ®C,.

From the fact that the null-space of matrix UT ® I is
Span {1y ® L}, we know that

lim z(#) = lim_ (UTe1,)x(t)=0 (27)

t — +00

ifand only if there exist x,(f) € R" such thatlim, _, , . x;(t) =
X, (t), which implies that consensus of the multiagent system
(12) can be achieved asymptotically. However, it is obvious
that z(¢) cannot approach zero as t tending to infinity due to
the existence of communication error d(t), which indicates
that consensus cannot be achieved for the system (12) with
the DOF control protocol (19). Inspired by the analysis above,
it is reasonable to evaluate the effects of communication
error on consensus of the system (12) with the DOF control
protocol (19) by using the effects of communication error d(t)
on the output z(t) of system (26). Notice that the latter can
be quantitatively measured by the H_, norm of the transfer
function matrix G,,(s) from d(¢) to z(¢), which is defined
by [Ga, ()l = supuerilGa, (jw)l,} = sup,cri{o(Gy,(jw))},
that results in the following definition.
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Definition 7. Given a scalar y > 0. The system (12) with the
DOF control protocol (19) is called to achieve consensus with
H_, performance if the following conditions hold.

(1) It can reach consensus when d(¢) = 0;

(2) 1G4, (I, < y> where G, (s) is the transfer function
matrix of system (26) from d(t) to z(t) and the output
z(t) is defined by (24).

A sufficient condition is given in the following theorem to
ensure that the multiagent system (12) with the DOF control
protocol (19) can achieve consensus with H,, performance.

Theorem 8. Given a scalar y > 0. Assume that the fixed
communication topology & has a spanning tree. The system
(12) with the DOF control protocol (19) achieves consensus with
H,, performance if there exists a matrix X, = X > 0 such that

X.(A-1BC)+(A-1BC)' X, XB C;
B'X ~pI 0 | <0,

C, 0 -yl
(28)

wherey, = d_. yand A, is the nonzero eigenvalue of Laplacian
matrix Ly, i=2,3,...,N.

Proof. It is known that the system (12) with the DOF control
protocol (19) achieves consensus with H_, performance ifand
only if A is Hurwitz and

Gaz ©)l = |E(s - 2) B[ <. (29)

where A, B, and C are defined by (26).
According to Lemma 5 and (28), we have A - )L,EE is
Hurwitz stable, and

2 (30)

A-VMBC 1;°BB }
-CiC, -(A-ABC)

has no eigenvalues on the imaginary axis; that is, for any w €
R,

(jwI - (A= ABC))n, — (y,"BB )1, =0,

. . (31)
CoComy + (ij + (A— /\,»BC) )112 =0,
ifand only if7; = 0 and 7, = 0, where 17,17, € C""™.

For matrix Ly, there are two unitary matrices V, and V,
such that

VLGV, =T = [t;;] € RON-DX(N-1)
I (32)
VLV, =S = [Sij] ¢ RN-DXN-1)
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where T and S are upper triangular, with diagonal entries ¢;; =
A and s; = A, respectively, i = 1,2,...,N — 1. Now,
suppose that jw, is an eigenvalue of
Iy,®A-T®BC oIy ® BB
H= — —
~Iy,®C;Cy  —(Iy,®A-S"®BC)
(33)

T T
SHuN-1 T
172T)2,...,172T’(N_1)]T¢0, where i, € C"™™, k = 1,2, ] =
2,..., N — 1, such that

(j“’oI - (Z - )‘i+1§6)) i

Then, there exists a vector 7 = [, 7, ..

N-1
+ Z tijgaﬂl,j - (V(IZEE*) 1, =0,
j=i+l
- L (34)
Cgco’ﬁ,i + (j“’ol + (A - /\i+1BC) )’12,i

N-1 .
- > si(BC) my; =0,
j=i+l

wherei =1,2,...,N—1.Wheni = N -1, from (31), it is easy
to get that 7, v | = 77, y_; = 0. Then, wheni = N - 2, (34)
can be rewritten as

(jon - (A - /\N—IEE)) M,N-2~ (V ’B

B
CoColtin—z + (ijI + (Z - AN_IEC ) =
(35)

which implies that #, v, = 7,5, = 0. Similarly, it can be
known that 7,; = #,; = Oforalli = 1,2,...,N — 1. This
contradicts our assumption, and hence matrix H has no
eigenvalues on the imaginary axis.

Notice that

Iy, ®A-Ly®BC Yo*ViV; ® BB

H=2 T,
-,V ®CiCy (I, ®A-Ly®BC)
Vi®l,, 0 Vi ®l,, 0
0 V,®l,, 0 Vyel,,

(36)

which means that matrix H has no pure imaginary eigenval-
ues. Moreover, matrices A — A,BC are Hurwitz stable, i =
2,3,..., N, which implies that matrix A = I,_,® A~Ly®BC
is Hurwitz stable. Noting that V; and V, are unitary matrices,
then there must exist two matrices Y; and Y, such that Y, Y, =
ViV, Y)Y, =,V and Y, = ||Y2 [, = 1. Thus, accordmg
to Lemma 5, it can be obtained that

|0 Co) (5T~ (Iy.1 8 A- Ty ©BC)) " (i ® B)|

- ”a‘(sf ~A) " Iy ®§)||OO <
(37)

In addition, it is easy to know that

|[u"Dy|, < IDul, = miax{\/&s?} <Sdpye  (38)

Then, we have

|Gaz ()] = |E(sT - K)_IB'“OO
3 (39)
< dp|C(sT = 2) " (I, ®B)||OO <y.
This completes the proof. O

Remark 9. If there are no communication errors, that is,
d(t) = 0, then from Theorem 8, it is only required that
A - A;BC is Hurwitz for all nonzero eigenvalues A; of the
Laplacian matrix L . In this case, consensus can be achieved
asymptotically for the multiagent system (12) with the DOF
control protocol (19), which is the result shown by [18].

Remark 10. In fact, from Lemma 5, there exists X, > 0 such
that the inequality (28) holds, i = 2,3,..., N, if and only if
there exists a common #,th-order DOF controller

7 o= [ &3] @

solving H_ problem with performance y, for N—1 nth-order
LTI systems

; (41)

where A, B, and C are the state space matrices for system
(12), D,y = I,,, and A, is the nonzero eigenvalue of Laplacian
matrix Ly, 1 =2,3,...,N.

4. Dynamic Output Feedback Design for
H_, Consensus

In this section, we determine the system matrix K of the DOF
control protocol (19) for the multiagent system (12) to achieve
consensus with H_, performance. According to Remark 10, it
is required to design a common DOF controller (40) to solve
H_, problem for N — 1 LTI systems. Notice that the common
DOF controller is difficult to obtain; thus, we firstly consider
the H,, problem for the systems X;(s), i = 2,3,..., N.

Let Ny and Ny be full-rank matrices whose images satisfy

Im (N)

=ker ([C 1,]),

Im (Ny) = ker ([B* 0]).
(42)



Denote Ny = [N’ N;]°, where N, and N; have n and p
rows, respectively.

Lemma 11. If there exist matrices X = X* > 0andY =Y"* >
0 such that

0 [Nc o]* [XA+A*X I, HN 0]

0 I I,  —ypIl|o I
* 43)
_ [ymNI NI 0] < 0’
0 0
L [yAT+AY Y
(ii) Ny v Sl Ny <0, (44)
Lo | X T
(iii) [I Y] >0, (45)

where y,, = y,imin;|A;|*}, then there exists a DOF controller

Al | B,

H(s) = k| 2k

o= g

given performance y, > 0 for the LTI system X,(s) given by (41),
i=2,3...,N.

] which can solve the H, problem with a

Proof. According to Lemma 4, we have that there exists a
DOF controller %(s) to solve the H,, problem for the LTI
system X;(s) with a given index y, > 0 if and only if there
exist matrices X; = X; >0andY =Y" > 0 such that

S [ X,A+A"X; 0 I, ;
Ny O Ny O
(a) 0 -yl 0 <0,
0 I 0 I
i ) L In 0 _YOI
_ L [YA"+AY Y 0
Ny 0 Ny 0
(b) 0 I Y oI O 0 1 <0,
y L 0 0 —pl
(X, I
© I yl29

(46)

where N spans the kernel of [-1,C I »]- Notice the following
facts:

NC
[-AC 1] [_ ,»Nz] = - (CN, +I,N;) =0,  (47)

and, for all nonzero A;,

k Ne | _ k Ne (48)
ran —/\iNI = ran NI .
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Thus, we can choose Né( = [_/{\_]3\11 ] Let X; = X foralli =
2,3,...,N. Then, it is easy to obtain that

XA+AX, 0 I

N o] N 0
R I O |
0 I 0 I
In 0 _YOI
[N, 0] [XA+AX I, ][N 0O
“lo T I, I 0 I
_ [YolAilzNI*NI 0] (49)
0 0
_[Neo "[XA+A*X I, ][N. 0
“lo I I, —yI]lo T
YmNI*NI 0
0 0

and (b), (c) naturally hold from (44), (45), respectively. This
completes the proof. O

Remark 12. Lemmall gives a sufficient condition for the
existence of the controller ;(s) which can solve the H,
problem for the system X;(s), i = 2,3,..., N. As the results
stated in Section 2.2, if there exist X = X* > 0andY =YY" >
0 satisfying Lemma 11, then the DOF controller %;(s) can be
obtained by solving the following inequality:

Hy +Q(A;) K[ Py + P; KiQ(A) <0, (50)
forK;, i =2,3,...,N, where

XA +AlX, 0 C;

HXL. — 0 _VOI 0 5
C, 0 -yl 5D
Py = [E*XC 0 0], Q) = [é(/\i) D 0]’
A0 5_|0 B
i amva 53
(52)
_ 0 I =_1|0
C() = [—A,C o]’ b= [1]
Al B X X
Ki:|:1k I::|’ Xc:[ * 2:|’
C, Dj X, I (53)
X,X; =X-Y"

Obviously, if there exists a common K that makes the
inequality (50) hold for alli = 2,3,..., N, then there exists
a common #,th-order DOF controller % (s) which can solve
the H,, problem for the LTI systems X;, i = 2,3,..., N. Thus,
we have the following result.

Theorem 13. Givenascalary > 0, and lety, = d_\_y. Assume
that the fixed communication topology & \ has a spanning tree.
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Then, there exists a DOF control protocol (19) for the system (12)
achieving consensus with H performance if

(i) there exist matrices X > 0 and Y > 0 satisfying (43),
(44), and (45),

(ii) there exists a matrix K satisfying the following LMIs:
Hy +Q(X,)"K"Px_+ Py KQ(A;) <0, (54)

for all nonzero eigenvalues A; of Laplacian matrix Ly,
where Hy , Py , and Q(A;) are given in (51) and X_. is
defined by (53).

Proof. From the analysis above, the conditions (i) and (ii)
hold which implies that there exist matrices K and X_. > 0
such that (28) holds due to the fact that (54) is exactly (28).
The proof is completed by using Theorem 8 directly. O

Remark 14. If we want controllers of order n, less than #, it is
only required to add the additional constraint

rank [X ! <n+n, (55)

T Y]
to (i) of Theorem 13, which can be obtained by using Corol-
lary 7.8 given by [29] and Theorem 13 directly.

Remark 15. Theorem 13 gives the sufficient conditions under
which there exists a DOF control protocol such that the
multiagent system (12) achieve consensus with a given H_,
performance. When the conditions are satisfied, the proce-
dure to construct the DOF control protocol is presented as
follows.

Sept 1: Solve LMIs (43), (44), and (45) for getting a
solution: X > 0and Y > 0.

Step 2: Construct X, > 0 as (53).

Step 3: Solve the N — 1 LMIs (54) for a common
feasible solution K.

Remark 16. Assume that there is no communication error in
the system. As shown in Remark 9, in this case, the given
problem is to design a stabilizing controller J# (s) defined by
(40) for the LTI systems (41) with D,, = 0. Using Theorem
5.8 given by [29] and the fact that the kernels of A,C and C are
exactly equal for all nonzero A;, reproducing the steps of the
proof of Theorem 13, we have the following results. Assume
that the fixed communication topology & has a spanning
tree, then there exists a DOF control protocol (14) with order
n, for the system (12) achieving consensus if

(1) there exist matrices X = X* > 0andY =Y"* > O such
that

Ny (A*X +XA)Nyx <0,  Nj(AY +YA")Ny <0,

[X I
<n+ng,

X 1
It Y]zo, rank[

I Y]
(56)

where Ny and Ny span the kernels of C and B", res-
pectively,

(2) there exists a matrix K satisfying the following LMIs:
AfP+PAy+C(A;)'K*B*P+PBKC(A,) <0,  (57)

for all nonzero eigenvalues A; of Laplacian matrix L y;,

where
_| XX
Pz 7 o9
and X, satisfies X, X} = X-Y " and A, B,and C(A;)
are given in (51).

Moreover, using the method similar to that stated in
Remark 15, we can construct the DOF controller for the
multiagent system (12) reaching consensus.

Notice that condition (ii) in Theorem 13 implies that we
need to solve N — 1 LMIs after constructing X_, which
increase the difficulty of the numerical calculation if the size
of the multiagent system N is large. We give the following
conditions, which can reduce the computational complexity
for getting the DOF control protocol by solving four LMIs.

Denote that «; and f; are the real part and imaginary
part of A;, respectively, where A, is the nonzero eigenvalue of
Laplacian matrix L, i = 2,3,..., N.Leta, = min{e;;}, &, =

max{e;}, B, = min,{B;}, and B, = max;{B;} = —f,.

Theorem 17. Givenascalary > 0, andlety, = d_}_y. Assume
that the fixed communication topology & has a spanning tree.
Then, there exists a DOF control protocol (19) for the system (12)
achieving consensus with H performance if

(i) there exist matrices X > 0 andY > 0 satisfying (43),
(44), and (45);

(ii) there exists a matrix K such that
Hy_+Q(oy + jBi) K" Py, + Py KQ (o + jBi) <0 (59)

for (o4, Bi) € {(egs By)s (“O’Bo)> (o Bo)> (&0730)}’
where Hy , Py , and Q(ey. + jfy) are given in (51) and
X, is defined by (53).

Proof. To complete the proof, we only need to show that
if LMI (59) holds for (v, Bi) € {(ag, By)s (g5 By)s> (%5 Bo)s
(% By}, then LMI (54) holds for all nonzero eigenvalues
A; = o; + jp; of Laplacian matrix Ly, i =2,3,...,N.

Notice that

Hy + Qe + jﬁi)*K*PXC + P)*(CKQ (o + jB;)

X, (A~ (a;+jB)BC) + (A~ (o + jp) BC) X, X.B C;

— %

= B X, vl 0
Co 0 =yl
<0
(60)

which, in virtue of the Schur Complement Lemma, is equiv-
alent to
X, (Z — (o + j:Bi)EE) + (Z— (o + jﬁi)ga) X, (6D
1
+, (X BB X, +C;Cy) <0,
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FIGURE 3: The disagreement states between x; and x,; without communication error d(¢),i = 2,3,...,6.
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FIGURE 4: The state trajectories of the multiagent system with communication error d(t).

where A, B, and C are defined by (22). For convenience, we
denote

(0, ;) = X, (A~ (a; + j) BC)
+ (Z‘ (o + jﬁi)EE)*X

+y, (XCEE*XC + COC:,‘)

(62)

= Hy + o;H, + jB;H,,

where H; = XA+A X .+, XBB X, +y0 'C,Cy, H;
—XBC C'B X.,and H, ——XBC+C B X,.

In fact, there must exist s € [0,1], r € [0, 1] such that ;
sag+ (1 —s)ag, Bi=rfy+(1- r)EO. Whenr >,

(o, ;) =

Hy + [say + (1 - s) | Hy

+j[rﬁ0 +(1 —r)BO] H,

(63)
= s (tg, o) + (r = ) Z (g o)
+(1-1) % (%, By) < 0.
Similarly, when s > r, we have
I (o, B) = 1 (g By) + (s = 1) 7/(“0’30)
B (64)
+ (1= 5) 7 (@, B,) < 0.
This completes the proof. O

5. Numerical Example

An example is shown to verify the results obtained in the
above section. The agent dynamics and the communication

topology are given in Example 6, and the H,, performance
index is chosen as y = 10. According to the results presented
in Section 4, we have

1.2145 -0.9109

o [ 18218 ~12978 _
- = |-0.9109 3.6435

-1.2978 3.6435

1.8218 -1.2978 -0.8688 0.2312
X = -1.2978 3.6435 1.8148 0.1107
€7 ] -0.8688 1.8148 1.0000 0

0.2312  0.1107 0 1.0000

(65)
Then, by solving the LMIs (54), we can get a feasible controller

(40) with
-9.5464
5= [ 030
-0.5110 (66)

D, = 4.9523,

A, = -7.0377 —5.6811]

—0.6005 —5.2415]’
Cy = [3.4520 2.9461],

and the H,, norm of system (26) is [|G,,(s)ll, = 3.0707.
With the designed DOF control protocol, the disagreement
states between x; and x; without communication error d(t)
are shown in Figure 3,7 = 2,3,...,6, which implies that the
consensus can be reached when d(t) = 0. The communication
error d(t) € £,[0, 00) is supposed to be

Osin(t), t e [0,40],

67
0, t > 40, (67)

d(t)={

where 0 = [1.11 0.58 1.48 1.59 2.12 2.53 0.42 1.31 4.0

0.14])". Under zero initial condition, the state trajectories of
the six agents are depicted in Figure 4, and the corresponding
energy trajectories of d(t) and z(t) are given in Figure5.
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FIGURE 5: Energy trajectories of the controlled output z(t) and the
communication error d(t).

It is noted obviously that [|z(£)]| &, < [|d(£)] »,. Thus, the mul-
tiagent system with the given DOF controller can achieve the
consensus with the given H_, performance, which validates
the effectiveness of the proposed protocol and demonstrates
the correctness of the obtained theoretical results.

6. Conclusions

This paper is devoted to the consensus problem for multia-
gent systems molded by linear time-invariant systems under
fixed directed communication topologies and subject to com-
munication errors in the transferred data. A dynamic output
feedback control algorithm is proposed. The theoretical
analysis shows that if there exists a common dynamic output
feedback controller which can solve H,, problem for N — 1
linear time-invariant systems of order #, then the consensus
with a desired H, level can be reached. By using H,, theory,
a sufficient condition in terms of linear matrix inequalities
is given to ensure the existence for such a controller. A pro-
cedure for the controller design is presented.
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With the development of wireless technologies, mobile communication applies more and more extensively in the various walks of
life. The social network of both fixed and mobile users can be seen as networked agent system. At present, kinds of devices and access
network technology are widely used. Different users in this networked agent system may need different coding rates multimedia
data due to their heterogeneous demand. This paper proposes a distributed flow rate control algorithm to optimize multimedia data
transmission of the networked agent system with the coexisting various coding rates. In this proposed algorithm, transmission path
and upload bandwidth of different coding rate data between source node, fixed and mobile nodes are appropriately arranged and
controlled. On the one hand, this algorithm can provide user nodes with differentiated coding rate data and corresponding flow
rate. On the other hand, it makes the different coding rate data and user nodes networked, which realizes the sharing of upload
bandwidth of user nodes which require different coding rate data. The study conducts mathematical modeling on the proposed
algorithm and compares the system that adopts the proposed algorithm with the existing system based on the simulation experiment
and mathematical analysis. The results show that the system that adopts the proposed algorithm achieves higher upload bandwidth

utilization of user nodes and lower upload bandwidth consumption of source node.

1. Introduction

The considerable development of communication technolo-
gies has provided conditions for the application and popular-
ization of mobile devices. In recent years, with diversification
of access network, especially with the popularity of access
technologies such as Wireless Local Area Network (WIFI)
and the third generation mobile communication (3G), the
scale of the mobile Internet rapidly expands [1, 2]. Compared
with traditional terminal of PC-based user (fixed user),
kinds of mobile devices such as smart phones, personal as-
sistants, and tablet PCs begin to increasingly enter the
Internet. At present, mobile users (as well as fixed users) more
often use their terminals as enhanced application support
platform to join some electronic social network, for example,
content distribution tools, peer-to-peer multimedia players,

Twitter clients, or web browsers [3]. These distributed and
self-organizing networks can be seen as networked agent
systems [4-8]. We are interested in the optimization of
multimedia data transmission and bandwidth utilization in
this kind of system [9-13].

Traditional multimedia data transmission or streaming
system does not consider user access network morphology
or the differences of terminal device but often simply ignores
the existence of the user diversification and only provides
multimedia data with a single coding rate data for users;
in order to overcome this weakness, the current solution is
to divide the system into multiple independent subsystems,
with each subsystem covering part of the users and providing
differentiated coding rate data for each part of the users. For
example, the Cbox network television system [14] of CCTV
provides two types of signals—SD and HD. The coding rate



of SD is 380 kbps, which is major for mobile users. And
the coding rate of HD is 500 kbps, which is major for fixed
users. Users can choose to watch based on access network
morphologies or terminal conditions. From a technical point
of view, the advantage of current solution is that the system
provides different coding rate multimedia data for different
users to meet individual needs of the user terminal and access
network. However, because various subsystems are indepen-
dent of each other in the design, the upload bandwidth
among subsystem users cannot be shared, particularly that
the upload, storage, and computing resources of user nodes
with high performance and high bandwidth cannot be used
by the system effectively.

This paper presents a distributed flow rate control algo-
rithm for the mentioned networked agent system with coex-
isting multiple coding rates. On the one hand, it can provide
distributed differentiated coding rate multimedia data to
meet the different user needs. On the other hand, it can
share and effectively use the user nodes upload bandwidth
resources to reduce the upload bandwidth consumption of
source node. The proposed algorithm can be part of agent-
based framework and software infrastructure that improves
the multimedia data transmission performance of the system.

In multimedia data transmission or streaming system
studies, it is usually assumed that the download speed when
user nodes acquire data from the system is not smaller
than some rate (minimum flow rate), which means that
the normal reception and play of multimedia data can be
achieved [15-28]. The so-called flow rate control algorithm
is a data transfer algorithm to satisfy the minimum flow
rate of each user node [15]. Taking the application layer
multicast form streaming system as the background, this
paper presents a flow rate control algorithm of calculating
minimum consumption of source node upload bandwidth
required to support a certain flow rate. This paper presents
the relationship among the tree depth, source node upload
bandwidth consumption, and user nodes flow rate under this
algorithm; [16] proposed a flow rate control algorithm of the
streaming system to maximize the receiver flow rate under
the conditions of a given source node upload bandwidth.
It also analyzes the mathematical relationship between the
source node upload bandwidth consumption and flow rate of
a typical peer-to-peer streaming system; [19] taking the mul-
timedia data transmission under the edge nodes constraints
as the background, this paper analyzes the relationship
between source node upload bandwidth consumption and
user nodes flow rate in the model. In [20], it discusses the
minimum source node upload bandwidth consumption and
the maximum flow rate of user nodes of a given flow rate
provided by streaming media system in the background of
various random graph models and different connectivity
constraints; [21] addresses the issue of rate allocation of
multiple simultaneous multimedia data transmission sharing
heterogeneous access networks; [22, 23] studies multimedia
data transmission based on multichannel collaboration strat-
egy and uses it as the background to study the corresponding
flow rate control algorithm, and investigates the relationship
between the source node upload bandwidth consumption
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and maximum user node flow rate under such systems and
algorithms. In [24, 25], it compares several popular designs
in the background of multichannel collaboration streaming
media system and analyzes the minimum source node upload
bandwidth consumption realized by each flow rate control
algorithm and the performance differences and relationship
of each system under the same conditions; [26] proposed
a layer-based rate control algorithm for transporting multi-
media data over multiple wireless links with heterogeneous
reliability; [27] proposed an algorithm of joint path selection
and source rate allocation to optimize the media quality
on multipath networks streaming; [28] proposes a flow rate
control algorithm with the background of multimedia data
transmission based on network coding strategy and discusses
the quantitative relationship between the system source node
upload bandwidth consumption and user nodes flow rate
under the proposed algorithm.

The difference between the proposed flow rate control
algorithm in this paper and the previous studies lies in
that previous algorithms treat the different coding rate data
and the users as multiple independent subsystems, which
can only provide multimedia data and flow rate support for
one user needs in one subsystem; however, the proposed
algorithm in this paper makes the different coding rate
data and user nodes networked and makes use of the fixed
nodes to provide coding rate conversion services for the
mobile nodes and properly arranges the data transfer process
before and after the coding rate conversion to realize the
system to provide distributed differentiated coding rate data
and desired flow rate for the needs of different users. The
proposed algorithm in this paper more meets the multimedia
data transmission in networked agent system with multiple
coding rates. For example, there is a user class existing in
the system to watch the program with PC (demanding for
multimedia data with higher coding rate and larger minimum
flow rate) and other two groups of users with different
types of mobile phone models (demand for multimedia data
with lower coding rate and smaller minimum flow rate).
The current design establishes three independent subsystems
for the three types of users to provide data and flow rate
support, which cannot share the upload bandwidth among
different users. However, the algorithm presented in this
paper puts the three in the same networked system and
through PC users provides coding rate conversion services for
mobile users and appropriately arranges path and bandwidth
for distributed multimedia data transmission, so that it
can provide the corresponding data and flow rate support
for the three types of users, and the efficient multimedia
data transmission can be achieved. This paper conducts
mathematical modeling and simulation for the proposed
algorithm and demonstrates that, compared with the current
design, the proposed algorithm has higher upload bandwidth
utilization and lower source node upload bandwidth con-
sumption.

The following part of this paper is organized as follows.
Section 2 describes the background system of proposed
algorithm; in Section 3, the system model is established, and
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the algorithm is proposed; the performance comparison is
given in Section 4; the final part is about the summary.

2. Systematic Overview

As shown in Figurel1(a), in the system that adopts the
application of the proposed algorithm, the user nodes are
divided into two major categories—fixed nodes and mobile
nodes (mobile nodes can be divided into many subclasses).
Fixed nodes mainly refer to the PC accessed to the Internet
via a wired connection. Fixed nodes can be seen to possess
larger upload bandwidth and higher computing power, with
a larger viewing screen, more comprehensive multimedia
player software, and large terminal with higher demand
for multimedia quality. Fixed nodes in the system can be
used as transcoding user nodes (i.e., it can convert the
received multimedia data to a lower coding rate) [29-35].
In contrast, the mobile nodes mainly refer to wireless access
equipment represented by mobile phone, Personal Digital
Assistant (PDA), tablet PC, and other terminals. The mobile
nodes are seen to relatively lack computing power with
only limited access bandwidth and are weaker terminals in
the performance and demand such as screen size, quality,
and color depth. In system, mobile nodes are regarded as
nontranscoding user nodes.

Intuitively, the mobile nodes lack conditions and are not
necessary to receive multimedia data of the same coding
rate of the fixed nodes. This on the one hand increases the
bandwidth consumption and on the other hand causes the
difficulties for the mobile nodes to receive and play. The
current designs integrate fixed nodes and various mobile
nodes into a lot of independent subsystems and, respectively,
provide them with multimedia data of different coding rates.
Different from this, the system that adopts the proposed
algorithm in this paper integrates terminal with different
demands for coding rate data into the same transmission
network. The system uses computing resources and upload
bandwidth of the fixed nodes to provide coding rate data
that can be used by mobile nodes to receive and display. In
Figure 1(a), the thicker line and the thinner line, respectively,
signify that the different coding rate data demanded by fixed
users and each subclass mobile users are simultaneously
supported in the system; Figure 1(b) illustrates the coding
rate conversion and multimedia sharing process: first, the
source node provides a higher coding rate multimedia data
for fixed nodes (thicker arrow in the figure). Then, the
acquired data are shared among fixed nodes, and the data
reception is completed. Second, the rest fixed nodes of the
upload bandwidth convert the coding rate of the acquired
data to the desired coding rate data of each subclass of mobile
nodes and send it to the mobile nodes (thinner arrows in
the figure). Meanwhile, if the upload bandwidth of fixed
nodes is inadequate, the mobile nodes can also acquire the
required data from the source node. Finally, the same subclass
mobile nodes share the acquired data among each other and
complete the data reception. The question is how to control
and obtain proper receiving flow rate of different user nodes
with distributed supply of upload bandwidth.

Fixed nodes

(a) Different coding rate data can be supported in the system

Source node Fixed nodes
O— @00
Mobile nodes

) () ooo = ()

O OO

(b) Coding rate conversion and sharing process of multimedia data

FIGURE 1: Systematic structure and data transmission.

3. Mathematical Modeling and
Algorithm Design

3.1 Initial Settings. Make some initial settings before model-
ing.

Firstly, each coding rate data corresponds to a minimum
flow rate, and the sum of the user node reception rate
of receiving a certain coding rate data is not less than
the corresponding minimum flow rate, namely, it can play
normally [15-28].

Secondly, discretionary communication is available
among the nodes, and the upload bandwidth is the only
restriction for data transmission [15-17, 28]. As mentioned
previously, the proposed algorithm uses the computational
capabilities of fixed nodes to provide coding rate conversion
services for the mobile nodes. The algorithm improves the
upload bandwidth utilization at the cost of the procedures
and complexity of coding rate conversion. This paper only
discusses the issue of data transmission, which does not
limit specific multimedia codec algorithm or involves the
discussion of the multimedia codec algorithm itself. It
assumes that relative to the upload bandwidth, the coding
rate conversion of data in the fixed nodes does not constitute
the system bottleneck.

Thirdly, the coding rate conversion services can only
come from the transcoding nodes (source node and fixed



TABLE 1: Mathematical symbols used in modeling and algorithm.

Symbols Explanation

s Source node.

P,-f The ith fixed nodes.

o The ith mobile nodes.

P, The set of fixed nodes.

P, The set of mobile nodes.

ng Number of fixed nodes.

n,, Number of fixed nodes.

s Minimum flow rate of fixed node.

T Minimum flow rate of mobile node.

14{ Upload bandwidth of the ith fixed node.

uy' Upload bandwidth of the ith mobile node.

us Average upload bandwidth of fixed nodes.

U, Average upload bandwidth of mobile nodes.

u(-) Function of upload bandwidth.

U Design size of source node upload bandwidth.

M Remaining upload bandwidth of pif after meeting
! the flow rate needs of P;.

o Remaining upload bandwidth of s after meeting
s the flow rate needs of P;.

o All the remaining upload bandwidth of the system
all after meeting the flow rate needs of P.

S({i Multimedia data flow rate size that s sends to pif .

o Multimedia data flow rate size that s transcodes
o for p;" and sends to p;".

o Multimedia data flow rate size that p,{ transcodes
ki for p!" and sends to p;".

tl’,f Total flow rate of multimedia data pif received.

tr" Total flow rate of multimedia data p" received.

nodes). Nontranscoding nodes can upload existing data but
cannot convert the coding rate. Specifically, the sources of
fixed nodes data may have two: the source node and other
fixed nodes; the sources of mobile nodes data may have three:
the source node, the fixed nodes, and other mobile nodes in
the same subclass.

3.2. Mathematical Symbols. The main mathematical symbols
used in modeling and algorithm are arranged into Table 1,
and the symbols in the table will be further illustrated in
subsequent reference.

3.3. Analysis and Modeling. This section will first analyze the
flow rate control with only one mobile node subclass in the
system. The complete flow rate algorithm can meet the case
of multiple mobile nodes subclasses simply based on multiple
cycles.

Set n; as the number of the fixed nodes and n,, as the
number of the mobile nodes (assuming that there is only

one subclass). pif i=1,..., nf) denotes the ith fixed nodes,
pi* (i = 1,...,n,,) the ith mobile nodes, s the source node,
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P, the collection of fixed nodes, and P,, the collection of the
mobile nodes; thereby,

po={p}, (i=1.mg),
P,=1{p"}, (i=1...,m,).

r denotes the minimum flow rate that supports the
normal play of multimedia data at the fixed nodes. r,,, denotes
the minimum flow rate that supports the normal play of

@

multimedia data at the mobile nodes. uif i=1,..., nf)
denotes the upload bandwidth of the ith fixed node. " (i =
1,...,n,,) denotes the upload bandwidth of the ith mobile
node. u, means the size of upload bandwidth on the source
node which makes all nodes play normally.

We first take P, into consideration.

As for P, the source of the multimedia data is s; thereby,

Ug 21y (2)

Additionally, as for P, the flow rate sum cannot be
greater than the sum of all the upload bandwidth. For any
node in P, and other nodes with s as its multimedia data
sources of s or other nodes in P,

f
Uy + qui > nfrf. (3)
f

Function u(-) denotes the result of upload bandwidth, for
example, u(Py) = Zl,f ulf = ,n:f 1 ulf and u; denote the
average upload bandwidth of all the fixed nodes, 1, denotes
the average upload bandwidth of all the mobile nodes

_u(Py) 3
T n, T n,
f f (4)
— u(P,,) _ T
U, = ” ==
(3) is rewritten as
Uug +ng (W—rf) > 0. (5)

Then we consider P,,,.

For P,,, the multimedia data can be derived from s or
the coding rate conversion of the data worked out by P . The
flow rate requirements should be first met if one succeeds in
transcoding and uploading the P ;. So the upload bandwidth
got by the P,, from P is the remaining part after satisfying
its own needs of P ;; namely, the most upload bandwidth P,
can provide for P, is n(u —ry), and

U +ng (W—rf) > 7, (6)

In addition, from the perspective of the entire system, the
total uploads bandwidth must be greater than or equal to the
total flow rate; thereby,

ug + Zulf + Zuiﬂ 2 T+ Ty )
P, P,
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Namely,
u5+nf(ﬁ—rf)+nm(@—rm)20. (8)
Equations (2), (5), (6), and (8) are organized as
ug 1y,
uszrm+nf(rf—u_f), 9)
ug > nf(rf—@) +1, (1, —tU,)-
Set

MAX = max (rf, T 1y (rf —u_f) ,
(10)
ny (ry =ig) + ny, (1, = 18,))

Thereby,
u, > MAX. 1

Equations (10) and (11) show the consumption limit of
upload bandwidth on the source node, when the system can
support all mobile and fixed nodes to playback normally. Now
we see whether we can design a flow rate control algorithm to
approach as close as possible or even achieve this lower limit.

Set

u, = MAX. (12)

sfi i=1,...,n f) denotes the flow rate of the multimedia

data from the source node to pif. s (i = 1,...,n,,) denotes
the flow rate of the multimedia data from the source node to
pl'.s;; (i =1,...,n,,) denotes the flow rate of the multimedia

data transcoded and transmitted by p,{ for p". trlf i =
1,...,n f) denotes the total flow rate of the multimedia data

received by pif .t (i =1,...,n,,) denotes the total flow rate
of the multimedia data received by p;".

First we consider P ..

When = nf(rf - @), namely, ry < nfﬂ/(nf -1),s

transmits the multimedia data for plf i=1,...,n f), and the
flow rate is arranged as

f f
Sfl _ ui Tf _ ui rf (13)
You(py) gy

Notice that according to (12), pr 5({1' = 15 < U, SO s can

achieve the transmitting with enough upload bandwidth, as

(1)t = L0

"y Y
; o (14)
- (nf - l)ui . nels f

T (e

pif has enough upload bandwidth which can transmit the
data in s(]:i to other fixed nodes with the same flow rate;

thereby plf gets the total flow rate

jEi
trlf = sf;. + Zsc{] =7y (15)
Py

Thereby, pif (i=1,...,n;) will get enough flow rate to ensure
the normal play of the media.

When r F<n f(r § — Uy), s transmits the multimedia data
twice for pif (i = 1,...,np). And the flow rate arrangement

of the first time (denoted by s(j;.l) is
f
Jro M (16)

The second time is (denoted by S(J,Ciz)

2 = u(Pf) _

oi “Tf— =Ty

Ny
L - -7 (17)
-

T’lf—l

According to (12), prsf;.l + pr s{iz =ng(ry —uy) < ug
thereby, s has the enough upload bandwidth to achieve the
previous transmitting. As

f
u;
L=l (18)
nf -1

(np=1)sh = (ny-1)-

pif has enough upload bandwidth which can transmit the
data in sofi1 to other fixed nodes with the same flow rate. Then
the total flow rate of pl.f is

i~ oi

j#i
wl =+ s‘{iz + Zs{:jl =T (19)
Py

Thereby, pif (i=1,...,ns) will get enough flow rate to ensure
the normal play of the media.

In conclusion, through the flow rate arrangement in the
transmitting of the multimedia data, whether it is r, >
nf(rf - u_f) orry < nf(rf - u_f), all fixed nodes will play
normally.

Then consider P,,,.
u! denotes the remaining upload bandwidth of s. u:f

denotes the remaining upload bandwidth of pif . ul,, denotes
the remaining upload bandwidth of the system. Thereby;,

wy =up+ Y =ueng (@ -rp). (20)
Py

Considering (12),

”;11 > 1. (21)



Whenr,, > n,,(r,, — u,,), namely, r,, < n,u, /(n, —1),s

transmits the multimedia data for p"* (i = 1,...,n,,), and the
flow rate arrangement is
m !
s S S
P = St
*u(P,) uy
. , @)
u, ug
=—" — T
My Uy, us+nf (Mf—rf)

p,{ k=1,...,n f) transcodes and transmits the multimedia
data for p!" (i = 1,...,n,,), and the flow rate is arranged as

t u” ullcf

Sk = «— 7
©ou(P,) Uy "
23
o Jf (23)
1
=—" — T
Ml Ug + 1y (uf—rf)

. m o_ 1

Notice that as }p s = u,

m

we can get }.p s

- 1,,/uy;, according to (21),

< u!, 50 s has enough upload bandwidth

to achieve the previous transmitting. And as }p st = ukf

r /uan,accordmgto (21), we can get ZP sk u,’C ,sopk (k =
1,...,ny5) has enough upload bandwidth to achieve the

previous transmitting. Now the flow rate attained by p;" (i =
1,...,n,)is

m m
u.r u.r
S (24)
u(Pm) My U
As
n
1 m - t _ (nm B l)uzm
(nm_ ) soi+zski - T “Tm
k=1 m=m
m J—
(nm l)ui . My U =um
- ”m@ My — 1 '

(25)

So p!" has enough upload bandwidth which can transmit the

datain s; + Z:i | S¢; to other fixed nodes with the same flow
rate. Then the total flow rate of p;" is

j#i

trl' = + Zskl + Z (s + Z%) [ (26)

And p!" (i = 1,...,n,,) will get enough flow rate to ensure
the normal play of the media.

Whenr,, < n,,(r,, —4,,), s transmits the multimedia data
for p" (i = 1,...,n,,). And the flow rate arrangement of the

first time (s D is

! !
L L S @)
oon, -1 ul -1 u+n,(u;-r;)

m a - Tm AT S
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And the second time (s)); ) is

* " My = 1 ”2’111

( My ) U
=|r, - .
"t = N g (7 - 1)

(28)

p,{ (k=1,...,n f) transcodes and transmits multimedia data
for p!" (i = 1,...,n,,), and the flow rate arrangement of the
first time (sz.) is
o _uw w/
Ski = = : - (29
=1ty My =1 ugtn (i - rp)
And the second time (s,tj) is
If
$2- [, _ u(P,) Y
“ S AN
o y (30)
< MU ) uk
=|r,- — .
nm_l us+nf(uf—rf)
Notice that as ZP s+ e, ST =, — )/ (ug +

ne(uy - rf)) us, according to (12), we can get ZP sm1 +

ZPS—

the previous transmitting,and as Yp ;i +Yp Sg = 1,,,(7,, —
u,,)/(u, + nf(u_f

e, St +ZP s < uk ,pk (k=1,...,ns)has enough upload
bandw1dth to achieve the previous transmitting.
Moreover, as

ny e
(nm_l)'<szl+zsz>:(nm_l)' l_l :u:n'
k=1 n

(€)

, 50 s has enough upload bandwidth to achieve

rf)) u,’cf , according to (12), we can get

pi" has enough upload bandwidth which can transmit the
datain s7' + sz: ) s,tcl] to other fixed nodes with the same flow
rate. Then the total flow rate of p!" is

ny
m t2
tri = Soi Soi +ZS +Zski
k=1 k=1
j#i s
ml t1 _
+) Soj +Zskj =
P, k=1

Therefore, p;" (i = 1,...,n,,) will get enough flow rate to
ensure the normal play of the media.

In conclusion, through the flow rate arrangement,
whether it is r,, > n,,(r,, - u,,) orr,, < n,(r, —u,),all
mobile nodes will play normally.

Finally, according to the previous design, when u, =
MAX, the system can make all mobile and fixed nodes get
the required coding rate of data and the flow rate.

(32)
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3.4. Flow Rate Control. The previous analysis has attained a
flow rate control algorithm for one mobile node subclass, and
for multiple subclasses we should only do it for several cycles.
Assume that the number of the fixed node is n1, and there are
I mobile node subclasses. The number of the node is n; (i =
1,...,0), and pif (i=1,..,n) denotes the ith fixed node.
pg (i=1,...,; j=1,...,n;) denotes the jth mobile node of
the ith subclass, and s denotes the source node. r, denotes
the minimum flow rate which makes the multimedia data
required by the fixed node normally broadcast.7; (i = 1,...,1)
denotes the minimum flow rate which makes the multimedia
data required by the ith subclass node normally broadcast.
ulf i=1,...,n f) denotes the upload bandwidth of the ith
fixed node. u:;' (i=1,...,5; j =1,...,n;) denotes the upload
bandwidth of the ith subclass node. u, denotes the size of
the upload bandwidth of the source node. #; denotes the

average upload bandwidth of all the fixed nodes. And trlf (i=
1,...,ny) denotes the total flow rate of pif when it receives the
multimedia data. trz.1 (i=1,...,1; j =1,...,n) denotes the
total flow rate of pg‘ when it receives the multimedia data.

According to flow rate arrangement attained by the previous
analysis, as for the condition with multiple mobile subclasses,
we can get that

Z max (r;, 1; (r; — 71))) .

U, = max(rf,nf (rf —W) +
(33)

i=1

f(x — y) = z denotes that the node x transmits the
required multimedia data to the node y with the flow rate
of z. f,(x — y) = z denotes that the node x provides y
with coding rate conversion with the flow rate of z to transmit
required multimedia data. The complete flow rate control
algorithm is listed below.

The Flow Rate Control of Multimedia Data for Fixed Nodes

(1) attain the systematic information including u, ng, uy,
T G=1....0,u; Gi=1,....0,r, G=1,...,0);

(2) lf(?’lf - l)rf/l’lf —u_f > 0, go to (6),
(3) make u; = r¢, and transmit the following data;

@) f(s = p)=ulrpngiy, (i=1,....np);
) f(p] — ply=ulrpngiy, (j=1,...,npi=
L...,ng j#i);

(4) then the total flow rate of the required multimedia
data for pif is trif =rp (i=1...,np)
(5) go to (9);
(6) make u; = r; + n f(rf - W), transmit the following
data:
(@) f(s = pl)=ta7/(ny 1), (i =1,...,np);
®) f(p] = p))=u/(n; -1, (j=1,...,np5 i =
L...,ng j#i)

(©) fs = pl)=rp=ngip/(n-1), G = 1,....np);

(7) then the total flow rate of the required multimedia
data for plf is trlf =rp(i=1...,np);

(8) goto (9).

The Flow Rate Control of Multimedia Data for Mobile Nodes:

(9) makei = 1;
(10) ifi > 1, go to (18);
(1) if (n; — )r;/m; — u; > 0, go to (15);

(12) the node with upload bandwidth above 0 initiates the
following coding rate conversion and data transfer:

(@) fils = pif) = uff In-ul/(ug+np (7 =17) -1
(j= 1,...,1’li);

®) filp] = P =} It [(ugn (g —rp)-
1, (k= L...,ng j=1...,m);

© flp — pij) = wyrifm, (k = 1,....n5 j =
L...,n5 k#7);

(13) then the total flow rate of the required multimedia
data for pZ? is tr;;‘ =r, (j=1...,m);
(14) i =i+ 1 go to (10);

(15) make u, = nf(r - u_f) + m;(r; — u;), the node
with upload bandwidth above 0 initiates the following
coding rate conversion and data transfer:

@) fi(s = pif) = ul} [(n=1)-u/(ug+np (s —ry),
(G=1,...,m);

®) filp] = P =l /= 1) - J(ug+ Gy -
rf)), (k= 1,...,nf; j=1...,m);

(o) f(py — pi'?) = u;}“/(ni -1),(k=1,...,n3 j=
L...,n5 k#7j);

(d) fils = pij) = (r,-—n,-E/(ni—1))(u§/(us+nf(ﬂ—
), (j=1...,m);

(© filp] — P = (i — magg/(n, — 1)y [ty +
nf(u_f—rf))), (k= L...,ng j= L...,n);

(16) then the total flow rate of the required multimedia
data for pjiis tr; =7;, (j=1,...,m);

(17) go to (10);
(18) end.

3.5. Algorithm Instance. In the following, the algorithm will
be demonstrated by an example. As shown in Figure 2(a), the
system has two fixed nodes A and B, as well as two mobile
nodes C and D. Wherein the multimedia data displayed by
A and B requires a support of 800 kbps flow rate. And the
multimedia data displayed by C and D requires a support of
600 kbps flow rate. The upload bandwidth of A is 1200 kbps;
the upload bandwidth of B is 800 Kbps; the upload bandwidth
of C is 200 Kbps; and the upload bandwidth of D is 100 kbps.
According to (12) the upload bandwidth of s is set to
800 kbps. In Figure 2(b), the upload bandwidth and flow rate
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(40 + 120) kbps

(b) Flow rate control

FIGURE 2: Algorithm instance.

requirements of each node are marked with UB and FR,
respectively.

As shown in Figure 2(b), according to the flow rate
control of the multimedia data required by fixed nodes in the
algorithm, it provides flow rate for A and B. In the figure,
the thick arrows mark the transmission path of multimedia
data required by A and B, and the numbers mark the upload
bandwidth. Then according to the flow rate control of the
multimedia data required by mobile nodes in the algorithm,
it provides the coding rate conversion and the flow rate for C
and D. In the figure, the thin arrows mark the transmission
path of multimedia data required by C and D, and the
numbers mark the upload bandwidth (the plus sign between
the numbers denotes twice transmission according to the
algorithm). Finally, the entire system meets user needs for
coding data and flow rate of all nodes by the distributed
multimedia data transmission and flow rate control, which
achieves the purpose of design.

4. Performance Comparison

As has been mentioned previously, current designs treat
the fixed nodes and mobile nodes subclasses as multiple
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Upload bandwidth
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FIGURE 3: Comparison of u and u! in the scenario of mobile node
increase.

independent subsystems and, respectively, provides different
coding rate of data and the corresponding flow rate control.
Such systematic and typical flow rate control algorithm is
proposed and analyzed in [15, 16]. This section first compares
the upload bandwidth consumptions between the proposed
algorithm of this paper and the algorithm of the references
based on the simulation experiment and then further demon-
strates the experimental results based on the mathematical
analysis.

4.1. Simulation Experiment. Simulation platform generates
the analog network environment with the commonly used
Georgia Tech’s Topology Generator [36, 37] in the multimedia
data transmission and streaming system experiment. And on
this basis, it achieves applying the system to simulate with the
proposed algorithm in this paper and the references. For the
convenience of description, in the following paragraphs, the
system that adopts the algorithm of the references is referred
to as system A, and the system that adopts the algorithm
proposed in this paper is referred to as system B. u* denotes
the upload bandwidth consumption on the source node of
system A. u denotes the upload bandwidth consumption on
the source node of system B.

We make two experiments to compare the performance of
u? and uf. First, assume that there are 20 fixed nodes and 20
mobile nodes in the system. The minimum flow rate of fixed
node sets 500 kbps, and the minimum flow rate of mobile
node sets 200 kbps. The upload bandwidth of fixed node sets
1000 kbps, and the upload bandwidth of mobile node sets
100 kbps. We increase the number of mobile nodes gradually
and measure u”* and u” in the same conditions. The results
can be seen in Figure 3: the curve of u” is below the curve of
u? (from 20 to 190 mobile nodes), which means that system
B achieves lower upload bandwidth consumption of source
node.

To be more fair, the random parameters are taken as
the initial condition in the second experiment (the range
is shown in Table 2), and it generates 500 sets of random
initial conditions. In the same initial conditions, it tests
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Difference of bandwidth (kbps)

X D

FIGURE 4: Upload bandwidth consumption difference of the source
node in random setting.

TABLE 2: Range of randomly set initial conditions.

Min Max
Average upload bandwidth (kbps) 20 1000
Minimum flow rate (kbps) 100 1500
Amount of the mobile node subclasses 2 10
Amount of mobile nodes in one subclass 5 100

the difference of source node upload bandwidth consumption
between system A and B, namely, D = u® — u”.

The experimental results can be seen in Figure 4: in the
random test, D value ranges from about 100 kbps to about
10 Mbps; that is, the upload bandwidth consumption of the
source node in system B is less than that in system A. As u®
and u? are measured under the same conditions, it shows
that the user nodes (especially the fixed nodes) in system
B utilize upload bandwidth more fully than the system A,
which alleviates the upload bandwidth consumption of the
source node in system B. In fact, the result of this test is
not accidental. In the following, it will demonstrate that the
upload bandwidth consumption of the source node in system
B is lower with mathematical analysis.

4.2. Mathematical Analysis. Assume that in the system there
is only one mobile node subclass. Current design (system A)
is divided into two separate subsystems, which, respectively,
provide flow rates support for the fixed nodes and mobile
nodes. The upload bandwidth consumption of the two sub-
systems is uf} and u? , according to [15, 16],

ugy = max (rp,ng (ry ),

ufm = max (1, 1y, (T — Upy)) -

(34)
As the various subsystems of the current design are indepen-
dent of each other, thereby

uf = u?f + ufm. (35)

Equation (35) represents the upload bandwidth con-
sumption of the source node with a given flow rate design.
And combined with (33), it can quantitatively analyze upload
bandwidth difference of the source node between system A
and B in the same requirements and conditions. However,
just by (35), it is not easy to see real relationship of the
upload bandwidth consumption of the source node in the two
systems.

Note that, according to (34),

A
usf > rf,

ty = ny (ry — 7).

A
Ug,, > Vs

(36)

u?m Z Ny, (rm —@) >

A A A
us = qu + usm 2 rf)

uA:uﬁ>+uA >rm+nf(rf—W), (37)

S sm =

Comparing (37) with (9) and (10), it can be seen that
ul > MAX. (38)

The above has argued that with the proposed algorithm
in this paper, system B can make all nodes play normally in
the condition of u? = MAX, so it is always true that u° <

uf. For the multiple mobile node subclasses, the algorithm
should be used for multiple cycles, and it is also true that
u? < u®. As the upload bandwidth consumptions of the
source node in system A and B are measured under the same
initial conditions, u’ is lower, which shows that system B

makes better use of upload bandwidth of user nodes.

5. Conclusion

In this paper, a distributed flow rate control algorithm for
the optimization of multimedia data transmission in the
networked agent system with multiple coding rates was put
forward. The proposed algorithm makes the different coding
rate data and user nodes networked to improve the upload
bandwidth utilization of user nodes. It achieves personalized
coding rate data transmission and the corresponding flow
rate control for different user nodes. The paper uses the
mathematical modeling to analyze the upload bandwidth
consumption of the source node in the system that adopts
the proposed algorithm. And it is compared with the current
design. The paper demonstrates that the proposed algorithm
makes the system achieves higher upload bandwidth utiliza-
tion of user nodes and lower upload bandwidth consumption
of source node compared with the current design through the
simulation experiment and the mathematical analysis.
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This paper is concerned with the problems of absolute stability and master-slave synchronization of systems with state-dependent
nonlinearities. The Kalman-Yakubovich-Popov (KYP) lemma and the Schur complement formula are applied to get novel and less
conservative stability conditions. A numerical example is presented to illustrate the efficiency of the stability criteria. Furthermore,
a synchronization criterion is developed based on the proposed stability results.

1. Introduction and Preliminaries

This paper considers the problems of absolute stability and
master-slave synchronization of dynamical systems described
by the following differential equation:

xi=Zaijfj(xj), fi@=0, j=L...,n, (1)
=1

where x = (x,... ,xn)T € R" is the system state vector and
fi:R — R, i=1,...,n,are time-invariant state-dependent
nonlinearities with sector restrictions such as the following:

YT < fi(m <87, i=1,...,n (2)

For convenience, system (1) will often be written by using the
following compact notation:
x=Af (x), f(0) =0, (3)

where A := (a;;) and f(x) = (fl,...,fn)T. And the sector
conditions (2) will be denoted as follows:

FT,4), (4)

where I := diag(y,,...,y,) and A := diag(§,,...,6,).

The problems of stability and synchronization of systems
of form (3) play an important role in nonlinear systems
theory. It has been found that system (3) has connections
with problems in system theory and computation in fields
as diverse as Hopfield neural networks [1], Lotka-Voltera
ecosystems [2], and systems with saturation nonlinearities
[3], among others. A rather recent contribution to the stability
analysis of system (3) is [4].

As illustrated in [4], some well-known stability results,
such as diagonal stability and passivity-based methods (the
circle and the Popov criteria), can be used as stability criteria
for system (3) with some particular sector conditions. How-
ever, while bringing simplicity, these stability criteria may also
introduce conservativeness to the problem. By using a Lure
function as a Lyapunov function candidate, [4] introduced a
new absolute stability test for system (3) which was proved
to be much less conservative than both diagonal stability and
passivity-based methods. For the sake of convenience, we put
this stability test in Lemma 1.

On the other hand, the problems of absolute stability and
synchronization of Lure systems have been widely studied [5-
15]. Thanks to the results of [9], we found that the stability
criteria proposed in [4] can be further improved by relaxing
the restriction of positiveness on matrix P in Lemma 1, which,
as illustrated by a numerical example, can further reduce the



conservativeness of the stability test of [4]. Last but not least,
a new synchronization criterion for systems of form (3) is
developed based on the proposed stability results.

The Kalman-Yakubovic-Popov (KYP) lemma will be
used in this paper to establish the equivalence relationship
between the frequency-domain conditions and time-domain
inequalities. The Schur complement formula will also be
applied in the process of proof. They are both presented in
lemmas below for the convenience of reading.

Lemmal (Theorem 2 of [4]). The zero solution of system (3) is
globally asymptotically stable (GAS) for all f € F(T', A), if there
exist diagonal and positive-definite matrices P and Q, and a
symmetric matrix W > —PT such that the following LMI

1
ATP+PA-Q ATW+-(T+A)Q
2 <0 (5

WA + %Q T +A) ~TAQ

is feasible, where T := diag(y,,...
3,).

,Y,) and A := diag(d,, ...,

Lemma 2 (KYP lemma, Rantzer [16]). Given A € R™", B ¢
R™™ T = IT e RO™X0m) it det(jwl — A) #0 for all
w € R, the following statements are equivalent.

(i) [Ger AT B] I [ Uel-A7B ] < 0 forallw € R,
(ii) There exists a matrix P = PT € R™" such that

ATpP + PAT PB
B'p 0

]+1‘I<0. (6)

Lemma 3 (Schur complement, Boyd et al. [17]). The LMI

Sll SIZ :|
<0 (7)
[STZ _822

with S}, = SIT1 and S,, = ng is equivalent to one of the follow-
ing statements:

(i) Sy, > 0 and S;; + 8,55, 51, < 0;
(i) S, < 0 and Sy, + SLS1S,, > 0.

2. Absolute Stability Criteria

To analyze the absolute stability of system (3), a Lure function

V() = 2w+ 23 p L fi@dr, (®)
i=1

. TATY, + Y, AT
T, T, =

where Y; = W + PI. By the Schur complement (Lemma 3),

1
ATY, + PAT - EQ (T-A)
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where P = diag(p;,...,p,) > 0and W > —PI, was taken in
[4] as a Lyapunov function candidate. The stability condition
of Lemma 1 was then deduced by the analysis of the time
derivative of (8) incorporating the S-procedure (see [4] for
details).

Note that the diagonal matrix P in Lemma 1 is allowed to
be only positive, so as to ensure the nonnegativeness of the
Lyapunov function (6) in [4]. The main goal of this section
is to prove that the restriction of positiveness on matrix P is
unnecessary by finally showing that the Lur'e function V(x) in
(8) can still be taken as a Lyapunov candidate when some or
even all entries p; are nonpositive. We will start with a revised
time-domain criterion for the absolute stability of system (3).

Theorem 4. The zero solution of the nonlinear system (3) is
GAS for all f € F(T, A), if AT is stable and there exist diagonal
matrices P and Q with Q > 0 and a symmetric matrix W such
that the LMI (5) is feasible.

Before proving this theorem, some needed results and
some discussions on the frequency-domain interpretation to

LMI (5) are first introduced.

Proposition 5. Under the condition of inequality (5), the
following two statements are equivalent:

(i) AT is stable;

(i) W + PT > 0.

Proof. Define

ATP+PA-Q ATW+1(r+A)Q
D= 2 9

WA + %Q T +A) ~TAQ

Then the congruence transformation of ® by the nonsingular
matrix

T, = [5 é] (10)

provides an equivalent inequality to (5)

1
Y, A+TATP- (T -A)Q

2 <0, (11)
ATP+PA-Q

(11) implies the following:
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TAT (W + PT) + (W + PT) AT < 0. (12)

This inequality directly leads to the result of the proposition.
O

Remark 6. Proposition 5 shows that the conditions of
Theorem 4 guaranteeing the GAS of system (3) are consistent
with Lemma 1, except for the restriction of positiveness on
matrix P.

The next theorem reveals a frequency domain interpreta-
tion to the LMI (5).

Theorem 7. Suppose that AT is stable. Then, there exist
diagonal matrices P and Q with Q > 0 and a symmetric matrix
W such that the LMI (5) is feasible if, and only if,

Re{(A -T)QK; (jw) + 2jwPK; (jw) - Q} <0, VYw€R,
(13)
where K(s) = (sI - AT) A
Proof. Let
0 rATP—l(r—A)Q
= 2 (14)

1
PAF—EQ(F—A) ATP+PA-Q

Then, inequality (11), which is equivalent to the LMI (5) as
proved in Proposition 5, can be rewritten as follows:

T
- [FA Y, + Y, AT YlA] ol

1
ATY, 0 (15)

From the KYP lemma (Lemma 2), (15) holds if, and only if,
. -1 * . -1
(=A™ el =40 o, e
(16)

which is equivalent to inequality (13) through direct calcula-
tion.
Furthermore, noticing that

sPK (s) = sP(sI — AI)'A
- p(1-s'4r) A

- PA(I-s7'TA)" 17)

-1

- PA [1 +57'T(1 - 57 AT) A]
= PA[I+T(sI - AI) ' A],

inequality (13) is equivalent to Re{M(jw)} > 0, for all w €
R, where

M (s) = [%Q(F _A) - PAF] (sI— AT) A + (%Q - PA) .
(18)
0

Remark 8. With the stability of AT, the frequency-domain
inequality (FDI) (13) is equivalent to that the transfer function
M(s) as given in (18) is strictly positive real (SPR), which is
consistent with the frequency-domain criterion of [4], except
for the restriction of positiveness on matrix P.

Proposition 9. Suppose that AT is stable, then Theorem 4 (or
equivalently Theorem 7) ensures that A(T + A) is stable for any
0<A<A-T.

Proof. Suppose to the contrary that there existsa A, 0 < A <
A — T, such that A(T + A) is not stable. Then, there exists
a real number «, 0 < « < 1, such that A(T + «A) has at
least an eigenvalue on the imaginary axis, which we denote
by jw,, w, € R. Then
det (jwyI — AT — aAR) = 0. (19)
Since AT is stable, det(jw,I — AT) # 0. It follows from (19) that
det (I - a(jw,I - AT) ' AR) = 0; (20)
that is,
det (I - aKr (jwy) A) = 0. (21)
So there exists a vector 57 € C", %0, such that
n* (I - adK; (jw,)) = 0. (22)
Thus " A#0, and

n" = an AK; (jw,),
B (23)
n=akKp (jwo) An.

Equality (23) and the conditions0 < A < A-Tand0 < a < 1
indicate the following:

1" A[-2Q+ (A ~T) QKy (jw,) + Ky (jwg) Q(A~T)] Ay
=" —ZZQZ+§(A—F)QZ n

> 0.
(24)

On the other hand, it follows from the FDI (13) that
n"A[-Q+ (A - T) QK; (jwy) + 2jwyPKr (jw,)

-Q + K7 (jwy) Q(A =T) = 2jwyK; (jw,) P] Ay < 0.
(25)

From (23),
* X . . ~ 2 . * %
1" A2jw, PKy (jwy) Ay = S Jwo” AP,
5 (26)
n"A2jw Ky (jw,) PAn = ;jwon*Pln,



and since AP = PA, (25) indicates that

n" A [2Q+(A - T) QK (jwy)+Kf (jwy) Q (A-T)] Ay<0.
(27)

It contradicts to (24). The proof is completed. O
Now, we are ready to prove Theorem 4.

Proof of Theorem 4. Take for Lyapunov function candidate

V(x) = x"Wx+2Y p, r f.(x)dr, (28)
0

i=1

where W is a symmetric matrix and p;, i = 1,...,n, need not

to be positive.
The time derivative of V(x) along any trajectory of system
(3) is given by the following:

V(x)=2f(x)" ATWx + f(x)" (ATP+ PA) f (x), (29)

where P = diag(p,, ..., p,)- Forall x; # 0, the sector condition
(2) can be expressed as follows:

s; (%) = (fi (x;) = y:x:) (fi () = 8x;) < 0

Vx;#0, i=1,...,n

(30)

,n; then

Let Q = diag(q,,...,g,), whereg; >0, i =1,...

Z%Si (x) = f) QS (x) - f(x)" (T + A) Qx + x" TAQx
i=1

<0, V(x, f(x)#0

(D)
Thus, if it is possible to show that
V(x) < Z‘L‘Si (x1), V(% f () #0, (32)
i=1

it follows that V(x) < 0, for all x#0. Inequality (32) can be
written as follows:

T
<f’(‘x)> WA + %Q (T +A)

x (f}(:c)) <0 v(ffcx)> #0

which is equivalent to the existence of a feasible solution to
the LMI (5).

Then (5) guarantees the negative definiteness of V(x).
In fact, (5) also guarantees that the Lyapunov candidate

ATP+PA-Q ATW+%(F+A)Q

-TAQ (33)
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V(x) defined in (28) is positive definite, even without the
requirement of P > 0. Rewrite V(x) in (28) as follows:

V) = AW+ 23 p, in f(dr
0

i=1

= x Wx+ Zipi J (yt+ fi (0) —y1)dr (34)
0

i=1
=x"(W+PI)x+ ZZp,- ri (f; (x) —yT)dr.
i=1 70

By Proposition 5, W + PI' > 0. And J’Oxi(ﬁ(f) —y1)dT >0
because of the sector condition (2). So, V(x) > 0, for all x # 0,
holds if p; > 0, i = 1,...,n. In the case that there exists p; <
0, we suppose that p; < 0,i = 1,...,k,and p; > 0,i = k +

1,...,n, without loss of generality. Then, we get the following
inequality:
V(x)

> x (W+PF)x+22p,J (6,7 —yT)dr
0

i=1

+22plj (f: () —y1)dr (35)
i=k+1
=x" (W+PT+P (Ap-Tp)) x

+ZZP,J (f; (©) —y,7)dr,

i=k+1

where P, = diag(p;,..., P> 0,...,0), A, = diag(d;,...,0,
.,0), and I}, = diag(y;,..., V% 0,...,0). The congruence
transformation of @ in (9) defined by the nonsingular matrix

T, = [r+(AIk—rk) (I)] (36)

provides an equivalent inequality to the LMI (5):

ATY, +Y,A ¥,

¥ = T,0T! =
272 [ vl ATP+PA-Q

] <0, (37)

where A = A[T + (A, —T)], Y, = W + PT + P (A, - T}),
and ¥, = Y,A + ATP + (1/2)(A -T)Q - (A, - T,)Q. From
Proposition 9, A is stable; then it follows from (37) that
Y2=W+PT+Pk(Ak—Fk)>0. (38)
Thus, by (35), V(x) > 0, for all x# 0. By the canonical Lya-

punov theory, system (3) is absolutely stable. Now, we com-
plete the proof of Theorem 4. O

Analogous to the proof of Theorem 4 while considering
the stability of AA instead of AT, the following corollary can
be deduced.
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FIGURE 1: The state of system (39) with A = [1 ] and § = 139.99.

TaBLE 1: The matrix A and the maximum allowed §,,,.

A = 355) 155 ]
S, from [4] 86.85 71.65 93.33
0 ax from Theorem 4 99.99 79.99 139.99

Corollary 10. The zero solution of the nonlinear system (3) is
GAS for all f € F(T,A), if AA is stable (or equivalently, W +
PA > 0) and there exist diagonal matrices P and Q withQ > 0
and a symmetric matrix W such that the LMI (5) is feasible.

In the following, a numerical example is presented to
illustrate the effectiveness of the proposed stability criteria.

Example 11. Consider the following system:

x(t) = Af (x (1), f)=o, (39)
where
ol o[z

and A is given in Tablel. The nonlinear function f is
supposed to belong to the sector [I', A], where

1,z[—ZOO 0 ],

50
0 -200 A=F+[ ]

05 (41)
The purpose is to find a maximum upper bound &
such that system (39) is absolute stable for all § < & .
Using Theorem 2 in [4] and Theorem 4 in this paper, the
corresponding 6., for system (39) with different A is listed in

max

max

o ATP+PA-Q
(D:

WA + %Q(F+ A)-K'P - (WK+K'W)-TAQ

Table 1, from which it is shown that Theorem 4 in this paper
is less conservative than Theorem 2 in [4].
Take

fi (x: (©) = Gpx; (t)

1
+ 5 (Gai — Gpi) (|xi () + 1| - |xi ) - 1|) ,
i=12,
(42)
where G,; = -200, G,; = —60.01, G,, = —200, and G, =
—60.01. Then, the nonlinearity f belongs to the sector [T, A],
where

1,:[—200 0 ]’

-60.01 0
0 -200 A‘[

0 —60.01] s @)

that is, § = 139.99 in (41). The states of system (39) with
A =[12-8] and f as given in (42) are presented in Figure 1,
from which it is observed that the origin of the system is
asymptotically stable.

3. Master-Slave Synchronization

The absolute stability criteria proposed in the last section can
be applied to the master-slave synchronization of coupled
systems of form (3). Using two identical systems in a master-
slave synchronization scheme with linear full static state
feedback, one has the following:

(M) x(t) = Af (x (),
($)z(t) = Af (z()) + K (x(t) -z (1)),

(44)

with master M, slave S, and feedback matrix K € R™". The
aim of synchronization is then to obtain [ x(t) — z(f)] — 0
for time t — o0o0. Defining the error signal e = x — z, one
obtains the following error system:

é(t)=A(ne))-K®),

where 7(e(t)) = f(z(t) + e(t)) — f(z(t)). Assume a sector
condition (T, A) on n(-), with T = diag(y;,...,y,) and A =
diag(é,,...,9d,), which gives the following inequalities for #:

(45)

ﬁ‘rzgni(r)‘rggi‘rz, i=1,...,n (46)
Following a similar approach to the stability analysis, a

synchronization criterion for the systems in (44) is obtained.

Theorem 12. The zero solution of the error system (45) is
GAS, which implies that system (44) synchronizes, if there exist
diagonal matrices P and Q with Q > 0, a symmetric matrix W,
and a feedback matrix K such that AT — K is stable, and

1
ATW+5(F+A)Q—PK

<0. (47)



Proof. This theorem can be completed by the method anal-
ogous to that employed in the last section, so its proof is
omitted here. O

Remark 13. For a given feedback matrix K, condition (47) is
alinear matrix inequality problem (LMI) in P, Q, and W. The
overall design problem can be formulated as the optimization
problem [18]:

D A [@], (48)

where A, [-] denotes the maximal eigenvalue of a symmetric
matrix. Comparing with the synchronization criteria given
in the literature [10-15], Theorem 12 is less conservative by
relaxing the restriction of positiveness on matrix P.

4. Conclusion

In this paper, the absolute stability criteria for systems
with state-dependent sector nonlinearities provided in [4]
are further studied. By relaxing some restrictions, revised
stability criteria are proposed, which further reduce the
conservativeness of the stability conditions as shown in a
numerical example. In addition, the feasibility of the derived
LMIs actually implies some FDI conditions bearing the
same forms as those in the circle criterion and the Popov
criterion. Finally, based on the proposed stability results,
a synchronization criterion is developed in a master-slave
synchronization scheme.
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The distributed robust output regulation problem for multiagent systems is considered. For heterogeneous uncertain linear systems
and a linear exosystem, the controlling aim is to stabilize the closed-loop system and meanwhile let the regulated outputs converge
to the origin asymptotically, by the help of local interaction. The communication topology considered is directed acyclic graphs,
which means directed graphs without loops. With distributed dynamic state feedback controller and output feedback controller,
respectively, the solvability of the problem and the algorithm of controller design are both investigated. The solvability conditions
are given in terms of linear matrix inequalities (LMIs). It is shown that, for polytopic uncertainties, the distributed controllers
constructed by solving LMIs can satisfy the requirements of output regulation property.

1. Introduction

Recently, there are amounts of researches on cooperative
control for multiagent systems (MASs) because of broad app-
lications. An MAS is a practical model to describe dynamic
agents which can exchange information by communication,
such as unmanned air vehicles and sensor networks. Accord-
ing to different control objectives, problems of consensus,
tracking, formation, flocking and the rest have been widely
studied.

Among those cooperative control problems, the consen-
sus problem and the tracking problem share some common
characteristics. The consensus problem requires the MAS to
reach an agreement by protocols based on local information.
In [1, 2], the consensus problem is primarily studied, and the
basic problem framework is formed. The consensus problem
has been investigated for different kinds of agents, such as
first-order integrators in [3], second-order integrators in [4,
5], linear systems in [6-8], and nonlinear systems in [9-12].
Recently, the output consensus problem for heterogeneous
systems also attracted researchers. The dynamics and even
dimensions of the agents are possibly different, so it is
desirable to focus on the synchronization of outputs. In
[13], the consensus of a class of second-order integrators

with unknown nonlinear dynamics is considered. As for
high-order systems, the frequency domain approach is used
to discuss the consensus of heterogenous linear systems in
[14, 15]. Uncertain minimum-phase linear MASs are studied
in [16], by a low-gain approach. In [7], general uncertain
linear MASs are considered, and a sufficient and necessary
condition for the solvability of the output consensus problem
is proposed. It is admirable that Wieland et al. introduce an
important concept of internal model to cooperative control,
which is also fundamental in output regulation theory.

For the leader-follower consensus problem, also called
consensus tracking problem, it involves one or multiple
leaders and several followers. A leader is usually the target to
be tracked, or the agent that directly receives the information
of the target. Distributed controllers are designed to help all
the agents to track one or multiple leaders by cooperation.
The tracking problem for MASs has been studied in a lot of
papers, such as [17-22]. Note that for heterogenous MASs, the
outputs of all the agents are required to be synchronized in
the issue of both consensus problem and tracking problem.
To consider the two kinds of problems under a unified
framework is one of the motivations to introduce distributed
output regulation (DOR) problem.



According to [23], output regulation problem involves an
exosystem and a regulated output defined by a combination
of the measurement output and the output of the exosystem.
Controllers are designed to stabilize the closed-loop system
and modulate the regulated outputs to the origin. So, it has an
attracting performance on solving a tracking problem in the
presence of disturbances. The classic output regulation theory
cannot directly be applied to MASs nevertheless. Actually the
controllers obtained are probably not in a distributed form.
So, a framework of DOR for MASs is introduced in [24-
26]. What is mainly different from the classic theory is that
the controllers have to be distributed, and only local infor-
mation is available. In [24], homogenous linear MASs and a
directed topology are considered, and dynamic state/output
feedback controllers are designed. In [25], heterogenous
MASs are challenged, and effective controllers are obtained
under the directed acyclic topology. Different from the two
works above, the limits on topology are dispelled in [26] by
reconstructing the form of controllers. The communication
of relative states of controllers replaces the communication
of relative outputs.

This paper is basically motivated by [25]. In [25], the
distributed controllers are robust to uncertain dynamics
with sufficiently small uncertainties. However, more analyses
based on information of the uncertainties are not involved
in [25]. What we focus on in our paper is that how to
design robust controllers if the uncertainty is structured. We
suppose that the uncertainties are in a polytopic form. For the
distributed robust output regulation problem, we give suffi-
cient conditions of the solvability in terms of linear matrix
inequalities (LMIs) and present an approach of controllers
design.

An outline of this paper is as follows. In Section 2,
some preliminaries and the problem statement are given.
In Section 3, for distributed output regulation problem with
polytopic uncertainties, the sufficient conditions of solvability
and algorithms of both state and output feedback controllers
design are proposed. In Section 4, a practical example is taken
to show the control effect of our approach, which is compared
with that of the algorithm given in [25]. In Section5, a
conclusion is given.

The following notations will be used throughout this
paper. R is the set of real numbers. I, is the n-dimensional
identity matrix. 0,,,,, is the zero matrix with m rows and n
columns, and 0 is the zero matrix with appropriate dimen-
sions. For a symmetric matrix M € R™", M > 0 which means
that M is positive definite. M” is the transposition of the
matrix M. diag block (M,,..., M,) means a block diagonal
matrix with M, ..., M, as the diagonal entries. ® denotes the
Kronecker product.

2. Problem Statement

Let us begin with notations in graph theory [27]. A graph is
denoted by & = (7, &), where 7" = {v|,v,,..., vy} is the
set of N nodes and & € 7" x 7 is the set of edges. An edge
from node v; to node v; is denoted by (i, j) € &. A subset of
&{(i1, 1), (iy,83), - . ., (i g1 )} is called a path from v; | tov; .
If i, = i,,, the path is called a loop. N; denotes the neighbor
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set{j : (i,j) € &,1 < j < N}, whose cardinality is [N;|. A
constant matrix A, = [a;] € RNV s called the adjacency
matrix of graph & if a; = 1/|N;| when (i, j) € €and a;; = 0
when (i, j) ¢ &. And a constant matrix L = [ll-j] =Iy-A,¢€
IRNXN

is called the Laplacian matrix of graph &. A graph is
called an undirected graph if forall 1 <4, j < N, a;; = a;;. Or
else, it is called a directed graph. If a directed graph does not
contain a loop, it is called a directed acyclic graph.

Consider an exosystem with w € R? as the state, whose
dynamics can be described as follows:

w(t) = Sw(t), )
where § € R7? is a constant matrix, satisfying the following
assumption as that in [23, 25].

Assumption 1. S has no eigenvalues with negative real parts.

A MAS consists of N nonidentical dynamic agents which
can exchange information among neighborhood. For i =
1,..., N, the ith agent can be expressed by

x; (t) = A;x; (t) + B, (t) + By (t)
y; (t) = Eixi (1), (2)
e;(t)=Cix; (t) + Fw (1),

where x; € RP,u, € R™, y, € R", ande; € R" are,
respectively, the state, the control input, the measurement
output, and the regulated output of the ith agent. F € R™
is a certain constant matrix, while those matrices A; €
RP*Pi B, € RFP™ and C; € R™P are uncertain matrices
represented as

Ji
A= ZAkiAki»
k=1
_ Ji
B; = ZAkini’ 3)
k=1
_ Ji
Ci= Z)‘kicki’
k=1

where A, B;, and Cy; are known constant matrices, and Ay;
are nonnegative constants satisfying that ZZ;I Ay = 1, for
i=1,...,N,k=1,...,g; E; € RF"%is an arbitrary constant
matrix.

The controlling aim is to stabilize the closed-loop system
and also to regulate e, ..., ey to the origin. Fori = 1,..., N,
if ¢; is available to the ith agent, the output regulation of the
ith agent is simple to be achieved by classic output regulation
theory. However, only some of the agents can get information
of their own regulated outputs, which are called leader nodes.
The set of their serial numbers is denoted by £, while
other agents utilize the relative output among neighbors to
accomplish the output regulation property. To ensure that
all the agents can receive the information of the exosystem
by local interaction, the communication graph of the MAS
satisfies the following assumption.
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Assumption 2. Graph ¥ is a directed acyclic graph. And for
each nonleader node v;, there exists aleader node v; such that
a path from node v; to node v; exists.

In this note, two kinds of distributed dynamic feedback
controllers are considered.

(I) Distributed dynamic state feedback controller:
z; (1) = Gyz; (t) + G,e;, (1),

u; (£) = Kyx; (1) + Kyz; (1) (4)
z;(t) eR", g<¢ i=1...,N,
where
e (t) ie
®=1=3% (yo)-y0) itz O
lNiljeNi

K, K,;, Gy, and G, are designed matrices with
appropriate dimensions.

(II) Distributed dynamic output feedback controller:
£ (1) = Gz (1) + Gy, (1),
u; (t) = Kiz; (1), (6)

z;(t) e R, g<¢, i=1,...,N.
K;, G,;, and G,, are designed matrices with appropri-

ate dimensions.

The variables e, (t) in distributed feedback control laws
(4) and (6) are measurable relative outputs. For i € &, ¢;,(t)
is the regulated output e;(¢). For i ¢ £, ¢, (t) is the average of
relative output errors between ith agent and its neighbors.

In the sequel, we rewrite the closed-loop system into
a composite form. Let 1, be a column vector with all the
elements as 1. L; and [;, respectively, denote the ith row of
Land Lly. Fori € &,1; = 1, whilefori ¢ £, 1, = 0. Let

X = (xlT,le,...,xL,zg T, e= (elT,...,eL)T,
o, = diag block (4,,,...,91N)»
o, = diag block (45;,...,9,y),

€, = diag block((a OnXC) e (EN Onxc)) >

%2 = dlag blOCk ((61 0n><(c+p1)) yeees (61\7 0n><(c+pN))) N
L,®G), L,® G;1
gl = E 5 ?2 = E > (7)
Ly® G;N Ly® E;N
E, E,
1,G,F 1,G,,F
& = . , &, = ,
Ex Ey
ING,F INGoNF

~_ ( A+BKy; BKy = A; BK; I (O”XPi)
where ¢/,; = o e ) =\ . ) Gy=(¢")

and G;i = (Og’fi ), fori = 1,...,N. Then, the closed-loop
system (1), (2) with controllers (4) or (6) can be rewritten as

w () =Sw(t),
X(®)=Ax()+Bw(), (8)
e(t)=C.x(t)+Fw(t).

With the controller (4),
AC:'Q{1+?1%1, BC:%I’
)
C.=%, F.=1y®F,
while with the controller (6),
A, =9, + 5,6, B.=&,,
(10)
C.=%,, F. =1y®F.

As aresult, the distributed output regulation problem studied
in this paper is given as follows.

Problem 3. Distributed output regulation problem: design
controllers in the form of (4) or (6) such that the closed-loop
system (8) has the following properties.

(i) It is exponentially stable at the origin with w = 0.
(ii) For all initial values x(0) and w(0), lim, _, . e(t) = 0.

3. Main Results

In this section, we give two theorems about the solvability of
Problem 3 and the approach of controller design. First of all,
we introduce the concept of quadratic stability and related
lemmas, which will be used later.

Definition 4 (Amato [28]). Consider a parametric uncertain
linear system given by

%(t) = A(py) x (1),

where x(t) € R™, p, € H ¢ R™ is the vector of uncertain
parameters, where H is a hyperbox, and A(:) is continuous.
This system is said to be quadratically stable (QS) in H if and
only if there exists a symmetric positive definite matrix P €
R™*™ such that for all p, € H, AT(p,)P + PA(p,) < 0.

t € [0,+00), )

Lemma 5 (Amato [28]). Assume that the system (11) is QS.
Then, for any function p,(-) that is piecewise continuous on
R* and valued on W, the linear time-varying system x(t) =
A(py(t))x(t) is exponentially stable.

Lemma 6 (Amato [28]). Assume that the uncertain system is
in a polytopic form; that is,

() =AM x(t), A(t)econv{A,A,.., A}, (12)

where A,,..., A, € R™™ and conv{-} represents the convex
hull of the following matrices. It is QS if and only if there
exists a positive definite symmetric matrix P such that for k =
1,...,9, AjP+PA; < 0.



Second, we need to recall the concept of internal model
and its property.

Definition 7 (Huang [23]). Given any square matrix S, a pair
of matrices (¥, &,) is said to incorporate a p-copy internal
model of the matrix S if the pair satisfies that

?1=T<Sl SZ)T‘I, ?2=T<S3>, (13)
G,

0 G,
where §;, S,, and S; are arbitrary constant matrices of
appropriate dimensions, T'is any nonsingular matrix with the
same dimension as &, and Gy, G, are described as follows:

G, = block diag (ﬂl,...,ﬁp),

5,),

where for j = 1,...,p, B; is a constant square matrix of
dimension d; for some integer d; and o is a constant column
vector of dimension d; such that

(14)
G, = block diag (01, ...

(i) B; and o; are controllable,

(ii) the minimal polynomial of S divides the characteristic
polynomial of j3;.

Lemma 8 (Huang [23]). Under Assumption 1, assume that
(%, 8,) incorporates a p-copy internal model of S. Let

i B
[?26 ?] 5)

be exponentially stable, where A, B, and C are any matrices
with appropriate dimensions. Then, for any matrices E and F
of appropriate dimensions, the following matrix equations

XS=AX+BZ+E,
L (16)
ZS=%,2+%,(CX +F)

have a unique solution X and Z. Moreover, X satisfies CX+F =
0.

Based on these preparations, theorems on solvability of
Problem 3 with state/output feedback controllers are given as
follows.

Theorem 9. Suppose that Assumptions 1 and 2 hold and the
pair (Gy, G,) is a p-copy internal model of the exosystem (1).
Fori=1,...,N, ifthere exist a matrix Y; and a positive definite
matrix P, satisfying that

AP +PAL +B,Y,+Y[Bl <0, k=1,....g, 17)

where

=~ _( Ax O = _ (B
A’““(Gzck,- Gl)’ B’““(O)’ (18)

Then, Problem 3 is solvable by a dynamic state feedback con-
troller (4), where (K;,K,;) = K; = ;P .
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Proof. Let y;(t) = (x], ziT)T. Then, the subsystems of (8) with
controller (4) can be written as follows: for i € &,

.« _ (A;+BK,; BKy E;
y; (t) = < Gza‘ G, y; (£) + G,F w(t), @19)
and fori ¢ &,
.+ (A +BK,; BKy E,
y; () = < G,C. G, >Vi (t)+<0>w(t)
0 0 (20)
— = (1),
W (—GZCj )

According to [29], by relabeling the nodes, a directed acyclic
graph could be put into an ordered form. That is to say, for
all edges (i,j) € &, i > j holds. Notice that matrix A,
is consequently a block lower triangular matrix and system
(8) with w = 0 is asymptotically stable if and only if all the
subsystems below are asymptotically stable

A; + BiKy; BiK2i> ¥ (1)

y; (t) = ( G,C, G,

1

9i
_ Ay + BiiKy; BiKy;
= ;Aki ( G,Cy; ! G ’ >Vi (t) (21)

Ji
- ZAki (Zki + EkiKi) y; (£).
k=1

Consider LMI (17). When it holds for a symmetric positive
definite matrix P; and a matrix Y;, let P, = P!, and let K; =
Y,P,. Pre- and postmultiplied by P, (17) is equivalent to the
following inequality:

(A +BuK,) B+ P (A + BuK;) <0.  (22)

According to Lemma 6, when it holds, the subsystems (21)
are all QS. And according to Lemma 5, for any polytopic
uncertainties, the subsystems are exponentially stable. The
system (8) with w = 0 is consequently exponentially stable.
The condition (i) of Problem 3 has been satisfied. In the
following, the error e(t) is proved to converge to zero.

Ai+B;Ky; BiKy;

GG G

Lemma 8, for any E; and F;, the following matrix equations

Since the matrix ( ) is Hurwitz, according to

X;S = (4 +BKy) X, + BK,Z, + E,
(23)
ZS8=G,Z;+G,(CX, +F)

have a unique solution X; and Z;, and at the same time,
CX,+F = 0.Fori ¢ %, F = F, otherwise, F, =
(-1/IN;D ZjeM Eij. Therefore, the N coupled matrix equa-
tions have a unique solution (X, Z,,..., Xy, Zy).

The proof will be given by induction. As mentioned
earlier, each agent can only receive information from the
agents with smaller labels, after appropriately relabeling the
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directed acyclic graph Thatisto say, fori = 1,2,...,N,F, = F
or F; = (-1/|N; I)Z] LjeN, Cij.Fori = 1, the firstagent does
not communicate with any other agents but the exosystem,
so F, = F. And we can obtain a unique pair of (X;,Z,)
that satisfies (23) and C, X, + F, = 0. Fori = 2, if it is a
leader, then F, = F; or else, it can only communicate with
the first agent, which means that F, = ~C, X,. In both cases
F, is a certain and known matrix, so there exists a unique
solution (X,, Z,) of (23) and C,X, + F, = 0. Suppose that
fori = 1,2,...,m, the solution (X, Z;) has already been
obtained. And then for i = m + 1, either F;, = For F;, =
(-=1/IN;]) Z] LjeN, C ;X is a certain and known matrix. So,
the unique solution (Xm +1> Zm+1) also exists. By induction,
we can obtain the unique solution (Xl, Ziso- s X Zy)> and
at the same time, C, X, + F, = -+ = ENXN + Fy = 0.
Take notations I; = ( ) and y; =
(23) into (19) and (20). It i is obtained that

— [Lw, and substitute

ACEEAGE

(A +BK,; BK,
GC, G

ISw(t)
> 51, i€
y; (t) —

(A +BKy, BK2,> _
GC, G

¥, (6) = ISw (f) o0

0

|N|]€N <GC O>y](t) ¢

By the first part of the proof, the system above is exponentially
stable; that is,

tlingoﬂ(t)=0, i=1,...,N. (25)
Since
ey, () = Elxi (t) + Fw (t)
= (G o)yi(t)+(6,.x,.+F)w(t), ie,
e, (t) = Cix; (t) - Z Cix; (1)
]GN (26)
= (C o)1) - > (C; 0)7;(t)
|N I]EN
+(CX;+F)w(), i¢Z,
it is obvious that
tli,lﬂoeiw(t)zo i=1,...,N. (27)

Under Assumption 2, the statement (27) is equivalent to
lim, _, ,e(t) = 0. This completes the proof. 0

Remark 10. When there is no uncertainty in the system (2),
Ai = Ali’ Bl = Bli’ and Cl = Cli’ i = 1,...,N. ’Th.en,

the conclusion of Theorem 9 still holds if the solvability of
LMI (17) is replaced by the statement that the pair (A4;, B;;)
is stabilizable. In fact, according to [23], from the two
statements,

(i) the pair (Ay;, By;) is stabilizable,

(ii) Assumption 1 holds, and the pair (G,,G,) is an inter-
nal model of S; it is followed that the pair

A,; 0 (B,
(e, )(%) @

is stabilizable. It is equivalent to LMI (17) that holds with g; =
l,i=1,...,N.Specially, iffori=1,...,N,A,; = A, B,; = B,
and C;; = C, g; = 1, then in Theorem 9, the solvability of
LMI (17) can be replaced by the statement that the pair (A, B)
is stabilizable.

Theorem 11. Suppose that Assumptions 1 and 2 hold and the
pair (G;,G,) is an internal model of the exosystem (1) if the
following conditions are satisfied:

(i) For i = ., N, there exist a matrix Y; and a
symmetric positive definite matrix P, satisfying LMI
(17),

(ii) Fori=1,..., N, and the matrices Y,, P, obtained in (i),

let P, = P. 1, and let K; = (K,;,K,;) = Y;P, and there
exist matrtces M,;, M,;, Ms; and a symmetric positive
definite matrix Q; satisfying the following LMI:

0., .. I,
(_%l,kl _12,k1><0’ (29)
1_112,ki 1_[22,ki

where

= ~ =T ~ T=T
Iy i = PAg + AP + ByKiP; + PK; By,

_ B..K..
le,ki = Pi( klo h)

. < AilQ KEBle + MT + CTMT) (30)

T

ZiniQi + M,
Ty = —QByKy; — Ky BQ, + My, + My,
k=1,...,9.

Then, Problem 3 is solvable by a dynamic output feedback

controller (6) with
= _(Tu Ty = _ (T
Gli - < 0 G1 > Gzi - G2 > (31)
= Qi_lMZi’ and Ty; = Qi_1M3i'

where Ty; = Q' M,;, Ty,

Proof. Fori = 1,..., N, the subsystems of (8) with (6) and
(31) can be written in such a form: fori € &,

Zi_ BK,; BK, E;
@)= TC T, Ty |y@®+| TyF Jw(@),
GC, 0 G G,F

(32)



6
and fori ¢ &,
_1 EII<11 E1I<2i E
)'/i (t) = T3161 Tll T2i Yi (t) + < 0 > w (t)
GC, 0 G 0
(33)
0 00
1 _
- m T3iEj 00 0!
1N\ G,C; 0 0

Similar to the proof of the previous theorem, the stability
of the system (8) with w = 0 is dependent on the following
subsystems:

A;  BKy; BKy
) =| ¢ Ty Ty |y
GC, 0 G G
4 A BiiKy BuKy
= Z)‘ki TGy Ty Ty )y (®).
k= GGy 0 G,
Let
I, 00
= 0 0 L |y(). (35)
I 1,

Then, the subsystem (34) is similar to the following system:

Ay + BKy; BiiKy BiiKy;

i
E(t) =) Ay eXo G, 0 |&®), (36)
k=t Uk Vii Wi
where
Ui = Th; + T5,Ci; — Ay — BiiKyi»
(37)
Vii = Tai = BiiKyis Wi = Th; = BKy;.

According to Lemma 6, the system (36) is QS if there exists a
symmetric positive definite matrix R; > 0 such that

T
Ay + BiiKy; BiiKy; BiiKy;

G,Cy; G, 0 R,
Uki Vi Wi (38)
Ay + BuKy; BiKy BiiKy;
+R; G,Cy; G, 0 <0.
Uki Vi Wy

Suppose that R, is a block diagonal matrix, which means that
R, = (P" J ), P e ROt and Q; € RP*Pi. Then, the

i 0 Q
inequality above can be rewritten as
I, . I,
< %1,kl 12,k1> < 0, (39)
Mk Moo
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where

1

U”
B,.K.. ki

=5 < kb 11) + <VT> Q;, (40)
ki

T
Uy i = Wiy Qi + QWi

= (Kki + EkiK')TPi +P (Zki + EkiKi) >

Notice that IT;, ;; < 0 is just the inequality (22), which is
equivalent to LMI (17). When IT;, ;; < 0 holds, the matrices
P,Y, P, = P\, K; = (K;;,Ky) = Y;P; have already been
obtained. Let Q;T}; = My;, Q;T,; = M,;, and Q;T5; = M,;. We
turn the inequality (39) into LMI (29). This implies that the
system (8) with w = 0 is asymptotically stable.

The rest part of the proof is similar to that in Theorem 9.
Recalling that (GA’6 BéK"' ) is Hurwitz and (G,;, G,;) incorpo-
rates a p-copy internal model of S, we can obtain that for any
matrices E; and F;, the following matrix equations

X,S=AX,+BKZ +E,
o (41)
Z.S=GZ;+Gy (CX,; +F)

have a unique solution X; and Z;. And meanwhile, C, X, +F; =
0.Fori € &, F; = F, otherwise F; = (=1/IN;|) ¥ en, CiX;.
Take notations 1_",- = (%) and y,(t) = y;(t) - fiw(t).
By calculation, it can be verified that lim, , . y,(t) = 0.
Consequently, lim, _, . e;,(t) = 0. When Assumption 2 holds,
the above statement is equivalent to lim,_, . e(f) = 0. This
completes the proof. O

Remark 12. Consider the robust tracking problem for het-
erogenous MAS in the presence of disturbances. Suppose that
an active leader is described as

B ()= Ao (0, p () =Cox (),  (42)

and there is an environmental disturbance d(t) satisfying
d(t)=Aud(t). (43)
The model of the MAS can be given in
%; (t) = A;x; (t) + B (t) + Egid (1),
¥ (t) = Cix; (t), (44)
i=1,...,N,

where A;, B;, C;, and E,i are uncertain matrices with poly-
topic uncertainties. The control target is to design distributed
controllers such that the outputs of followers track the output
of the leader. That is to say, fori = 1,..., N, e;(t) = y;(t) -
v, (t) converges to zero. This problem is just Problem 3 with
w = (xz,dT)T, S = diag block (A, A,), E = (0 Ey), and
F = (=C; 0). The robust tracking problem for the systems
(44), therefore, can be studied under the framework of DOR
problem. It can be solved by designing the controller (4) or
(6) if the conditions in Theorems 9 or 11 are satisfied.
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Remark 13. By Theorems 9 and 11, the sufficient condition
of the solvability for Problem 3 depends on the dynamics
of each agent. For a heterogenous MAS, N LMIs have to be
solved to obtain appropriate distributed controllers, which
limits scalability. When the agents share some common
characteristics, such as nominal parts, the complexity of
LMIs will decrease. Specially, if agents are identical in the
sense of common nominal parts and common bounds of
the uncertainties, the solution to one LMI will construct the
required control law.

4. A Numerical Example

In this section, a numerical example of a heterogenous MAS
consisting seven agents is given to show the control effect
of controllers obtained by Theorems 9 and 11. A comparison
is also given between our controllers and that of [25]. In
the example, suppose that there is a constant environmental
noise and the reference signal (the output of the tracking
target) is a sinusoidal signal. Let w = (wl,wz,ws)T, where
w,, w, serve as the reference signals and w; as the exogenous
disturbance. Obviously, the differential equations about them
are @,(t) = —w; (t), @,(t) = —w,(t), and @;(t) = 0. Therefore,
the exosystem can be described by (1) with

010
s=(-100]. (45)
000

According to [23], we can immediately obtain a 1-copy
internal model as follows:

010 0
G =001, G,=[(0]. (46)
0-10 1

In the example, three kinds of linear agents with 2, 3, and 4
orders are considered. 2 or 3 basement matrices are randomly
valued for each kind. We present the detailed description of
basement matrices in the appendix.

And as for E,, ..., E,, their first two columns are zeros,
noticing that only w; refers to the disturbance, while the other
elements are valued randomly. Finally, the regulated output,
regarded as the tracking error between y;(t) and the sine
reference signal w, (¢), is defined as e;(t) = y;(t) — w,(t) =
C;x;(t) + Faw(t), so, value F = (-1 0 0).

The communication network is described by the
directed acyclic graph shown in Figurel, which satisfies
Assumption 2. According to Theorem 11, by solving three
kinds of LMIs as (17), we get control gains K, = K, =
(-6.3230,28.5507,2.6636,0.9019,6.8977), K, = K, =
Ks = (0.9071,-9.9908,10.4217,-1.2503,0.9513, -3.1324),
K¢ = K, = (226.6539, 117.7418, —20.0749, —91.1218, 4.6064,
-2.6648, 11.6774). If the states of each agent are measurable,
then a candidate distributed controller can be chosen as (4)
with the coefficients K, ..., K. Or else, one more group of
LMIs (29) need to be solved to construct the output feedback
controllers. In this situation, we obtain T};,T,; and Tj; for
i = 1,...,7, which are also listed in the appendix due to

()
N

FIGURE 1: Information flow among exosystem and agents.

space limitation. And then the distributed dynamic output
feedback controllers are given as (6). For simplicity, we
denote this control law as controller C,,.

On the other hand, we translate the polytopic uncertainty
into an equivalent form that consists of a nominal part and
an uncertain part. In this case, the nominal part A,,..., A,
Bi,...,B;,and C,,...,C; can be valued as the average of the
basement matrices. Then, by the algorithm in [25], for i =
1,...,7, the candidate control law can be chosen as (6) with

= A;+BK;; + L,C; BK;
Gy = 0 G, )

(47)
_ _L. _
Gy = (G21>’ Ji=Q'Z;

where K, = K, = (-10,0,2,1,-1), L, = L, = (9.5,10)",
Ky = K, = K; = (-9,-2,-4,3,2,4),L; = L, = L, =
(30,-70,28)", K¢ = K, = (10,10,-2,5,1,2,-2)", Ly = Ls =
L, = (-69,-41,-10,—10)". For simplicity, this control law
obtained by [25] is denoted by controller C,,.

Note that both controllers C, and C,, are robust con-
trollers against the model uncertainty. To compare the effects,
two cases of uncertainties are considered in the example. For
one case, the model uncertainties denoted by A, are rather
close to the “nominal part” set earlier. For i = 1,...,7,
k =1,...,g; the values of A;; are randomly chosen around
1/g;, whose values are shown in the appendix. For another
case, the model uncertainties denoted by A, are valued
freely with reasonable coeflicients, which are relatively farther
from the “nominal part” With the same initial values, the
numerical results of the regulated output for each agent are
demonstrated in Figure 2 and Figure 3. Our controller C,
is effective in the presence of either A, or A,. However, as
for Controller C,, when the uncertainty is relatively small,
it can help to achieve the output regulation property. While
in the case of A,, the regulated errors diverge rapidly as
shown in Figure 3(b). As a consequence of the above, for
Problem 3 with polytopic uncertainties, Theorems 9 and
11 help construct distributed dynamic state/output feedback
controllers of stronger robustness, at the price of increasing
the calculation complexity.

5. Conclusions

In this paper, we consider the distributed robust output
regulation problem for MASs under the topology of directed
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FIGURE 3: Regulated output of the MAS with the controller C,,.

acyclic graphs. As an extension of the existing results, we
focus on a special class of parametric uncertainty. Assume
that the dynamics of heterogeneous agents are in a poly-
topic form, and we study the solvability of the problem
and the design of distributed controllers. Both dynamic
state feedback controller and dynamic output feedback con-
troller are under consideration. At last, a practical example
is presented to validate our results. By local interaction,
a team of heterogenous agents is required to achieve a
common output, which is generated by an exosystem. The
controller generated by our theorem can realize the property
of output regulation and the performance of tracking the
reference signal and rejecting the disturbances as a special
case.

Appendix

Here are some detailed descriptions of the example in
Section 4. Agents v, and v, are systems with 2 orders. And
there are three basement matrices for an uncertain system,
which means g, = g, =3

~4.8512 -8.9578
An=Ap= <—8.7108 7.4003 >

~4.5841 —7.5263
An=An= <—9.3135 7.0596 >

—-5.7140

~8.2750
An = An = <—9.1175 >

7.0544
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1.6684
Biy =By, = <—0.0861>

1.9897
By =Bn = (—0.7854)

1.8509
By = B3 = <—0.2403>

C,, =Cp, = (10614 0.8390),

Cy =Cyy = (10102 0.9982),

Cy = Cyy = (09283 0.7936).

(A1)

Agents v, v,, and v; are systems with 3 orders. And g; = g4 =
g5 =2

25419 -1.2319 4.7038

A=A, =A;s=| 19598 -1.9843 —4.6719 |,
~2.6654 —2.4159 —4.6598
1.1025

~2.1701 3.6488
Ay = Ay = Ay = 00927 -0.1010 —2.6299 |,
~3.4064 —3.1707 —3.2973

(A.2)
3.2738
B =By, =By =| 23681 |,
-0.0088
4.3570
By, =By, =B, = | 19363 |,
-0.0489
Cp;=Cpy=Cjs=(-29090 —1.6423 —0.6208),
(A3)
Cp =Cyy = Cys = (-3.5357  —1.0246  —2.3913).
(A.4)

Agents v and v, are systems with 4 orders. And g; = g, = 3

7.3858 7.0606 —-1.9638 -6.3218
A = A= 1.5941 2.4411 -8.4807 -5.2009
16 17 0.9972 -29810 -5.2017 -1.6547 |’
-7.1009 0.2650 -7.5336 —9.0069
5.7750 7.7097 -3.0848 —-4.7077
Ao = A = —0.1851 0.8409 -8.0396 —3.7288
2 27 1.0337 -2.4579 —-4.1684 -3.4229 ?
-7.0579 1.8202 -7.1493 -10.8314
7.6867 8.3454 -1.3674 -6.1338
-0.1668 0.5027 -7.5538 -6.0157
Azg=Ay; =

—-0.0637 —4.8089 —4.6107 -0.6759 |’
-7.6883 —1.0590 -7.7299 -10.2511

0.0681
0.0862
2.5410 |’
2.3587

Big =By =

9
~0.2206
0.3290
Bis =By =\ 19179 |’
22930
-0.2305
0.9642
Bis =By =| 32029 |°
2.4590
Cs=Cy, = (14942 —-25319 —1.0521 1.0049),
Cy =C,y; = (09337  —1.6942 —1.9109 0.4535),
Cys=Cyy = (14678 —2.6602 —1.1586 0.6176).
(A5)

Next, these are the matrices obtained according to the solu-
tion of LMIs (29)

T 37.5608  109.7053

=712 71 -118.3196 —149.5498
T T = 4.8984 1.6586 12.6849
217 722 7\ -1.7007 -0.5759 —4.4042

T o _ (435409 ~74.3826
317927\ 91,9349 157.0558

~6.8197 —42.1931 33.9132
Ty=Ty=Ts=| 99034 -14.7875 19.6377
~2.6741 -1.6089 —-3.5333

~4.2895 32637 —10.7466
Ty, =T, =Ty = | -2.3038 17529 -5.7718 |,
0.1139 —0.0867 0.2854

11.1566 5.9291 5.2847
Ty = -7.3616 —3.9123 -3.4871 |,
-0.3312 -0.1760 -0.1569
Ty =T,
—-167.8742 206.0977 254.4031 —44.6630
_ 15.0769 147.1908 106.7331 -62.5135
- 462.5231 174.7488 -97.4980 —-165.1735 |’
532.2860 236.1899 -93.3484 -210.2411
-1.0162 0.5879 -2.5760
T T = 1.5155 -0.8767 3.8419
26 7 727 7 8.8346 -5.1108 22.3961 |’
10.5625 -6.1104 26.7763
T3 =Ty,

123.6493 -224.3619 -253.0593 60.0567

| 59.3071 -107.6129 -121.3773 28.8056
—26.7899 48.6103 54.8279 -13.0119
-19.6265 35.6123 40.1673  -9.5326

(A.6)
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The coefficients in case of the uncertainty A, are as follows:

A, = 0.33, Ay =033, Ay =034,
Ap=04, A, =03, 1; =03,
A = 0.6, Ay = 0.4,
A = 0.45, A,y = 0.55, (A7)
Ais =033, Ay =037, Ay =04,
A =035 Ay =036, Asg = 0.39,

A, =041, A, =03, Ay =0.39.

The coefficients in case of the uncertainty A, are as follows:

Ay =01, Ay =02, Ay =07,
A, =0.5, Ay =0, As, = 0.5,
A3 =0, Ayp=1,
Ay =081, Ay, =0.19, (A.8)
A5 =0.3, Ay = 0.5, Ass =02,
A =0.02, Ay = 0.13, Asg = 0.85,

Ap,=03, A, =01, Ay =06
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A detailed analysis on the Hopf bifurcation of a delayed Hopfield neural network is given. Moreover, a new hybrid control strategy is
proposed, in which time-delayed state feedback and parameter perturbation are used to control the Hopf bifurcation of the model.
Numerical simulation results confirm that the new hybrid controller using time delay is efficient in controlling Hopf bifurcation.

1. Introduction

It is well known that neural networks are complex and large-
scale nonlinear dynamical system. In the last decade, the
dynamical characteristics (including stable, unstable, oscil-
latory, and chaotic behavior) of Hopfield neural networks
(HNNs) with time delays have become a subject of intense
research activities. Many stability criteria are obtained. We
refer the reader to [1-8] and the references cited therein.
However, the periodic nature of neural impulses is of funda-
mental significance in the control of regular dynamical func-
tions such as breathing and heart beating. Neural networks
involving persistent oscillations such as limit cycle may be
applied to pattern recognition and associative memory. In
differential equations with delays, periodic oscillatory behav-
ior can arise through the Hopf bifurcation. Therefore, it is
also very significant to study the class of problem. Olien and
Bélair [9] investigated the bifurcation of the following HNNs
system:

% = —ayx, (8) + by, fy (x, (- 1))
+b,fr (%, (t-15))s

Xy = —ayx, () + by, fy (%, (t - 13))

+by fr (%, (t - 1)),

@

inwhicht) =1, =13 = 7,4; = 1 and f;(0) = 0,i = 1,2, and
Huang et al. [10] study further the bifurcation and periodic
nature of system (1) with 27, = 7, + 73, 4; = 1 and f;(0) = 0,
i = 1,2. Moreover, many authors also consider discrete form
of system (1); we can see [11-13].

In recent years, bifurcation control has attracted many
researchers from various disciplines. The aim of bifurcation
control is to design a controller to modify the bifurcation
properties of a given nonlinear system, thereby to achieve
some desirable dynamical behaviors. After the pioneering
work initiated by Ott et al. [14], there have been many ideas
and methods of bifurcation control [15-20]. However, from
the control theory point of view, we may classify the current
methods into two main categories: the first one is feedback
control where state feedback is applied to control bifurcation
or chaos, and the other is nonfeedback methods. Recently,
Luo et al. [21] proposed a new control strategy for period-
doubling bifurcations in a discrete nonlinear dynamical
system. Moreover, Liu and Chung [22] investigated the same
control strategy in a continuous dynamical system without
time delays. Now, we extend this strategy to deal with bifurca-
tion control in HNNs system (1).

In the paper, we will propose a new hybrid control stra-
tegy in which the parameter perturbation and time-delayed
state feedback are combined and used to control Hopf bifur-
cation in system (1). Simulation results demonstrate the cor-
rectness of our theoretical analysis. The comparison shows



that the control strategy is effective as it meets the purpose
of retarding the occurrence of bifurcation.

2. Stability and Hopf Bifurcation of
System (1) without Control

In this section, we will consider system (1) with 27, = 7, +
7y 2 2t and f;(0) = 0,1 = 1,2. It is obviously that (0, 0) is an
equilibrium point of system (1).

To simplify, here we denote ¢;; = by, f,(0), ¢, = by, f, (0),
0 = b21f1'(0), Cy = b22f2'(0), a, = a, = b. Consider the
linearized system of system (1) at (0, 0)

Xy =-bx, () +epx (E—T)+epx, (- 1,),
2
Xy = =bxy (1) + ¢y, (t—13) + e, (E—T).

The characteristic equation of the linearized system (2) is

(A+b)* - (e + ) (A + D) e+ (c1162 = €1261) e =0,

(3)

which determines the local stability of the equilibrium solu-
tion. Thus, we will find some conditions which ensure that
all roots of (3) have negative real parts. To facilitate the cal-
culation in this paper, we rewrite the characteristic equation
(3) as follows:

A+ —2T(A+b) e + D =0, (4)

where D = ¢,6,, — 1561, T = (1/2)(¢;; + ¢53). Obviously, (4)

is a quadratic polynomial in the variable (A + b)e'* and has
roots given by
(A+b)e"" =T+ VT? - D. ©)

In the following, we distinguish two cases to discuss (5).

21. As T? > D. In this part, we state a result due to [23] as
a lemma to analyze (5), which is, for the convenience of the
reader, stated as follows.

Lemma 1. For the transcendental equation

"N bk p A )
[p(l A 1 +P’(11)1A+p(1)] (6)
[p(’”>)t” ek M p(’")] =0,

where 0; > 0 (i = 1,...,m) and p§i) i =1,...
1,...,n) are constants. As (04, ...,0,,) varies, the sum of the
orders of the zeros of (6) in the open right half-plane can change

only if a zero appears on or crosses the imaginary axis.

,m;j =
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For convenience, we make the following assumptions:

(H) b>T + VT? - D.

(H2) b > (T + VT? - D).

(H3) (T + VT? = D)* < b* < (T — VT? - D)*.
(H4) b < (T + VT? - D).

Lemma 2. If (HI) and (H2) hold, then all roots of (3) have
negative real parts for every T € [0, +00).

Proof. For (3), when 7 = 0, its roots can be expressed as
Ay =—b+ T+ VT? - D. Clearly, all roots of (3) are negative
if (H1) holds. We want to determine if the real part of some
root increases to reach zero and eventually becomes positive
as T7#0. We can see that A is a root of (3) ifand only if A isa
root of (5).

We write A = p + iw for a root of the characteristic equa-
tions (5), separate the real and imaginary parts of the ensu-
ing equations (5), and obtain

e’ [(p +b) cos (wr) — wsin (wr)] =T + VI? - D, -
7

e’ [(p + b) sin (wt) + w cos (wt)] = 0.

A change in the stability of the stationary solution can only
occur when p = 0, that is,

bcos (wt) — wsin (wt) =T + VT? - D,
b sin (wt) + w cos (wt) = 0.

By (8), we have
o = (T+\VT*-D) ¥~ ©)

By (9), if (H2) holds, we know that (5) has no purely imag-
inary roots, and then applying Lemma 1 one obtains that all
roots of (3) have negative real parts. This completes the proof
of lemma. O

Lemma 3. For (5), one obtains the following results.

(1) If (H1) and (H3) hold, then (5) have a pair of purely
imaginary roots tiw_att =1_;.

(2) If (H1) and (H4) hold, then (5) have a pair of purely
imaginary roots tiw, at T = 7, ; and have another pair

. . 4 .
of purely imaginary roots tiw_ at T T_j

where
Wl = (T + VT2 - D)2 -b, (10)

1 jm .
T+~:—arctan<— b >+—, j=0,1,...;

+J
@ @ (11)
T = min {1, 0, 7_} .

Here one denotes tw, especially as a pair of purely
imaginary roots of (5) at 7 = ;. To see if 7_, and 7, are
bifurcation values, one needs to verify if the transversality
conditions hold. In fact, one has the following.
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Lemma 4. The following transversality conditions:

dA
R 0
e dT) > 1)
are satisfied.
Proof. By (5), we have
Doy (Avb) (MT@ - Ae”> = 0. (13)
dr dr
Hence,
@(1+(A+b)r):—)t()t+b). (14)
dr
Obviously, we have
(@)‘1 _ 40+ 1T gy
dr) — -A(A+b)  A(QA+b) X

then

di
i R
sign < e < I )

S..

(]

= sign Re(lw (iw + b)))

(
Sl @
(e

n\

- 8 1 e )
= si 0.
()
We complete the proof of Lemma 4. O

From Lemmas 2-4, we can obtain the following theorem
about the distribution of the characteristic roots of (3).

Theorem 5. Let T_, T, be defined by (11).

(i) If (H1) and (H2) hold, then all roots of (3) have negative
real parts for all T > 0.

(i) If (H1) and (H3)((H4)) hold, then when v < 7_, (1 <
T,), all roots of (3) have negative real parts, when T =
7_o (t = 1y), (3) has a pair of purely imaginary roots
*iw (+iwy), and when © > 7_4 (t > 13), (3) has at
least one root with positive real part.

By using Theorem 5, the stability and bifurcation of
system (1) can be summarized as the following theorem.

Theorem 6. For system (1), let (HI) hold and let 7_, 7, be
defined by (11).

(i) If (H2) holds, then the equilibrium point (0,0) is
asymptotically stable for discrete delays T > 0.

(ii) If (H3)((H4)) holds, there is a critical value T =
7_o (1 = 1y) of the discrete delay so that ift < T_ (1 <
1,), then the equilibrium point (0,0) is asymptotically
stable; if T > T_ (7 > 1y), then (0, 0) is unstable; Hopf
bifurcation occurs when v = 1_ (7 = T9).

2.2. As T?<D. For convenience, we have the following
assumptions:

(H5) b > T.
(H6) b* > D.
(H7) b* < D.

Similar to the deduction of Lemma 2, we have the follow-
ing result.

Lemma 7. If (H5) and (H6) hold, then all roots of (3) have
negative real parts for every T € [0, +00).

Proof. For (3), when 7 = 0, its roots can be expressed as
A, = —b+T+VT? - D. Clearly, all roots of (3) have negative
real parts if (H5) holds. We want to determine if the real part
of some root increases to reach zero and eventually becomes
positive as T # 0. We can see that A is a root of (3) if and only
if A is a root of (5).

We write A = p + iw for a root of the characteristic
equation (3), separate the real and imaginary parts of the
ensuing equations (5), and obtain

" [(p + b) cos (wT) — wsin (wr)] = T,
(17)

e’ [(p +b) sin (wt) + wcos (wr)] = VD - T2

A change in the stability of the equilibrium point can only
occur when p = 0, that is,

b cos (wt) — w sin (wt) =
(18)
bsin (wt) + w cos (wt) = +VD - T2,
Hence, we have
w =D-b". (19)

By (19), if (H6) holds, we know that (5) has no purely imag-
inary roots, and then applying Lemma 1 one obtains that all
roots of (3) have negative real parts. This completes the proof
of lemma. O

Lemma 8. For (3), one obtains the following results.
If (H5) and (H7) hold, then (3) have a pair of purely imag-
inary roots tiw at T = T, j, where

w'=D-1, (20)
1 bT + wVD - T? 2jm
T,;= —arccos| ——————— |+ ——, =0,1,...;
w b’ +w w
To = min {7, o, 7_o}.
(21)

According to Lemma 4, one knows that 7, is bifurcation
values.



From Lemmas 1 and 2, one can obtain the following
theorem about the distribution of the characteristic roots of

(3).

Theorem 9. Let 7, be defined by (21).
(i) If (H5) and (H6) hold, then all roots of (3) have
negative real parts for all T > 0.

(ii) If (H5) and (H7) hold, then when T < 1, all roots of
(3) have negative real parts, when T = 1, (3) has a pair
of purely imaginary roots tiw, and when T > 1, (3)
has at least one root with positive real part.

By using Theorem 9, the stability and bifurcation of
system (1) can be summarized as the following theorem.

Theorem 10. For system (1), let (H5) hold and let T, be defined
by the following: (21).
(i) If (H6) holds, then the equilibrium point (0,0) is
asymptotically stable for discrete delays T > 0.
(ii) If (H7) holds, there is a critical value T = T, of the
discrete delay so that if T < 7, then the equilibrium
point (0, 0) is asymptotically stable; if T > 7, then (0, 0)
is unstable; Hopf bifurcation occurs when T = 1,,.

3. Stability Analysis and Bifurcation with
Hybrid Control

In this section, we will consider system (1) with hybrid control
described by the following differential equation:

%y = a(=apx, () + by fi (x, (1)) + b fo (x5 (E - 1))
+Bx, (t—1),
%y = a(=ayx, () + by fi (%, (t = 73)) + by fr (%, (£ = 71)))
+Bx, (t— 1),
(22)

where &« > 0 and 8 € R. Obviously, (0,0) is also an equi-
librium point of system (22).

Linearizing the system (22) at the equilibrium point (0, 0),
we obtain

Xy = —abxy () + (e + B) x; (t —1y) + cppax, (- 1),
Xy = —abx, () + cyax; (t = 13) + (cpa + B) x, (= 7).
(23)
Then the characteristic equation for the linearized system

around (0,0)” is given by

(A + ab)?e? - (a(cy +6y) +2B) (A + ab) i
(24)

+ ((“Cll + B) (acy, + ) - 0‘2512021) =0,

which is a quadratic polynomial in the variable (A + ab)e'
and has roots given by

(A+ab)e™ =T + (1) - D, (25)
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where

D' =a’D+2afT+ >, T =al+p.  (26)

By (26), we know that (T"? - D' = &*(T? - D), and thus,
(T")* = D' ((T")* < D) holds if and only if T* > D (T* < D)
holds.

In the following, we also distinguish two cases to discuss
(25).

3.1. As T> > D. Corresponding to Part I of Section 2, we
make the following assumptions for convenience:

(H1)' b>T + VT? - D + (B/a).

(H2)' b* > (T + VT? = D + (B/a))’.
(H3)' (T+VT? - D+(B/a))” < b < (T~
(H4)' b* < (T + VT?* =D + (B/a))*.

Denote
(w)) = (T' +\(1T') - D’)2 - a’b’, (27)

1 ab T,
T'.=—,arctan<——>+]—,, j=0,1,...,
= w w,

+

T2 — D+(B/a))*.

(28)
T(; = min {Tfr’o, Ti,o} .
Similarly, we can obtain the following theorem.

Theorem 11. For system (22), let (H 1) hold and let T;’O, T(; be
defined by (28).

i) If (H2)" holds, then the equilibrium point (0,0) is
asymptotically stable for discrete delays T > 0.

(ii) If (H3)'((H4)") holds, there is a critical value T =
Ti)o (t = 1,) of the discrete delay so that if T < TL’O (r<
7,), then the equilibrium point (0,0) is asymptotically
stable; if T > TL’O (> T(,)), then (0, 0) is unstable; Hopf
bifurcation occurs when T = TL’O (= T(’)).

3.2. As T*< D. Similar to deduction of Section 2.2, we have
the following assumptions:

(H5) b> T+ (B/a),

(H6)' b* > D + 2B/a)T + (B/)’,

(H?7)' b* < D+ 2B/a)T + (B/«)’.

In this part, we denote

(w')2 =D - a*b?, (29)

) 1 abT' + w'\D' - (T')°
w

a2b? + (')’

(30)
2jm

! . ! !
> 5 TO = min {T+’j,T

j=0,1,---

'

Hence, we can obtain the following theorem.
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Theorem 12. For system (22), let (H5)' hold and let T(; be
defined by (30).

i) If (H6)" holds, then the equilibrium point (0,0) is
asymptotically stable for discrete delays T > 0.

(ii) If(H7)' holds, there is a critical value T = T(') of the
discrete delay so that if T < 7, then the equilibrium
point (0,0) is asymptotically stable; If T > t,, then (0, 0)
is unstable; Hopf bifurcation occurs when T = 1,

Remark 13. When o = 1 — y and 8 = y in the system (22),
then we obtain the same hybrid control with [22]; however, a
control model based on delayed feedback is proposed in this
paper; it is well know that control theory should contain delay
since any control action takes effect only after a certain delay.
Hence, our hybrid control is more helpful than [22].

Remark 14. When « = 1 in the system (23), then we obtain a
control model only based on delayed feedback in this paper,
it is clear that our hybrid control is more general than control
strategy proposed by [17].

Remark 15. In [10], authors investigated the Hopf bifurcation
of following HNNs with &« = 1 and 3 = 0:

X = “(‘x1 (1) - (\/E_ 1)f1 (%, (t=1))
+ b fo (%, (- 1)) ) +px (t-11),
Xy = “( =%, (1) + by, f (%, (¢~ 13))

~(V2-1) £, (x, (= 1))) + Py (E = 13)

By choosing 7, = 37/4, 7, = n/8, 1; = 117/8, the authors
obtained that Hopf bifurcation occurs when b;,b,;, = 1.
However, if choosing the parameters & = 0.8 and § = 0, by
the hybrid control strategy of this paper, the Hopf bifurcation
in [10] will be eliminated. We can see Figures 1 and 2.

Remark 16. It is known to all that neural networks are a
special case of complex networks. Thus, it is interesting and
important to further study how to expand the application
of theoretical results in [24-27] and any other complex net-
works.

4. Examples

In this section, we give two examples to illustrate our results.

Example 1. Consider the following HNNs system with hybrid
control:

% = a(=apx, () + by fi (x, (- 1)) + b fo (x5 (E - 1))
+Bx, (t— 1),
%y = a(=ayx, () + by f (%1 (t = 73)) + by fr (%, (= 71)))

+Bx, (t-1),
(32)

5
1
0.5
s o0
<
—-0.5 H
_1 I I 1 1 I
0 50 100 150 200 250 300
t
—— Without control
1
0.5
s o0
<
-0.5
-1 L L L L L
0 50 100 150 200 250 300
t
—— With control

FIGURE 1: The trajectory of x, (t) versus time in the system (31) with
T =3m/4.

0 50 100 150 200 250 300

—— Without control
1
0.5
S
<
-0.5
-1 L L L L L
0 50 100 150 200 250 300
t
—— With control

FIGURE 2: The trajectory of x,(¢) versus time in the system (31) with
T =3m/4.

where 7, = 7, = 73 = 7,4, = 05,b; = -0.3, and fi(x) =
tanh(x), i, j = 1,2. It is obvious that (0, 0) is an equilibrium
point of system (32). Choosing « = 1, 8 = 0, by calculation,
the periodic oscillatory behavior can arise through the Hopf
bifurcation as 7, = 7.7063; we can see Figures 3 and 5
(t = 7.7063, T = 17.7063). However, when a/5 < 28 < «,
with complicated calculation, (H2)' holds; by Theorem 11(i),
the equilibrium point (0, 0) is asymptotically stable for any
discrete delays 7 > 7,. For the convenience of numerical
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FIGURE 3: The trajectory of x, (¢) and x, (t) versus time in the system
(32) without control (t = 7.7063).
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— xl(t)
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FIGURE 4: The trajectory of x, (t) and x, () versus time in the system
(32) with control (t = 7.7063).

x1 (), x,(t)

0 100 200 300 400 500 600 700 800
t

— x;(t)
— x,()

FIGURE 5: The trajectory of x, (¢) and x, (t) versus time in the system
(32) without control ( > 7.7063).
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FIGURE 6: The trajectory of x, (t) and x, () versus time in the system
(32) with control (z > 7.7063).
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0.5

x1(t): xz(t)

—05 . . . .
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— x1(8)
— x,(t)

FIGURE 7: The trajectory of x, (t) and x,(¢) versus time in the system
(33) without control (7 = 1.2092).
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FIGURE 8: The trajectory of x, (¢) and x,(t) versus time in the system
(33) with control (r = 1.2092).

simulation, here we choose &« = 0.75, f = 025, and 7 =
17.7063 as an example. it can be seen in Figure 4 (7 = 7.7063).
Fix all coeflicients of system (32) and let 7 vary, and the
waveforms x, (), x,(¢) without and with control are shown,
respectively. Obviously, we obtain that the Hopf bifurcation
in (32) without hybrid control could be eliminated by hybrid
control; we can see Figure 6 (7 = 17.7063 > 1,).

Example 2. Consider the following HNNs system with hybrid
control:

% = a(=ax, () + by fy (%, (t=71)) + b fo (%, (£ - 12)))
+Bx, (t—1),
%y = a(=ayx, () + by fi (%, (£ = 73)) + by fo (x, (£ = 71)))

+Bx, (t—1),
(33)

where 1) =17, =73 =7,4; = 1, j; = -1, and f,(x) = tanh(x),
i,j = 1,2. It is obvious that (0, 0) is an equilibrium point of
system (33). Choosing « = 1, 8 = 0, by calculation, we know
7, = 1.2092. However, when —« < 8 < «, a family of periodic
solutions bifurcates from (0, 0) at 7, (see Figure 7). Choosing
« = 0.75 and B = 0.25, with complicated calculation,
we know T(; = 2.2143 (see Figure 8). Fix all coeflicients of
system (33) and let 7 = 7,; the waveforms x, (¢), x,(¢) without
and with control are shown, respectively. However, the Hopf
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0.15 R
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FIGURE 9: The trajectory of x, (t) and x, () versus time in the system
(33) with control (7 = 2.2143).

bifurcation in (33) could be delayed by hybrid control which
could be seen by Figure 9.

5. Conclusions

In this paper, the bifurcation and the bifurcation control
problems have further been investigated for a HNNs model
with delays. For the model, hybrid control strategy in which
the parameter perturbation and time-delayed state feedback
are combined and used to control various bifurcations in a
continuous nonlinear dynamical system. It should be pointed
out that, although Liu also have dealt with hybrid control,
the time delayed feedback control used in our paper is
more helpful than the controller in [22]. On the other hand,
using parameter perturbation in this paper, our control stra-
tegy is more general than the other feedback control. Numer-
ical simulations are given to justify the validity of hybrid
controller in bifurcation control.
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The concept of controllability from control theory is applied to weighted and directed networks with heterogenous linear or
linearized node dynamics subject to exogenous inputs, where the nodes are grouped into leaders and followers. Under this
framework, the controllability of the controlled network can be decomposed into two independent problems: the controllability
of the isolated leader subsystem and the controllability of the extended follower subsystem. Some necessary and/or sufficient
conditions for the controllability of the leader-follower network are derived based on matrix theory and graph theory. In particular,
itis shown that a single-leader network is controllable if it is a directed path or cycle, but it is uncontrollable for a complete digraph or
a star digraph in general. Furthermore, some approaches to improving the controllability of a heterogenous network are presented.
Some simulation examples are given for illustration and verification.

1. Introduction

Recent technological advances have stimulated broad inter-
ests in the notion of network controllability [1-12], which cap-
tures the ability to control aggregated dynamics of a net-
worked system and guide it to a desired state by using lim-
ited external inputs [13, 14]. In most real dynamical networks,
the nodes might have different dynamics. For example, the
generators of a power network have different physical para-
meters and are certainly different from motors, which
together form a heterogenous network with nonidentical
node dynamics. Therefore, it is of both theoretical and prac-
tical importance to study the controllability of networked
systems with nonidentical node dynamics, which can help
develop a better understanding of the interplay between the
complexity of the overall network topology and the collective
dynamics of a networked system.

The controllability problem for a leader-follower multia-
gent system was proposed by Tanner [1], who formulated it as
the classical controllability of a single-input linear system and
then derived a necessary and sufficient algebraic condition

in terms of the eigenvalues and eigenvectors of a submatrix
of the graph’s Laplacian matrix. Ji et al. [2] then gave a suf-
ficient condition for multileader controllability based on the
algebraic characteristics of a submatrix of the incidence
matrix. Subsequently, Rahmani and Mesbabhi [3, 4] discussed
an intricate relationship between controllability and graph
symmetry with respect to the leader and gave a sufficient
condition for uncontrollability. Later, Ji et al. studied the con-
trollability in the multileader setting via equitable partitions
[5, 6]. It is worth noting that, in the above works [1-6], the
interconnection graph is assumed to be connected. Ji et al.
[7] introduced the concept of leader-follower connectedness
and investigated the controllability of a multileader system
that may not be connected. The work in [8] focused on the
controllability of discrete-time single-leader switching net-
works, which was further extended to continuous-time
single-leader switching networks [9]. Additionally, some suf-
ficient algebraic conditions were derived for a multileader
system with time delays in the states, where both single and
double integrator dynamics were considered [10]. Moreover,
Lou and Hong [11] employed a new equitable partition, that is,



weight-balanced partition, to classify interconnection graphs.
Zhang et al. [12] established a bound on the controllable
subspace for a given multiagent system using an almost
equitable partition.

On the other hand, Liu et al. [15] developed some ana-
Iytical tools to study the structural controllability of large-
scale weighted and directed networks and solved the min-
imum input problem based on Lin’s structural controlla-
bility theorem [16]. Wang et al. [17] further proposed a
general approach to optimizing the structural controllability
of a complex network by judiciously perturbing the net-
work structure. Cowan et al. [18] pointed out that the main
results in [15] hinge on a critical modeling assumption: the
results (implicitly) require that the “default” structures of the
dynamical systems at the nodes of the network have infinite
time constants, which do not reflect the dynamics of real
physical and biological systems. It is important to emphasize
that the controllability addressed in the present paper is
fundamentally different from the “structural controllability”
[15-18] and “pinning controllability” [19]. In fact, structural
controllability is a weaker notion than the classical control-
lability, whereas pinning controllability discussed in [19] is
essentially “synchronizability”.

To summarize, the previous works [1-15, 17, 20], except
for [18], did not consider the situation where the nodes have
internal dynamics. However, many real networks including
social networks, power grids, food webs, regulatory networks,
and neuronal networks manifest intrinsic dynamics at each
living node. Additionally, all the works in [1-12, 15, 17, 18]
assumed that the dimension of the state of each node is one.
Although Cai and Zhong [20] studied the controllability of
a swarm system with higher-dimensional agent dynamics,
they did not consider the nodal intrinsic dynamics. The intro-
duction of higher-dimensional heterogenous node dynamics
makes the controllability of the entire system more com-
plicated since, apart from the complexity of the network
structure, the complexity of the dynamics of the nodes has
to be considered simultaneously.

The contributions of this paper are as follows. The classic
concept of controllability from control theory is extended to
weighted and directed complex networks with nonidentical
node dynamics in a systematic way. The leader-follower
structure is introduced to characterize a network where a few
nodes take a leader’s role and are subject to external signals
while the remaining nodes simply follow the leaders. Neces-
sary and/or sufficient conditions on node dynamics and net-
work topology for controllability are given in either algebraic
or graph-theoretic forms. Furthermore, some approaches to
improving the controllability are presented.

2. Notation and Preliminaries

2.1. Notation. Throughout the paper, R(C) denotes the set
of real (complex) numbers and R™(C™) the space of real
(complex) m-vectors. The n X n unit (zero) matrix is denoted
by ,(0,). 1, denotes the n-dimensional column vector of
ones and 0, the column vector of zeroes. The subscript n
might be omitted if it is clear from the context. AT(a") stands
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for the transpose (conjugate transpose) of matrix A € R™"
(vector a € C). diag{a,,...,a,} denotes the n x n diagonal
matrix with its diagonal elements being a,, . . ., a,,. Re(-) is the
real part of a complex number and Im(-) the imaginary part.
® denotes the Kronecker product.

Lemma 1 (see [21]). For real matrices A, B, C, and D with
compatible dimensions, one has the following.

i) (A+B)eC=A®C+B&C.

(ii) (A® B)(C® D) = (AC) ® (BD).

(iii) (A® B)" = AT @ BT.

(iv) Let A be an m x m matrix with left eigenvectors
Ay ... &, corresponding to its eigenvalues A,..., A,
and B an n x n matrix with left eigenvectors f3,,..., 5,
corresponding to its eigenvalues p,, ..., u,. Then, o; ®

B; are left eigenvectors of A ® B corresponding to its
eigenvalues \ip; (i=1,...,m, j=1,...,n).

2.2. Graphs and Their Algebraic Representations. A weighted
digraph (or a weighted directed graph) [22] € = (7', &, W)
consists of a node set 7" = {1,...,n}, an edge set & C 7'x
7', and a weight set 7". An edge, denoted by (i, j), is an
ordered pair of distinct nodes of 7. (i, j) € & means that
there is a direct edge from node i to node j. In this paper,
simple weighted digraphs are considered. That is, self-loops
and multiple edges are precluded.

A sequence of edges, (v;,v;,1), j = 1,...,k = 1, is called
a directed path and is denoted by & = v; — -+ —
where all the nodes v,,..., v, are distinct. Node v, is called
the beginning node and v, the end node of the path. In this
case, node vy, is said to be reachable from node v,. A directed
cycle is a closed directed path of the form ¥, =v;, — -+ —
v — vy, where the beginning node and end node are the
same.

7' c 7 and & c &, then &' = (7', &) is called a
subgraph of € = (7, &), written as €' ¢ €. In addition, if
@' contains all the edges (i, j) € & with i, j € 7", then &' is
called an induced subgraph of €. Graphs &, = (7'}, &,) and
©, = (75, &,) are said to be disjoint it 7', (7", = 0.

The adjacency matrix of a weighted directed graph &,
A (%) € R™" is defined by [23]

w;i, (j,i) €8,
[ﬂ((g)]ij=‘l p ) W

0, otherwise,
where w;; > 0 is the weight of edge (j, 7).

Remark 2. An unweighted digraph (or digraph) is a weighted
digraph with w;; = 1fori, j=1,...,n.
The graph Laplacian is defined by

n

S wp i

j=Lj#i )
—Wjj» i# .

(£ (?)]ij =

The sum of all entries in any row of Z (&) is zero.
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3. Problem Description

Consider a weighted and directed networked system con-
sisting of n nodes with linear or linearized nonidentical
dynamics, described by

%; () = ¢Tx; (t) + iyﬁr (% (£) = x; (£)) + 8,Bu; (¢),
j=1

i=1,...,n

(3)

where x; € R™ is the state vector of the ith node, u; €
R? the control input of node i, and B € R™? the control
input matrix. One has §; = 1 if node i is subject to an
exogenous control signal and §; = 0 otherwise. Here, ¢T'x;
(¢; € R and ¢ #0) describes the intrinsic dynamics of node 7,
[ = (y;) € R™ is a constant matrix indicating the inner-
coupling between different components, and the Laplacian
matrix # = (Z;;) € R™" denotes the outer-coupling among
the nodes, which contains all the weights of the network.

Remark 3. Network model (3) describes a generic networked
system. Several models considered previously can be seen as
special cases of (3). For example, in [1-7,11,12,15,17],¢; = 0,
m=1,andT = B=1,in[18],m =1andT = B =1, and in
[20], ¢, = 0.

The nodes in the network can be divided into two dif-
ferent groups: leaders and followers, where external control
inputs are injected only at the leaders. Denote the set of
controlled nodes as the leader set, 7}, and the remaining
nodes as the follower set, 7" ;. Herein, the subscripts / and f
denote the leaders and followers, respectively. It follows that
7 U7 =7 and 7 (17 y = 0. Define the follower graph
& s to be the subgraph induced by 7"/ and the leader graph
@, the subgraph induced by 7;. Obviously, &, and & are
disjoint.

Without loss of generality, one can reorganize the indices
of the nodes in such a way that the first g (1 < g < n) nodes
are chosen to be controlled. That is, one can label the leaders
from 1 to q and the followers from g + 1 to #n. The associated
Laplacian matrix £ is thereby partitioned as

2l 1) 0
=5

where L, and L ; are gxq and (n—q) x (n—q) matrices, respec-
tively. However, they generally no longer have the Laplacian
matrix properties. Moreover, L ;; denotes the information
flow from the leaders to the followers and L;; the flow from
the followers to the leaders.

Defining X(£) = [x] (t),...,x ()] € R™ and U(t) =
[ul (t),..., uZ(t), o',...,0"1" € R, system (3) can be
rewritten in a matrix form as

X{t)=[(E-2L)eT] X )+ (A®B)U(t), (5)

q n—-q

where € = diag{c,,...,c,} and A = diag{1,...,1,0,...,0}.

Some definitions and lemmas are introduced below.

Definition 4. The system (5) is said to be controllable if, for
any initial state X(0) and target state X(T') in the state space,
there exists an input signal U(t) such that the driven system
can be steered from X (0) to X(T) in finite time.

The classical controllability theorem [24] asserts the
equivalence of the following statements.

Lemma 5. Given system x(t) = Ayx(t) + Byu(t), where x €
RY, u € R?, and A, and B, are matrices with appropriate
dimensions, the following statements are equivalent.

(i) The system is completely controllable.
(ii) The controllability matrix

Q=[B, AB, -+ AY'B,] (6)

is of full row rank.

(iii) The relationship v' A, = A" implies v/ By # 07, where
v is the nonzero left eigenvector of A, corresponding to
the eigenvalue A.

Conditions (ii) and (iii) in Lemma 5 are referred to as
the controllability rank criterion and PBH eigenvector test,
respectively.

4. Controllability Analysis

In this section, the controllability of system (5) is analyzed in
detail. Before proceeding, some definitions are given.

Definition 6. A graph & with the Laplacian matrix & is said
to be a controllable graph if and only if [L ; L ] is a control-
lable matrix pair.

Definition 7. Define the extended graph € as the graph with
the extended Laplacian matrix

— L,-%¢ L
F=g-v=|" " | )
fl Fmof
where €, = diag{c,...,c,} and €, = diag{c,,,.... 6.}
Moreover,
L;-%;=MZM',  L;=MZN, (8)
where M = [0, gy L gland N = [I, 0 01"

A sufficient and necessary condition for the controllabil-
ity of system (5) is now established.

Theorem 8. The system (5) is controllable if and only if the
following two conditions are satisfied simultaneously:

(i) [T B] is a controllable matrix pair;

(ii) there exists no left eigenvector of £ with the first q
entries being all zeroes.



Proof. It follows from Lemma 5(iii) that the system (5) is
uncontrollable if and only if there exists a nonzero left
eigenvector v € C™" of (€ - &) ®T such that »'(A®B) =0".
According to Lemma 1, there exist two nonzero vectors v, €
C" and v, € C™, which are left eigenvectors of € — & and T,
respectively, such that v = v, ® v, and (v] ®v1)(A® B) = 0".
Furthermore, one has

(vlTA) ® (V;FB) =0". 9
It follows that (9) is true if and only if either

(i) vlTA = 07, that is, there exists a left eigenvector of Zz
with the first g elements being all zeroes, or

(ii) vZB = 07, that is, [[ B] is an uncontrollable matrix
pair.

The proof is thus completed. O

Remark 9. By Theorem 8, the controllability of system (5) is
decoupled into two independent problems: one is to analyze
the controllability of the isolated leader subsystem x = T'x +
Bu, which depends only on the intrinsic dynamics of the
isolated node, and the other is to identify whether there exists
aleft eigenvector of Z with the first g entries being all zeroes,
which is determined by .

4.1. Controllability of the Isolated Leader Subsystem. Consider
the system

x =I'x + Bu, (10)

where T' € R™ and B € R™*? are defined in (3).

In general, the controllability of system (10) can be
derived by using the classic controllability rank criterion or
PBH eigenvector test. In this subsection, two special cases of
I are further discussed below, since it characterizes the inner-
coupling among different components.

First, consider the fully diagonal inner-couplingI' = I,,.

Theorem 10. The system (10) is controllable if and only if m <
p and rank(B) = m.

Proof. Since I' = I, the controllability matrix of the pair
[T B]is
Q=[BTB ---I"™'B]=[BB --- B]. (1)

According to the second statement of Lemma5, [I' B] is
controllable if and only if m < p and rank(B) = m. The proof
is thus completed. O

Remark 11. From Theorem 10, all the leaders’ states should be
controlled in order to render the system controllable.

Secondly, assume I'is symmetric and the sum of all entries
in each row of T is zero.

Theorem 12. The system (10) is uncontrollable if 1| B = 0.
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Proof. Since T’ is symmetric, for each eigenvalue, its left and
right eigenvectors are the same. Additionally, the sum of all
elements in any row of T' is zero. Therefore, 0 is an eigenvalue

of T associated with eigenvector 1,, = [1,...,1]". It follows
from PBH eigenvector test that if 12 B = 0, then [[' B] is
uncontrollable. The proof is thus completed. O

4.2. Controllability of the Extended Graph. 1t follows from
Theorem 8 that if condition (i) of Theorem 8 is already
satisfied, then the controllability of system (5) is reduced to

the controllability of the extended graph €.
Consider the system

x=(€-%)x, (12)

Oor eq l,ll. v alentl &,

where x; = [x],...

Xp= [xL.,,...,x1" those of the followers.

From (13), the dynamics of the n — g followers can be
rewritten as

, qu]T denotes the states of the leaders and

xf=((€f—Lf)xf—Lﬂxl. (14)

Remark 13. By Definitions 6 and 7, that & is controllable
is equivalent to that the system (14) is controllable through
x;. Therefore, the controllability of € is reduced to the
problem whether the leaders can drive the followers from any
configuration to any other configuration in finite time. This
question will be answered next. It should be emphasized that

parameter ¢, of node i makes the controllability of € more
challenging than the question based on the original graph &.

4.2.1. Algebraic Criteria. In this section, the controllability of
g is discussed.

Theorem 14. € is controllable if and only if there exists no left
eigenvector of & with the first q entries being all zeroes.

Proof. This theorem reveals that € is uncontrollable if and

only if there exists a left eigenvector of Z with the first g
entries being all zeroes.

Necessity. Let 7 € C" be a left eigenvector of Z corresponding
to the eigenvalue A € C with the first g elements being zeros.
From (7) and (8), one has Ly- %f = MZMT" and Ly =
MZN, where M = [0, p.o L, JJand N* = [I, 0, o).
Since MTM = diag{Oq, In,q}, it follows that MT M7 = 7. From
V'L = W', one has (MW (L; - €;) = v M (MZM") =
AM»)" and (M) = (MY MZN = 0", Let v = M.
Then, ' (L i € f) =" and »'L 1= o’ According to (iii)

of Lemma 5, € is uncontrollable.
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Sufficiency. Assume that € is not controllable. By the PBH
eigenvector criterion, & is uncontrollable if there exist a
nonzero eigenvector v € C" 7 and a corresponding eigen-
value A € C such that vT(Lf - %f) = W' and vTLﬂ =0’
Construct a new vector

= [0] . (15)

Then, one has

FZ = [0 +7] [Ll_(gl Ly ]

Ly Ly-%y
= ['Lp v (L -%/)] (16)
= [OT )WT]
=

This implies that ¥ is a left eigenvector of & with the first g
elements being zeros. The proof is thus completed. O

Theorem 15. The system (14) is controllable if L ; — € ¢ and &
have no common eigenvalues.

Proof. It suffices to prove that if the system is uncontrollable
then there exists at least one common eigenvalue between
L;-%;and Z.

Assume that the system (14) is not controllable. From (iii)
of Lemma 5, there exists a vector v € C"*7 such that vT(L I

€)= M for some A € C, with v'L 1= 0”. Moreover,

L-¥ L
oo e | )

=A [OT vT] )
(17)

which implies that A is also an eigenvalue of & with
eigenvector [07 »"]”. The proof is thus completed. O

Note that Theorem 15 is only a sufficient condition. There-
fore, the system might be controllable even if L ; - € ; and &
have common eigenvalues, which is different from the results
for undirected graphs [5, 6]. This can be verified by a special
case that there is no edge from the followers to the leaders.
The following result is given for further explanation.

Theorem 16. Ifthere is no edge from the followers to the leaders

in the system (14), then L ; — € ; and & have common eigen-
values.

Proof. In this case, & can be rewritten as

Ly Ly-%;

@ ©

FIGURE 1: A digraph with ¢, #c;.

Since L; — € is a principal diagonal submatrix of Z, it
can be described by MT(Lf - %f) = PMT, where M =
[0(n-g)xq In-gl is an (n — g) X n matrix. Let v be the right
eigenvector of L ; — & corresponding to A. Then, one has
LM ) = (M )y = M (L ;=% )y = M" (W) = A(M" ).
That is, M v is the right eigenvector of Z corresponding to
the common eigenvalue A. The proof is thus completed. [

4.2.2. Example 1. As shown in Figure 1, node 1 is selected to
be the leader and ¢, # ;. It can be verified that & and L F=€s
have two common eigenvalues 1 — ¢, and 1 — ¢;, and the rank
of the controllability matrix [L s (Ly—€¢)Lglis 2. By (ii)
of Lemma 5, the graph is still controllable, although Z and
L s - € have common eigenvalues.

Now, consider the special case with¢; =¢, =+ =¢

Corollary 17. A directed path is controllable if the beginning
node is selected to be the only leader.

Proof. The extended Laplacian matrix of a directed path
(Figure 2(a)) is given by

—C 0 0 e 0
-11-¢ 0 -+ 0

§: 0 -1 l-c --- 0 . (19)
0 0 -1 1-c¢

By direct calculation, the eigenvalues of & are —c and 1 — ¢
with the left eigenvectors [1, 0, ..., 0] and [1,-1,0,..., O]T,
respectively. It follows from Theorem 14 that the graph is
controllable. O

Corollary 18. A directed cycle with a single leader is control-
lable.

Proof. For a directed cycle (Figure 2(b)), the extended Lapla-
cian matrix is given by

1-¢ 0 o - -1
-1 1-¢ 0 --- 0

§: 0 —l I—C O . (20)
0 0 -1 1-¢

The real and imaginary parts of the eigenvalues A satisfy the
elliptic relationship [Re(A) + ¢ — 1]* + [Im(1)]* = 1. However,
all the eigenvalues of L (—% ; are equal to 1-c. Thus, it follows
from Theorem 15 that the graph is controllable. O
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(b) A directed cycle

FIGURE 2: [llustration of network topologies.

(D—

(@) g=c¢

O——~0

7

(b) ¢4 =¢5

FIGURE 3: The digraphs that are leader symmetric: (a) with respect to node {1}, (b) with respect to nodes {1, 2}.

4.2.3. Graph Theoretical Criteria. So far, some sufficient and/or
necessary conditions for network controllability have been
derived. However, these conditions are basically algebraic,
which remains elusive on the exact graphical interpretation.
In fact, the study of the graph associated with a controlled
system is equivalent to the study of the underlying algebraic
system, which motivates us to study the controllability from
a graph-theoretic perspective. It turns out that the graph-
theoretic conditions are indeed more intuitive and easier to
evaluate.
First, some definitions are introduced.

Definition 19. A permutation matrix P € R™" is a 0-1 matrix
with a single nonzero element in each row and column.

Definition 20. The system (14) is leader symmetric with
respect to the leaders if there exists a nonidentity permutation
matrix P such that

P(L;-%)=(L;~%y)P,

Remark 21. Definition 20 is an extension of Definition 5.7 in
[6]. The main differences are twofold.

PLfl = Lfl (21)

(i) Definition 5.7 in [6] is applicable only to single-
leader systems and unweighted graphs, whereas
Definition 20 works also for multiple-leader systems
and weighted digraphs.

(ii) Because of the nonidentical node dynamics, € ¢ must
satisfy certain conditions in addition to that the
original graph is leader symmetric.

Some examples are given here for illustration.

—00—0

FIGURE 4: The digraph that is leader asymmetric with respect to node
{1k g =g #¢.

Example 22. Figure 3(a) shows a directed leader-follower
network with 77, = {1} and ‘Wf = {2,3,4}. It can be verified
that

- 0 0 0
-1 1-¢ O 0

Z=lo 1 2-¢ | (22)
-1 0 0 1-¢g
with
l-¢ O 0 -1
Lf—(gfz -1 2—C3 -1 5 L_fl= 0
0 0 1-¢g -1
(23)

Assuming ¢, = ¢, one can find a nonidentity permutation
matrix

0
pP=10
1

O = O

1
01, (24)
0

satisfying (21). As a result, it is leader symmetric with respect
to {1}. Likewise, the digraph of Figure 3(b) is leader symmet-
ric about {1, 2}.
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(a) A complete digraph

(b) A star digraph

FIGURE 5: Illustration of network topologies.

Theorem 23. The system (14) is uncontrollable if it is leader
symmeltric.

Proof. If system (14) is leader symmetric, then there exists a
nonidentity permutation matrix P such that P(L f- © f) =
(L ;=€ 4)P. Let A and v be the corresponding eigenvalue and

left eigenvector of L ; — € ¢, respectively, satistying vI(L i
%f) = M. As a result, vT(Lf - %f)P = Wlp = A(PTV)T.
Using (21), (P"%)"(L; =% ;) =v'P(L; =) = v (L; - G)
P = A(P"v)". This implies that P" is also a left eigenvector
of L y — € corresponding to the eigenvalue A. Furthermore,

one has v— PTvisalso a left eigenvector of L f—€s.By (21), it
fOHOWS that (V_PTV)TLfl = VTLfZ—VTPLfl = VTL fl—'VTLfl =
0”. This suggests that the eigenvector v — PTv of L ; — € ; is
orthogonal to L ;, which does not satisfy the controllability

condition in (iii) of Lemma 5. Therefore, the system (14) is
uncontrollable. The proof is completed. O

Remark 24. Theorem 23 provides a graph-theoretic result for
the uncontrollability of system (14). Note that leader sym-
metry is only a sufficient condition rather than a necessary
one. For example, the graph shown in Figure 4 is asymmetric
about the leader {1}, but it is uncontrollable.

Consider the case of ¢ = ¢, = -+ = ¢, = c. Some
corollaries can be easily derived from Theorem 23.

Corollary 25. A complete digraph with a single leader is uncon-
trollable.

Proof. It is well known that each node in a complete
digraph (Figure 5(a)) has an in-degree (or out-degree) n — 1.
Corollary 25 is a direct consequence of Theorem 23 because
of its leader symmetry. O

Corollary 26. A star digraph is uncontrollable with respect to
the center node.

Proof. A star digraph is symmetric about the center node
(Figure 5(b)). If one chooses the center node as the leader, the
graph is leader symmetric. It thus follows that a star digraph
with the center node being the leader is uncontrollable. [

1

F1GURE 6: Illustration of a network topology.

5. Controllability Improvement of
Heterogenous Networked Systems

There exists a fundamental and yet challenging problem in
the study of the controllability of complex networks: how to
improve the controllability of an uncontrollable networked
system? In this section, some approaches to improving the
controllability are suggested.

5.1 Increasing the Number of Leaders. It can be verified that
leader reachable is a necessary condition for being control-
lable. That is, the graph is uncontrollable if there exist fol-
lowers who are isolated or have no incoming edge from any
leader or other follower. Therefore, the isolated nodes and the
nodes without incoming edge should be first selected to be the
leaders. As shown in Figure 3(a), node1has no incoming edge
from other nodes and is thus chosen to be a leader. It follows
that the graph is leader symmetric about the leader node 1
and is, therefore, uncontrollable when ¢, = ¢,. However, if
node 2 or node 4 is also selected to be a leader, the leader
symmetry property does not hold anymore. It follows from
(ii) of Lemma 5 that the system becomes controllable. This
example shows that increasing the number of leaders may
improve the controllability.

5.2. Changing the Nodal Parameters. Nodal intrinsic dynam-
ics is considered for the system (5). It follows that parameter
¢; of node i is an important quantity determining the control-
lability of the networked system. For example, in Figure 3(b),
if ¢, # c5, then the leader symmetry property is not satisfied. It
follows from (ii) of Lemma 5 that the system is controllable,
which implies that changing the nodal intrinsic parameters
may improve the controllability.
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FIGURE 7: The evolution of node states without control.

5.3. Changing the Edge Weights. Note that the edge weights
in the system (5) can be different, indicating that one can
change the weights to possibly improve the controllability
of the system. For instance, in Figure 3(b), by assigning
different weights of the edges (2,4) and (2,5), the leader
symmetry property is also violated so that the digraph
becomes controllable.

5.4. Example 2. To verify the theoretical results, consider a
directed and weighted network with four different nodes, as
shown in Figure 6. Letm = p = 2, ' = I,, and B = diag{1, 2}.
The local dynamics of the nodes are given by

x; = L.5x,, X, = —10x,, X3 = X3, Xy = —2%4.
(25)
Node 1 is selected to be a leader, so one has
515 0 0 15 0 0
Yo 2200 BT 120
0 0 -1 1
(26)

It follows from Theorem 10 that [I" B] is controllable. Fur-
thermore, one can calculate the eigenvalues of L, — €

and &, obtaining {0.2, 3, 11.5} and {-0.1263,0.8709, 2.9681,
11.4872}, respectively. By Theorem 15, the extended digraph
is controllable.

The evolution of the states of the network without control
input is depicted in Figures 7(a) and 7(b). The whole network
is unstable. Design the control law u; = —10x;. Then, as
shown in Figures 8(a) and 8(b), all the nodes are controlled
to zeroes.

6. Conclusions

In this paper, the controllability of a weighted and directed
network with nonidentical node dynamics has been inves-
tigated, where the network has a leader-follower structure.
The controllability of the controlled network is converted
to two subproblems. The first subproblem is to analyze the
controllability of the isolated leader subsystem. The second
subproblem is to examine the controllability of the extended
follower subgraph. A set of conditions for assessing network
controllability and identifying nodes playing a key role
in network controllability have been established based on
matrix theory. Additionally, by using graph theory, several
controllability properties have been translated into graph
conditions, which are generally more intuitive and informa-
tive, therefore, easier to use for applications.

It is found that the controllability of a controlled network
with heterogeneous node dynamics is determined by both the
node local dynamics and the graph topology including the
number ofleaders, the location of leaders, and the connection
pattern among followers. This result is constructive since it
allows for selecting leaders to render the system controllable.
Under this framework, the notion of controllability of com-
plex networks with various essentially different structures
has been generalized. It has been shown that a single-leader
network is controllable if it is a directed path or cycle,
otherwise uncontrollable if it is a complete digraph or a star
digraph. It has also been shown that the controllability of the
system can be improved by increasing the number of leaders,
changing the nodal local parameters, or assigning different
weights to the edges.

The main difference between our work and the previous
works lies in the introduction of different kinetic constants for
the uncoupled nodes. The results obtained here are merely the
first step in the study on controllability of complex networks
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F1GURE 8: The evolution of node states under control.

with heterogenous node dynamics. Future research along the
same line might include the cases of noise, uncertainties,
and time-varying topology. In addition, the dual property
of the observability of complex networks is worthy of future
investigation. The concept of “structural observability” [25]
may help build up a general framework for future research
on this topic.
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Uncertainty measure is an important implement for characterizing the degree of uncertainty. It has been extensively applied in
pattern recognition and data clustering. Because of instability of traditional uncertainty measures, mean-variance measure (MVM)
is utilized to perform feature selection, which could depress disturbances and noises effectively. Thereby, a novel evaluation function
based on MVM is designed. The forward greedy search algorithm (FGSA) with the proposed evaluation function is exploited to
perform feature selection. Experiment analysis shows the validity and effectiveness of MVM.

1. Introduction

Rough sets, originated by Pawlak [1] in 1980s, is a powerful
mathematical tool to deal with inexact, uncertain, and vague
knowledge in information systems. It has been drawing
extensive attention in theory and applications in artificial
intelligence, pattern recognition, data mining, intelligence
information processing, decision support, image processing,
feature selection, neural computing, conflict analysis, and
knowledge discovery [2-10].

Uncertainty measure is an important implement for char-
acterizing the degree of uncertainty in rough set theory. It
has been extensively applied in pattern recognition and data
clustering. However, this paper reveals the issue that classical
uncertainty measures are sensitive to disturbances or noises.
Therefore, a novel uncertainty measure, called mean-variance
measure (MVM), was proposed to characterize the degree of
uncertainty of rough sets in paper [11]. Since it takes fully
information in the boundary region into account, MVM is
more robust and effective than classical uncertainty measures
in depressing disturbances and noises.

As an important application of rough sets in artifi-
cial intelligence and machine learning, feature selection or
attribute reduction in information systems has been drawing

wide attention. due to the fact that excessive features or
attributes usually confuse learning algorithms, cause signif-
icant slowdowns in learning processes, and increase risks of
learned classifiers to over-fit the training data [4, 12].
Unfortunately, it has been proved that finding all reducts
or finding an optimal reduct (a reduct with the least num-
ber of attributes) is an NP-complete problem [13]. Many
researchers devote themselves to finding an efficient reduct
by optimization techniques. The forward greedy search
algorithm (FGSA), also called hill-climbing algorithm or
greedy algorithm, is such an optimal technique for finding
one reduct quickly and has been extensively investigated
[14-16]. A key ingredient of FGSA lies in establishing an
evaluation function to examine importance of each feature or
attribute in databases. The evaluation function induced by the
classical uncertainty measure, that is, the Pawlak’s roughness
or dependency, has been successfully applied in rough sets
based feature selection [17, 18]. Along with the development
of rough sets, attribute reduction has been studied extensively
in the past decade, such as fuzzy rough sets based attribute
reduction [19-23], neighborhood rough sets based attribute
reduction [24], cross-entropy based attribute reduction [25],
tolerance rough sets based attribute reduction [26], cost based
attribute reduction [27, 28], and dynamic attribute reduction



[29, 30], and extended rough set based attribute reduction
[31], cover rough sets based attribute reduction [14, 32], cov-
ering generalized rough sets based attribute reduction [33],
variable precision rough sets based attribute reduction [34].
Nevertheless, the classical uncertainty measure is not robust
and maybe fluctuates largely only with minor disturbances.
Even a little change in information systems may produce an
unpredictable fluctuation of this uncertainty measure.

The mean value and variance in probability theory, able
to be used to analyze preciously data, have been widely
discussed in portfolio optimization and portfolio selection
[35-38]. They are considered as an arbitrator which is used
to determine whether a group of data is robust and stable.
For example, two shooters obtain the same score (mean
value). If one has to be chosen to take part in a tournament,
which one should be chosen reasonably? Apparently, the
one with a less variance score would like to be chosen.
In this paper, the notions of mean value and variance are
introduced into information systems as an arbitrator to
evaluate the uncertainty degree. A novel uncertainty measure,
called mean-variance measure (MVM), is proposed. MVM
firstly calculates the mean of every object, and then all
objects’ variances are taken into account. The effect caused
by disturbances of data in decision systems on MVM will
decrease, since a tiny alteration of values will not result in a
large change of variance.

Based on the new notion of MVM, an evaluation function
called D-MVM in decision systems is further designed.
The designed evaluation function takes full information in
positive region and boundary region into account.

This paper is organized as follows. Some elementary
concepts on rough sets and MVM are reviewed in Section 2.
Section 3 investigates the issue on feature selection in deci-
sion systems by MVM. Experimental results and analysis are
given in Section 4, and Section 5 concludes this paper.

2. Preliminaries

2.1. Rough Sets. This section briefly outlines some basic
notions on rough sets.

Definition 1. An information system is a pair S = (U, AT)
satistfying

(1) U is a nonempty finite set of objects;

(2) AT is a nonempty finite set of attributes;

(3) for every a € AT, there is a mapping a :
where V, is the set of values.

u -1V,

Definition 2. Given an information system S = (U, AT) and
P < AT, an indiscernibility relation on U is defined by

Rp={(x,y) eUxUla(x)=a(y), Yae P}. (1)

Obviously, Rp is an equivalent relation induced by the
attribute set P. [x]RP ={y e U | (x,y) € Rp} is referred
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to as the equivalence class of x with respect to Rp. A partition
of U induced by the equivalent relation R, can be denoted by

U
R, ={P,P,...

> PVI} > (2)
where P, is some equivalence class of Rp in U, i = 1,2,...,n.
U/Rp and [x] R, are respectively, denoted by U/P and [x]p,
for short, when no ambiguity arises in this paper.

Definition 3. Given an information system S = (U, AT),
P ¢ AT, and X < U, the lower approximation and the
upper approximation of X with respect to P are defined, res-
pectively, by

po=Ufresinex},
I_J(X)=U{BE%IP,-OX¢(2)}. ¥

Definition 4. Given an information system S = (U, AT), a
partial ordering relation < in the family {U/B | B ¢ AT} is
defined as

IA

Qlc

(4)

ol

if and only if for any P, € U/P, there exists a Q; € U/Q
such that P, € Qj, where U/P = {P},P,,...,P,} and U/Q =
{Q,Q,,...,Q,,} are partitions induced by P,Q < A,
respectively.

Q is said to be coarser than P, or P is finer than Q,
if U/P < U/Q. P is said to be strictly finer than Q, denoted
byU/P <U/Q,ifU/P =U/QbutU/P+U/Q.

Proposition 5. Given an information system S = (U, AT),
P,QC AT, and if P € Q, thenU/Q < U/P.

From Proposition 5, the more attributes an information
system contains, the finer the corresponding partition is.
Therefore, U/AT is the finest one among partitions induced
by all subsets of AT.

The classical uncertainty measure is defined as follows.

Definition 6. Given an information system S = (U, AT) or an
incomplete information system IS = (U, AT), P ¢ AT, and
X ¢ U, the roughness of X is defined as

[P
[Peof

pp(X) =1 (5)

The quantity pp(X) characterizes the uncertainty degree
of X with respect to P. When pp(X) = 0, X is said to be
definable; otherwise, it is said to be rough.

When AT is divided into two nonempty sets C and D such
that CND = @,then S = (U, AT), denoted by S = (U, CUD), is
called a decision system, C is called the conditional attribute
set, and D is called the decision attribute set.
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FIGURE I: X, A(X), and Ag(X).

Definition 7. Given a decision system S = (U,C U D), the
dependency degree of D on C is defined by

|POS. (D)

C,D) =
y(C,D) U]

, (6)

where POS.(D) = Uxy,p C(X) is the positive region of D
with respect to C and | * | denotes the cardinality of *.

Definition 8. Given a decision system S = (U,C U D) and
B ¢ C, Bis independent if
y(B-a,D)<y(B,D), VacB. (7)
Attribute reduction in decision systems is defined as
follows.

Definition 9. Given a decision system S = (U,C U D) and
B ¢ C, Bis called a reduct if

(1) y(B,D) = y(C, D),
(2) y(B-{a}, D) < y(B,D) for any a € B.

2.2. A Novel Uncertainty Measure of Rough Sets. Given an
information system S = (U, AT) and X < U, the characteristic
function of X on U can be denoted by

1, ifxeX,
A(x) =
0, ifx¢X,

(8)
where x € U.

Let A(X) = {A(x)/x | x € U}, then A(X) can be con-
sidered as a special fuzzy set derived from X on U.

In rough set theory, objects in the same equivalent class
cannot be distinguished for each other, since they have
the same characteristic. However, in the boundary region
of a rough set, objects in the same class have different
characteristics. In this case, their mean value of objects in a
class is generally used to characterize each object.

Definition 10. Given an information system S = (U, AT), X <
U, P € AT, and x € U, the mean value of x in X, denoted by
Ap(x), is defined by

)

We denote {Ay(x)/x|x € U} by Ap(X). It is evident that
Ap(X) is a fuzzy set on U. As an example, given U = {x,, x,,
e X3gh UJP = {{x, x5, x5, X4}, {5, X5 X7, Xghs o o 5 {33, X345
X35, X361}, and X = {ug, ... 2 X175 Ungs « - > Xy Ungs

..»X59}, seen in Figurel(a), then A(x) and Ap(x) are
calculated by (8) and (9), respectively, as shown in Figures
1(b) and 1(¢).

As mentioned above, when an object x is not in X, its
mean value is non-zero if and only if its equivalent class has
non-empty intersection with X; when x is in X, its mean value
islifand only if its its equivalent class is contained in X. From
Definition 10, it is easy to verify that the mean value A p(x) is
an inclusion degree D(X/[x]p) of [x]p being included in X.

S X1 Ugy e

Proposition 11. Given an information system S = (U, AT),
X ¢ U, P € AT, and x € U, the following conclusions hold:

(1) if x € P(X), then Ap(x) =1;
(2) if x ¢ P(X), then Ap(x) = 0;
(3)if x¢€ P(X) - P(X), then 0 < Ap(x) < 1.

Note that A p(x) = A(x) when x is in the positive region
and the negative region. It is obvious that A p(x) # A(x) only
when x is in the boundary region.

Definition 12. Given an information system S = (U, AT),
P € AT, and X € U, the mean-variance uncertainty measure
(MVM) of X with respective to P, denoted by op(X), is
defined as

(10)

e (A) - Ap (1))
o (%)= J U] '
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FIGURE 2: Comparison of convergence among three methods.
It is clear that Definition 13. Given an information system S = (U, AT),

P,QC AT,and X,Y C U,

2 2
op(X) = \ijEX (1-4p () + Frevx (Ap (1) , (1) X is said to be o-definable if 0p(X) = 0;

vl a1 (2) X is said to be o-rough if o,(X) #0;
(3) X is said to be coarser with respect to P than Y with
Assume 0p(X) = 0 when X = @ or P = 0. From respect to Q if 0p(X) < 04(Y), in which case, Y is
Definition 12 one can see that Ol’lly objects in the boundary called finer with respect to Q than X with respectto P.
region of X contribute to the value of op(X). In this sense,
0p(X) takes fully information in the boundary region into Next, we investigate properties of op(X) and show its

account. Therefore, it is a proper measure to evaluate the  efficiencies in evaluating uncertainty of a set in information
uncertainty of X. systems.
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Proposition 14. Given an information system S = (U, AT),
P C AT, and X C U, the following conclusions hold:

(1) 0p(X) =0 © pp(X) =0;

(2) if U/P = w, then 0p(X) = 0, where w = {{x} | x € U}
is the finest partition of U;

5
TaBLE 1: Data sets.
Data sets Abbreviation ~ Samples  Features Class
1 Lymphography Lymph 148 19 4
2 Mushroom Mush 8124 23 2
3 Soybean Soybean 683 36 19
4 Z00 Z00 101 17 7

() if U/P =9, then 0p(X) = \/IXI/IUI—(IXI/IUI)Z,
where & = {U} is the coarsest partition of U.

3. Feature Selection in Decision Systems

In this section, the proposed uncertainty measure is further
investigated to perform feature selection in decision systems.

Definition 15. Given a decision system S = (U,C U D) and
B ¢ C, MVM of the decision attribute set D with respect
to the conditional attribute subset B, called D-MVM, or an
evaluation function, is defined by

o(B,D) = % (05(Dy) +05(D,) +---+05(Dy)), (12)

where N is the number of the decision classes induced
by the decision attribute set D, ox(D;), i = 1,2,...,N,
reflect the uncertainty measure of each decision class, and
0(B, D) describes the integrated uncertainty degree of blocks
D,,D,,...,Dy.

In the following, some properties of o(B, D) are studied.

Proposition 16. Given a decision system S = (U,C U D) and
B < C, the following conclusions hold:

(1) o(B,D) = 0 & p(B, D) = 0;

(2) if U/B = w, then o(B, D) = 0;

3)if U/B = S8, then o(B,D) = (1/
N) SN, AIDIIUL = (D /U1

Proof. The proof is analogous to that of ([11], property 2.14).
O

Definition 17. Given a decision system S = (U,C U D) and
B ¢ C, Bis independent if

o(B,D)<o(B-a,D), VaceB. 13)

By D-MVM, a relative reduct can be defined as follows.

Definition 18. Given a decision system S = (U,C U D) and
B ¢ C, Bis a relative reduct of C with respective to D if and
only if

(1) o(B,D) = a(C, D),

(2) 0(B,D) < 0(B-a,D) forany a € B.

A relative reduct is a minimal subset which has the same
discriminating power as the raw decision systems.

Definition 19 (significance based on D-MVM). Given a de-
cision system S = (U,CU D), B € C, and a feature a € C — B,
the significance of a is defined as

Sig, (a,B,D) = o (BUa, D) — o (B, D). (14)

Notice that if B is an empty set, o(B,D) = 0,
and Sig_(a, B, D) is a nonnegative real number; otherwise,
Sig_(a,B,D) < 0.

With the proposed evaluation function, a forward greedy
search algorithm for feature selection can be designed as
follows.

In the first iteration, we start with an empty set specified
with o(B,D) = 0. The quantity Sig_(a, B, D) is negative in
every iteration except the first one. The rest features in each
iteration are all evaluated, and the one with the minimal
significance will be chosen. The algorithm does not stop until
adding any of the rest features to selected feature set will not
bring a change larger than threshold € in Algorithm 1, where
€ controls the precision of the algorithm.

There is no doubt that FGSA-MVM is for the sake of
searching a subset of conditional attributes with minimal
positive real D-MVM. We obverse step 7 of FGSA-MVM. In
the first iteration, we choose the minimal significance because
Sig (a,®, D) is a positive number. In the rest iterations, we
also select the minimal significance with the biggest step
length since Sig_(a, B, D) is nonpositive for any B # 0.

4. Experiments and Analysis

In order to test the validity of the proposed method for feature
selection, comparative experiments have been implemented
in efficiency and convergence of proposed algorithm with two
of the most important methods, feature selection based on
dependence [39] and mutual information [40].

As shown in Table 1, four standard data sets, cited from
the machine learning data repository, University of Califor-
nia, Irvine, CA, USA [41], are employed in our experiments.

CART and RBF-support vector machine (SVM) learning
algorithms are introduced to test the classification perfor-
mances of feature selection for raw sets and for selected fea-
ture sets. As a widely used technique to evaluate classification
performances in machine learning, 10-fold cross-validation
[42] is carried out in our experiments by dividing the samples
into 10 subsets. Nine of them are used as training set, and the
rest one is used as the test set. After 10 rounds, the average
value and variation are computed as the final classification
performance.

Classification performances are evaluated by CART in
Table 2 and by RBF-SVM in Table 3. “Hold” marks the
highest classification performances among these obtained
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Forward Greedy Search Algorithm of Feature Selection based on

Mean-Variable in Decision Systems (FGSA-MVM):

Input: (U,CUD,V, f), ¢

Output: red

10 — red

(2) while C —red +0

(3) foreacha; € C—red

(4) compute Sig_(a;, B, D) = 0(BU a;, D) — 0(B, D)

(5) end for

(6)  select the attribute g such that

(7) Sig (ay, red, D) = min;, Sig _(a;, red, D)

(8) iflSig, (a,red,D)| < ¢

9) redUa, — red

(10) else

11) break

(12) endif

(13) end while

(14) return red

ALGORITHM 1
TaBLE 2: Comparison of classification performance of reducts based on different uncertainty measures with CART.
Data sets Raw data Dependency MI MVM
Lymph 0.6994 + 0.2195 0.6825 + 0.1822 0.6825 + 0.1822 0.6825 + 0.1822
Mush 0.9637 + 0.0990 0.9637 + 0.0990 0.9685 + 0.0996 0.9685 + 0.0996
Soybean 0.9174 + 0.0507 0.8485 + 0.0700 0.8780 + 0.0629 0.9192 + 0.0490
Zoo 0.9065 + 0.0913 0.8329 + 0.0676 0.9276 + 0.0987 0.9276 + 0.0987
Aver. 0.8567 0.8439 0.8672 0.8676
TaBLE 3: Comparison of classification performance of reducts based on different uncertainty measures with SVM.

Data sets Raw data Dependency MI MVM
Lymph 0.5623 +0.0583 0.8448 + 0.0940 0.8448 + 0.0940 0.8448 + 0.0940
Mush 0.9587 + 0.0984 0.9587 + 0.0984 0.9587 + 0.0984 0.9587 + 0.0984
Soybean 0.5445 + 0.0649 0.6041 + 0.0723 0.6239 + 0.0683 0.6566 + 0.0817
Zoo 0.8615 + 0.0901 0.9239 + 0.0924 0.9239 + 0.0924 0.9239 + 0.0924
Aver. 0.7181 0.8435 0.8523 0.8549

by the methods based on three uncertainty measures. The
number of selected features with the highest classification
performance by the new measure is larger than that by
dependency and by MI. It is 12, 4, and 12, respectively,
via CART algorithm, whereas it is 14, 8, and 11 via SVM
algorithm.

From the experiments one can see that the proposed
measure outperforms not only in the smallest average num-
ber of selected features in reducts but also in the highest
classification performance in feature selection.

In the remainder of this section, we pay attention to
the convergence of the proposed method. Figure 2 shows
the fluctuations of evaluation functions with respect to the
number of selected features. The significance of selected
features is calculated based on dependency, on MI, and on

MVM, respectively. The four data sets are used to show the
convergence of different techniques. The selected orders of
the four data sets based on different evaluation functions
are shown in Table 4, in which the sequences of selected
features are different, even the number of selected features
in the optimal reducts may be the same. As a whole, sig-
nificance degrees based on dependency and MI increase,
while significance based on MVM decreases. With MV M, all
four evaluation functions decrease fast at the beginning of
the selection process. The evaluation function of credit data
slowly decreases, and this result constitutes a different pattern
of behavior compared with the three other data sets. Feature
selection algorithms may stop very early if we specify a
threshold to stop the search in this case. The convergence and
good classification performances are observed in the results.
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TABLE 4: Comparison of selected features by different uncertainty measures.

Data sets Dependency Mutual information MVM

Lymph 18213141516 13181421516 13181421516

Mush 5208123 5202221 5202221

Soybean 182611123529221 291522118376 2826221511837
3671045916 1049165 106144

200 4131268 134683 134683

5. Conclusion

This contribution studied feature selection based on MVM
in decision information systems, which is one of the most
important applications of rough set theory. A novel approach
to feature selection was proposed by introducing an eval-
uation function based on MVM. Theoretical analysis and
experimental results concluded that the performances of
proposed method are outperformed by dependency and by
MI not only in the number of selected features but also in the
classification precision.
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The problem of synchronization of N different chaotic systems is investigated. By using the direct design control method, the
synchronization controler is designed to transform the error system into a nonlinear system with a special antisymmetric structure.
The sufficient stability conditions are presented for such systems, and the complete synchronization of chaotic systems is realized.
Finally, the corresponding numerical simulations demonstrate the effectiveness of the proposed schemes.

1. Introduction

Since Pecora and Carroll have synchronizes two identical
chaotic systems with different initial conditions [1], chaotic
synchronization has been intensively and extensively inves-
tigated due to its potential applications in many fields [2-
4]. And most of research efforts have been done about some
synchronization phenomena, such as phase synchronization
[5], antisynchronization [6], and projective synchronization
[7]. Many techniques have been developed to realize chaos
synchronization which includes sliding mode control [8],
direct design control method [9], and backstepping method
[10]. However, most of researches mentioned above mainly
concentrated on synchronizing two identical or different
chaotic systems.

In fact, more and more applications of chaos synchroniza-
tion in secure communication make it much more important
to synchronize multiple chaotic systems. It can satisfy the
synchronization of multiple chaotic communication systems
with a lower cost, and it can make it possible to realize
multiparty communications simultaneously. Therefore, the
synchronization of multiple chaotic systems has become
a hot topic. It is more essential and useful in real-life
applications. For example, Yu and Zhang studied the global
synchronization of three coupled chaotic systems with ring
connection in [11]. The adaptive coupled synchronization
among multi-Lorenz systems family is investigated in [12].

The synchronization of N different coupled chaotic systems
with ring and chain connection was proposed in [13].
The synchronization of N-coupled fractional-order chaotic
systems with ring connection was investigated using the
stability criteria of fractional-order system in [14]. Zhang
studied the synchronization of multi-chaotic systems based
on the impulsive control theory in [15]. Grassi researched
the propagation of projective synchronization in a series
connection of N chaotic discrete-time drive systems and
N response systems in [16]. Yang and Zhang studied the
synchronization of three identical systems and its application
for secure communication with noise perturbation in [17].

However, the realization of synchronization of N iden-
tical or nonidentical chaotic systems is much more difficult,
so it is necessary to find an easy method to realize such
synchronization of multiple chaotic systems. Motivated by
the above discussions, in this paper, we consider the problem
of synchronization of N different chaotic systems. With
the active control method, the synchronization controller is
designed to transform the error system into a nonlinear sys-
tem with the special antisymmetric structure. The complete
synchronization of multiple chaotic systems is realized.

This paper is organized as follows. In Section 2, the syn-
chronization of N different chaotic systems is theoretically
analyzed. A stability theorem for N different chaotic systems
with a special antisymmetric structure is given. In Section 3,
the proposed synchronization schemes with the direct design



control method are applied to three different chaotic systems,
that is, New system, Lorenz system and Rossler system.
The simulations demonstrate the effectiveness of proposed
schemes. And finally some concluding remarks are given in
Section 4.

2. Synchronization of N Different Chaotic
Systems and Controllers Design

Consider the following chaotic systems:
X = Apxy + gy (%),

%y = AyXy + g5 (x3)

)

%y = Anxy + g, (xn) s

where x, x,,...,xy € R"(N > 2) represent state vectors of
the chaotic systems; g : R” — R”" is a continuous nonlinear
function; A, A,,..., Ay are constant matrices. For i,j =
I,...,N,andi#j,if

Ai#A; gi()#9;0), 2

then the systems (1) are the different chaotic systems.

We consider N different chaotic systems. The drive
systems and the controled response systems are described as
follows:

% = A+ g (),

Xy = AyXy + gy (%) +u (), %5)

(3)

Xy = ANy + gy (xn) +u (1, xy).

Let us define the errors systems between response systems
and drive systems as é; = x; — x,(i = 2,...,N), then the
dynamics of the synchronization errors can be expressed as

]
ey
Aye, + (A, — A x, + g, (x,) — g, (%)) +u(x,,x,)
Ases + (A — A x; + g5 (x3) — gy (%) + 1 (x5, x,
Anex + (Ay = 4) %, + gy (x3) = 91 () + 81 (530 3,) 'y

Our purpose is to design the appropriate controllers
u(x;, x,) for the response systems such that the error systems
(4) are asymptotically stable, which implies that the complete
synchronization of N different chaotic systems (3) is realized;
that is,

Jim fle;] = lim Jlx; =, = 0. )
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Here, the direct design control method is used to achieve
the objective. In accordance to the active control design
strategy, we choose the control input u(x;, x,) to eliminate all
known items that cannot be shown in the form of the error
system e;. The controller can be given by

u(xpx) =u;— (A=A x; - g (%) + g1 (x1),

(6)
i=2,...,N.
The error systems (4) can be rewritten as
é, A, 0 -~ 0 e, U,
é; 0 A; --- 0 e; Us
ée=|.|=. . . . N A PN )]
én 0 0 - Ay len Uy

Definingu; = p;e;, we can get the error systems (8) as follows:

é, A, +p, 0 0 e,
é; 0 As+p; - 0 e;
é= = . . . .
én 0 0 - Ay+tpn] Len

(8)

There are many possible choices for p;, as long as it assures
that the error dynamic system (8) is asymptotically stable at
the origin. Without loss of generality, let us define p; as a state-
dependent coefficient matrix, then the error systems (8) can
be rewritten as

By(e,) 0 .- 0 e,
0  By(ey) - 0 e;

é= . . ) . - )
0 0 - By(en)] Len

The sufficient stability conditions of the systems (9) will be
given by transforming it into a stable system with a special
antisymmetric structure. The main result is described as
follows.

Theorem 1. Consider the systems (9) with the state-dependent
coefficient matrices B;(e;) = B;, (¢;) + B;,. If the matrices B; (e;)
and By, satisfy the assumptions that

T .

B (e;) =B (e;), (i=2,...,N),
(10)

B, = diag(by,...,b,,), b;<0,(j=1,....,n),
and the invariant set of the system (9) only includes the origin,
then the system (9) is asymptotically stable.

Proof. Choose Lyapunov function as follows:
lr
V=zee 1
see D

Then



Mathematical Problems in Engineering 3
V= l (éTe + eTé)
2
[By(e,) 0 0 1" [By(e) 0 -+ 0
17 0 By(es) -+ 0 0  Bs(es) -+ 0
= —e . . + . . e
2 : : : : : : : :
L O 0 -+ By(en) 0 0 - By (en)
_ T
By, (ez) + By, (32) 0 0 12)
17 0 By (e3) + By (e3) -+ 0
"2 : : : :
L 0 0 - By (en) + By (en)
B,; (e;) + By, (e3) 0 0
0 By, (e3) + By, (e3) -+ 0
+ . . . e)
0 0 - By (en) + By (en)

where Bl (¢;) = -B;,(e;), (i = 2,...,N), and B} (e;) = B, (e;).
So we get that

By, (ey) 0( ) ) 0
0 B, (e5) -+ 0
V=e . 32, ’ e, (13)
0 0 © By (e)
where, for j = 1,...,nand b; < 0, B, = diag(y,,...,b,,) is

negative definite. Therefore, V is negative definite. According
to Lyapunov asymptotical stability theory, the complete syn-
chronization of the different chaotic systems is achieved. [

Remark 2. The system (9) is transformed into the system
é; = B;(e;)e; under the control law u(x;, x,), where B;(e;)
possesses the antisymmetric structure; then the error system
(4) is asymptotically stable at the origin according to the
Theorem 1.

Remark 3. The antisymmetric structures in Theorem1 are
the generalization of the tridiagonal structures. The error
system constructed with the antisymmetric structure is more
convenient than the one with tridiagonal structure, if the
original system has some zero elements at the tridiagonal
position and nonzero elements at other positions.

The selecting of the coefficient matrices with antisym-
metric structure is an important and difficult technique,
which relates to the coefficient matrices and the states of the
original system. In the following section, we will demonstrate
the proposed approaches for the special structure with an
example.

3. Applications of Synchronization
Control Schemes

In this section, we employ a simulation example to illustrate
the effectiveness of the proposed schemes. The synchroniza-
tion is simulated for three different chaotic systems. We
choose New system as drive system, and we consider Lorenz
system and Rossler system as the response systems. They are
described as follows:

X1 = 5Xp — X12X135

X1p = —10x1; + x93, (14)
. 1
X3 = —3.8x3 + gxuxlz,
X1 = —=10x5; + 10x,, + 4y,
Xyp = 28%y1 — Xy = X1 X3 + Uy, (15)
X23 = 73%3 T X1 X9, + U3,
X31 = X35 — X33 T U3,
X3y = X351 + 0.2x5, + U, (16)

X33 = —=5.7x33 + 0.2 + x3;x33 + U33,

where
5 0 o ~10 10 0
A=lo-10 o |, 4,=|2 101
0 0 -38 o o -3



0 -1 -1 ~X12%13
A;=|102 0 |, g1 (x1) = 1x11x13
0 0 =57 gxllx12
0 0
92 (%2) = | =Xq1%23 | » g5 (x3) = 0
X51X9 0.2 + x3,%33
17)
Let the synchronization error state be é; = X; — X, (i =

2,3), then the error dynamical states can be written as

€y = —10ey; + 10e,, + uy; + x15%13 — 15x;; + 10x,,

€y = 28ey; — ey + Uy — Xy X3 — X1 X3 + 28xy; + 9y,

. 8 1 8
€3 = _5623 + Uy + XXy — §x11x12 + <3~8 - 5) X13»
(18)
€31 = —€3; — €33 + Uy + Xy5X3 — SXyp — Xpp — X35
€3, = ez +0.2e35, + 1z +x7 +10.2x, — X1, X3, (19)
1
€33 = =5.7e33 + U3z — 1.9x13 + 0.2 + x3,x33 — §x11x12'
CTe] .
€= | = [ € €y €3 &5 é35]
L€3
[-10 -10 —X1,
10 -1 —(x;;+ey) 0
8
— | X (x05 t+ey) 73 0
0 0 0
0 0 0
| o 0 0 1

Let us define B,(e,) and B;(e;) as follows:

0 -10 —x1
B, (ey) = | 10 0 —(x)y +ey)
xp, (%) +ey) 0
-10 0 O
N 0 -1 0 X
0o 0 ——

Mathematical Problems in Engineering

Then the controllers are designed as follows,

Uy
”(xz:xl) = | Un
Uss
15 -10 0
€1 X11
28 9 0
=pi|€en|- 8 X1
€3 0 0 (3.8 - —) X13
3
-9, (%) + g1 (%)
Uz
u(x3,x1) = | Us
Usz
es, 5 -1 -17[xy
=p,len|—-| 1 102 0 X1
33 0 0 -19(|x3
- g5 (x3) + g1 (x1),
(20)
where
0 0 —X1,
pr=|-18 0 = (x; +ey) |
x1p (%1, +ey)
(21)
-1 0 0
p=10 -1.2 —(x11 +e3)
1 (x); +es) 0
Then the error systems (18) can be rewritten as
0 0 ]
0 0 ey
€y (22)
0 0 €3
€31
-1 -1 €3
-1 (%11 +es1) | Less
(%11 +e3:) 5.7 i
0 -1 -1
By(e;) = |1 0 (%, +e3)
1 (%), +ey
-1 0 0
+]1 0 -1 O
0 0 -57
(23)

Then we declare that the error systems (18) and (19) are
asymptotically stable at the origin under the controllers (20)
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€215 €22, €23

Time (s)
)
€2
— €ex3

FIGURE I: Dynamics of the variables e,;, e,,, and e,; of the error
system (18) with time ¢.

FIGURE 2: Dynamics of the variables e, e;,, and e,; of the error
system (19) with time ¢.

according to Theorem 1. Then the synchronization between
the response systems and the drive system is realized.

The fourth-order Runge-Kutta integration method is
used to numerical simulation with time step size 0.001s. Let
the initial conditions of the drive system and the response
systems be (x,,(0), x1,(0), x,5(0)T = (11,15,26)7, (x,,(0),
%2(0), %,5(0)" = (1,6,8)", and (x5, (0), x3,(0), x53(0))" =
(4.8,0.8,0.2)T, respectively. Then the initial values of the
error states are (e,1(0), x,,(0), x23(0))T = (-10,-9,-18)T
and (e5,(0), x5,(0), x53(0))7 = (=6.2, —14.2,-25.8)". The
state trajectories of the error systems are shown in Figures
1, 2, and 3, and the state trajectories of 3 different chaotic
systems are shown in Figures 4, 5, and 6. We can make out
that, from Figures 1-6, the state trajectories asymptotically
converge to zero near 2.5 s, 4.5 s, and 5 s under the controllers,
and the state vectors of the different chaotic systems achieve
the complete synchronization. The numerical simulations
demonstrate that the proposed design method is feasible
and effective to realize the complete synchronization of N
different chaotic systems which satisfty Theorem 1.

~15 L : ' ' : ' :
0 1 2 3 4 5 6 7 8
Time (s)

---en

€12
— e

FIGURE 3: Dynamics of the variables of the error system between the
response systems (15) and (16) with time ¢.

- X1
X21

— X31

FIGURE 4: The state trajectories x,;, X,;, and x;; of the chaotic
systems with time ¢.

4. Conclusions

In this paper, the synchronization problem of N different
chaotic systems is investigated. The direct design method is
adopted to realize the complete synchronization of N dif-
ferent chaotic systems according to the proposed theorems.
And then the stability theorems about the error systems with
the special antisymmetric structure are presented. Numerical
simulations of the synchronization about the different chaotic
systems, respectively, illustrate the validity of the proposed
schemes. How to realize other types of synchronization of
N-coupled chaotic systems is our further work. Inspired by
the studies [18-20], how to extend the current results to
chaotic systems with discontinuous functions is also our
future research directions.



X12> X225 X33

FIGURE 5: The state trajectories x,,, x,,, and x3, of the chaotic
systems with time ¢.

T X3

X23
X33

FIGURE 6: The state trajectories x,;, X,;, and x;; of the chaotic
systems with time ¢.
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The researchs on the structure and formation mechanism of social networks lead to several models with differences in the
attachment patterns of new links (edges). In fact, the driving factor behind the addition of new links is just as important as the
attachment patterns, while very little attention has been devoted so far to this exploration. We present an agent-based model
which could successfully reproduce large-scale social networks. We find that the structure of social networks is a consequence of
continuous individuals’ decision-making processes based on self-evaluations and the turnover of the population. The individuals’
self-evaluation processes are key motivating factors for the addition of new links, while the attachment patterns and the turnover
of the population should be responsible for the topology of social networks. The resulting networks of our model display dynamics
between order and randomness, which is greatly consistent with current observations and research achievements of social networks.
We also find that some plausible properties of empirical data are actually artifacts due to the boundedness of sampling. Our research
has revealed the driving factors behind the evolution of social networks as well as the underlying evolving patterns. These findings

will lead to a better understanding of social structures.

1. Introduction

Complex networks have gained increasing enthusiasm in
various fields ranging from natural science to social science
in the last few years. The achievements of data acquisition
make it possible to calibrate some hypotheses once supposed
to be reasonable in people’s mind, one of which is networks of
complex topology described with the random graph theory
of Erdos-Rényi (ER) [1], whose degree obeys a Gaussian
distribution. Barabdsi and Albert (BA) have developed a
growing network model to interpret the emergence of scaling
in networks, known as BA model [2], which leads to a degree
distribution P(k) ~ k™. However, it is obviously inappropri-
ate for applying it mechanically to social networks for two rea-
sons: first, the population is relatively constant, which does
not conform with the hypothesis of unceasing increasing of
nodes; second, individuals could not be present in all the
lifetime of social networks, instead, the living individuals will
die after a few years’ survival.

Researchers had realized these problems not long after
BA model was proposed [3-7]. Furthermore, the analysis of
empirical data [8, 9] shows that some social networks exhibit

single-scale properties for the degree distribution rather than
power law regime. So Gonzalez et al. [5] and Singer et al.
[7] introduce constraints named “aging effect” to limit the
addition of new links and the results indicate that these new
observations are well fitted. However, there are still some
problems with these models: (i) the empirical networks used
in these models come from an in-school questionnaire among
junior high school students from the USA (for acquaintance
network, it comes from a questionnaire among 43 Utah
Mormons), so are these social networks from specific groups
universal and representative? Furthermore, could these mod-
els be used to explain the formation of large-scale social
networks? (ii) Constraints introduced by these researches
are more passive responses to the dilemma of continuous
addition of new links, which could not lead to a deep under-
standing of the driving factors behind the addition of new
links. We have developed a new agent-based model for large-
scale friendship networks, which successfully reproduces
acceptable properties of social networks such as small-world
phenomenon and community structures [10, 11]. We also find
that the resulting degree distribution of social networks dis-
plays obvious scale-free regime, indicating that the observed
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FIGURE 1: The model framework. At each time step ¢, every individual i will evaluate his satisfaction based on current friend circles. Here, we

simply generate a random number d ranging from 0 to 1. If d > U(k), in

dividual 7 is not satisfied with current situation, and so he chooses a

new friend j from those used to be strangers (the red individual) and adds j into his friends list. Meanwhile, j also adds i into his friends list.

After all the individuals complete the decision-making processes indepe

ndently, the network updates with n = N = v aged individuals along

with their links removed from the network and the same number of newborns with no initial links added into the network. Then time step ¢

increases by 1.

single-scale properties of empirical networks are artifacts
resulting from the boundedness of sampling. These findings
give a clear answer to the questions above and confirm the
drawbacks in the previous models.

2. Materials and Methods

There are two key features of real social networks neglected
by foregoing researches: (i) the continuous turnover of the
population—in real worlds, the aged die at a certain rate while
new individuals are born at an appropriate rate resulting
in an almost unchanged number of individuals present at
the networks over time; (ii) on-going individuals’ decision-
making processes—the living individuals carry out social
activities based on their current neighbors in the network
including families, schoolmates, colleagues, and sometimes

strangers and in the case of dissatisfaction with current circles
of friends, they will try to build new relationships with
some strangers. These ingredients are incorporated into our
model framework. We also introduce an index named social
activeness index, which is a comprehensive measurement
about individual’s activeness in social networks, denoted by
A. An active individual will be likely to make more friends.
Integrated with the definition of natural attributes, we finally
get an agent-base model in which individuals are character-
ized by a set of natural and social attributes, including identity
number, age, residence, and social activeness index, along
with behavioral rules.

At the beginning of the modeling, there are N individuals
(agents) with no initial connections, who are randomly
placed into an area of x * y grids. This is close to the reality
that the city is usually composed of a number of communities
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—— Uniform (0, 1)
— ER
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FIGURE 2: The resulting networks at t = 2000 for N = 100000, v = 0.0005, « = 0.2, 5 = 4, y = 4, and p = 0.0001 within an area of 10 * 10
grids. (a) The distribution functions of connectivity: for red and green squares, p(1) is of truncated normal distribution Gauss (, o); for
blue squares, p(A) is of uniform distribution Uniform (0, 1). The red, green, and blue lines have respectively slopes 4.02, 2.75, and 2.38. (b) The
robustness of obtained networks: for red and green curves, p(A) is of truncated normal distribution Gauss (y, 0°). The red curve has { = 0.82
while the green one has { = 0.76; for blue curve, p(1) is of uniform distribution Uniform (0, 1) and { = 0.74; purple curve for ER, { = 0.92,

and black curve for BA, { = 0.16.

and different individuals share the same community. For
simplicity, we assume that the identity number of individuals
increases from 0, so an elder individual will get a smaller
identity number. Each individual’s age is an integer selected
randomly from 1 to max_age (max_age = 1/v, where v is the
death rate of the population). Social activeness index (1) is an
important parameter indicating individual’s social activeness,
which is assigned a value ranging from 0 to 1 generated from a
specific distribution p(A) when an individual is born. Figure 1
illustrates our model framework. At each time step, every
individual will evaluate the situation of his social contacts
based on the current number of neighbors in the network
(degree). Here, we introduce the utility function [12] which
is widely used to quantify consumer’s total satisfaction from
consuming a good or service in economics because of the
observed striking similarities among many collective human
activities [13-17]. We employ an exponential utility function
Ukk) =1- e where k is individual’s degree and A is the
social activeness index. So U (k) decreases with the decreasing
of A, that is, the individual would be more dissatisfied with
the current situation and more likely to make a new contact.
Under the circumstance of dissatisfaction, individual i will
make a new friend with j based on three criteria: age
difference (a;;), grid distance (d;;), and the number of shared
friends (m;). These criteria have been observed in many
social networks and employed by some foregoing studies
[3, 5, 11, 18], while never integrated into a single model. So
the probability i making a new contact with j is given by

R;

= M)
i ZisiRa

where

p- o~ (Payjtyd;j) k; =0,

Ri'= mi. o
J ((k_]> (l—p)+P)'e_(ﬁ“””d"") K #0,

i

2)

where k; is the degree of i, a, 3, y are scale factors, and p < 1.
Obviously, the effects of age difference and grid distance on
social networks increase with the increasing of « and f3, while
y does the opposite to m;;/k;. After every individual makes
his decision independently, the network updates. We assume
that the friendship is reciprocal, when i adds j into his friends
list and so does j. Then a small number (n) of individuals are
removed from the network along with the links with them
and the same amount of individuals with no initial links is
added, respectively, corresponding to individual’s death and
birth in real world. The number is determined by the death
rate v with n = N * v (noticing that we assume that the pop-
ulation is relatively constant, so v is also the birth rate).

3. Results and Discussion

In Figure 2(a), we show the degree distributions of truncated
normal distribution p(A) with different ¢ and o (the uniform
distribution could be regarded as a limit form of truncated
normal distribution with a large o). Note that A is the
individuals social activeness index, so a normal distribution
implies that most of individuals have similar social activeness,
while only few of them are very active or inactive. With the
increasing of o, A will be much more diverse. Our modeling
suggests that the heavy tail will be more straightforward with
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0.40%) with different B. The black solid line has slope 2.72. (c) p(A) = Gauss (0.5, 0.40%) with different y. The black solid line has slope 2.71.

(d) p(A) = Gauss (0.5, 0.20%). The black solid line has slope 4.01.

a decreasing of the scaling exponent. When coming to the
uniform distribution, the scaling exponent is approximately
equal to 2.38. Sensitivity analyses of N, «, 3, and y show that
they do not significantly change the scaling exponent (see
Figure 3).

When exploring various complex networks, we have a gut
feeling that social networks are of strong robustness. It is eas-
ily accountable—individuals’ death should not greatly shatter
social networks, although they are hubs (people with a lot of
links). So we compare the output of our model to some other
networks, for example, random network from ER theory and
scale-free network from BA model. As Figure 2(b) shows,
the obtained networKk’s robustness is between BA and ER. If
we regard the BA network as a well-ordered network and

correspondingly the ER network as a random network, the
obtained networks will be between order and randomness,
just as Watts [18] described. In order to make the contrast of
different networks more clearly, we define a shatter index { as

== ©)

where R denotes the number of nodes removed, and M is
the nodes’ number of the maximal connected subnetwork
in the remained network after R nodes have been removed.
Noticing that { = 1 for a full connected network, the
geometric meaning of { is actually the area enclosed by curves
in Figure 2(b) and the coordinate axes.
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FIGURE 4: The grid distance and age difference between connected nodes at t = 2000 for N = 20000, v = 0.0005, and p = 0.0001 and p(A) is
of truncated normal distribution with y = 0.5, ¢ = 0.20 within an area of 10 * 10 grids. In (a), (b), and (c), the color denotes the proportion
of node pairs with grid distance (x, y) in total nodes pairs. All of them use & = 0.2 and 8 = 4, while y = 0 for (a), 10 for (b), and 20 for (c).
(d) The age difference between connected node pairs uses o = 0.2, y = 4, and different f3 (see the legend a-3-y). The horizontal axis denotes
age difference, while the vertical axis denotes the proportion of node pairs with age difference a;; in total node pairs.

We also check the grid distance and age difference
between friends in the networks. As Figures 4(a), 4(b), and
4(c) show, the regional structure will be more conspicuous
with the increasing of y. Figure 4(d) gives the analysis result
of age difference between node pairs in obtained networks
with different . A significant positive correlation between
the age effect and 3 emerges from the comparison of different
curves.

The shortage of empirical large-scale social networks
makes a straightforward verification of the obtained networks
from comparison impossible. However, researches in related
areas have provided some strong circumstantial evidences. In

the past few years, the tight correlation between the spread-
ing of infectious diseases and social networks has aroused
widespread concerns. Eubank et al. [19] proposed a large-
scale simulation framework based on realistic urban social
networks. Though edges in their networks are defined as
contacts between individuals, they also give a lot of valu-
able information about friendship networks because of the
interplay between contact network and friendship network.
Namely, close friends tend to make more contacts, while
frequent contacts will lead to an intimate relationship. Their
studies show that real networks are strongly connected
small-world graphs with a well-defined scale for the degree
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FIGURE 5: The in-school friendship networks at t = 2000 using N = 20000, v = 0.0005, p = 0.0001, 4 = 0.5, 0 = 0.20, &« = 0.8, § = 16,
and y = 2 within an area of 10 = 10 grids. The results have been averaged over 20 realizations. (a) The degree distribution of obtained full
social networks. The dashed line has slope 4.02. (b) The degree distribution of sampled in-school friendship network. (c) A snapshot of the

in-school friendship networks visualized with the Gephi software.

distribution and could not be shattered by removing a small
number of high-degree vertices, which coincides with the
obtained network of our model.

Next, we will show by sampling individuals from the
obtained social networks and reconstructing their intercon-
nections that our model successfully reproduces the observed
single-scale properties in the in-school friendship networks.
Owing to the obvious age effect in in-school friendship
networks, we employ a large f, indicating that when indi-
vidual makes a new friend, there is an obvious tendency to

individuals from the same generation. After evolution over
few time steps, we pick up a group of individuals of similar
age as well as their interconnections. In this way, we get a
subnetwork corresponding to in-school friendship network,
as shown in Figure 5(c). It is visually apparent that the
obtained in-school friendship network is composed of a
number of different size communities. Figure 5(b) shows the
connectivity distribution of in-school friendship network, a
striking similarity between with them and the observations
[5, 7, 20] could easily be detected; however, the degree
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distribution of the full social network exhibits a visible
heavy tail property (Figure 5(a)), indicating that the observed
single-scale properties in empirical in-school friendship and
acquaintance networks are more artifacts than universal
phenomena, leading to an inability of foregoing models to
describe social systems.

4. Conclusions

In this study, we have uncovered the structure and formation
of social networks by capturing some important features of
real world. This has significant potential in interpreting lots of
social phenomena related to human activities. Further study
will focus on the effects of social networks on individuals
migration, which may help understand heterogeneity of
human geographical distribution.
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This paper investigates the antiwindup (AW) control problem for plants with input saturation. The AW compensator is not activated
as soon as input saturation occurs as usual. A delayed decoupling structure is first proposed. Then, appropriate linear matrix
inequalities (LMIs) are developed to determine a plant-order AW compensator. Effectiveness of the presented AW technique is

illustrated by a fighter aircraft model.

1. Introduction

Input saturation is one of the most frequently encountered
nonlinearities in control design for linear plants. Most
controllers are designed assuming that the inputs have
no limits. If input saturation appears, output performance
often deteriorates. Slight performance degradation could be
large overshoot or sluggish response. Severe performance
deterioration could be persistent oscillation, sometimes even
instability.

Multiagent control has become a hot topic of academic
research in recent years. This is because it can be used in
various fields, such as physics, biology, industry, and military
applications. The two main applications of multiagent control
in industry and military are the multirobot cooperative
control and the multivehicle flight control, respectively.
Although these two applications have been intensively stud-
ied, however, few results consider the case when actuators
are limited [1]. The well-known AW control is one of the
most successful methodologies applied in practice to deal
with plants with input saturation. As summed in [2, 3], the
essential idea of AW control is adding control modification
to a nominal linear controller. The nominal linear controller
is first synthesized for the plant ignoring saturation, and
then an AW compensator is designed to improve output
performance when saturation occurs. Sufficient conditions
to design a static AW compensator were provided in [4] in

terms of LMIs. Necessary and sufficient conditions for the
existence of a plant-order AW compensator were given in
[5]. A novel, less conservative sector condition was presented
in [6], and a static AW compensator for both stable and
unstable plants was obtained therein. A switching AW design
using multiple Lyapunov functions was proposed in [7]. In
[4, 5], attention was focused on minimizing the influence of a
generic disturbance signal w in the output. In [6, 7], concern
was on maximization of the region of attraction. Innovatively
in [8], Weston and Postlethwaite proposed a structure, which
established a specific formulation of the error between the
plant outputs with and without input saturation. Then, in [9],
two different AW compensators were designed to make the
error as small as possible based on the structure.

Usually, the AW compensator was activated as soon as
input saturation occurs. However, a static AW compensator
designed in [10] was not activated immediately but belatedly.
It was found in [10] that delayed activation of AW compen-
sator can lead to a better performance compared with the
immediate one. In order to improve AW control performance
and derive a simpler LMI condition for the AW compensator
construction, motivated by the structure proposed in [8],
a modified delayed decoupling structure is developed in
this paper. Then, sufficient conditions in terms of LMIs are
obtained to minimize the error between the plant outputs
with and without input saturation.



FIGURE 1: General structure of AW control.

The remainder of this paper is organized as follows. In
Section 2, the structure, which has a decoupling feature,
is introduced. Main results of this paper are presented in
Section 3. A new modified delayed AW decoupling structure
is first proposed. And the AW compensator is constructed
for single-input plants by making a set of LMIs feasible. It is
also extended to multi-input plants. A fighter craft model is
used to illustrate the proposed AW technique. Conclusions
are given in Section 4.

2. A Decoupling Structure

A general AW control structure is shown in Figure 1, where
G(s) is the plant, K(s) is the nominal linear controller, sat(-)
is the input saturation function, and block AWC is the AW
compensator. G(s) is a stable linear plant subject to input
saturation as

X, = Apx, + B, sat (u),

y=Cyx, + D, sat (u), )

G- |
where (A, B,) is stabilizable, x,, € R”, y € R1, u € R?,
and sat(u) is the saturated input. The saturation function sat(-)
satisfies sat(u) = [sat(ul),sat(uz),...,sat(up)]T, sat(y;) =
sign(u;) min(|y;|, ;). u; is the amplitude limit, u; > 0, i =
1,2,...,p. The state-space descriptions of K(s) and AW
compensator are, respectively

X, = A.x,+ B,
u=C.x.+ D_e,

K (s) ~ {
2)

an = Aawxaw

’1 = (’1{’ r];)T = Caw'xaw + Dawa’

+ B, U,
AWC ~ {

where # := u — sat(u) is the error between the unsaturated
input and saturated input, e := r — y is the tracking error,
and r is the reference to be tracked. The AW compensator is
activated only when input saturation occurs. As mentioned
earlier, the essential idea of AW control is adding control
modification to K(s). The state and output equations of K(s)

are modified by the AWCs output 17 = (1, 112T)T as

X.=A.x,+B.e+mn, )

u=Cx.+D.e+n,.

An appealing AW structure, which is a special case of the
general structure, proposed by Weston and Postlethwaite in
[8], is shown in Figure 2(a), where the design of AW compen-
sator turns into the conditioning of a transfer function M(s).
With all signals labeled the same, the structure in Figure 2(a)
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can be equivalently redrawn as in Figure 2(b). Note that in
Figure 2(b), a dead-zone function dz(-) is introduced, which
maps the unsaturated input u to the input error #; that is,
dz(u) = 6. Ifu € %, where % € R is a compact set defined
as U = [—uy, uy | X [—uy, U] X -+ X [-Up, ], then dz(u) = 0.
What is fascinating about the structure in Figure 2(b) is that it
can be seen as two decoupled subsystems: the nominal linear
closed-loop system (NLCS) and the nonlinear path. If NLCS
and the nonlinear path are stable, respectively, the stability of
the overall system in Figure 2(b) follows. The NLCS is stable,
as it is guaranteed by K(s). The NLCS’s output y;;, is what
one tries to recover when input saturation occurs. Thus, the
AW compensator should be designed to ensure stability of
the nonlinear path, further on, if possible, to make the output
difference y; = y;;,, — ¥ as small as possible.

One selection for M(s) in Figure 2(a) is a right coprime
factor of G(s); that is, G(s) = N(s)M '(s). The state space
descriptions of M(s) and N(s) can be chosen as

(4)

The conditioning with M(s) turns into the design of matrix
F.G(s)M(s) = N(s), and the state space description of AW
compensator is

Xy = (A, + B,F) x,, +B,ii,
Uy = Fx,y,» (5)
ya=(C,+D,F)x,, +D,ii.

Remark 1. Note that all the initial states and the control inputs
of M(s) and N(s) are equal. Therefore the states of M(s) and
N(s) are identical. Under this circumstance, although M(s)
and N(s) are different transfer functions, they can still share
the same state x,,,.

Define the distance between a vector x and a compact
set & as dist(x, &) := infy€c9||x — |I. Then, the objective of
this paper, which is based on the decoupling AW structure
proposed in [8], is to solve the AW control problem defined
as follows.

Definition 2 (see [9]). The AW compensator (5) is said to
solve the AW control problem for plant (1) if the closed-
loop system in Figure 2(a) is well posed and the following
conditions hold.

(1) If dist(uy;,, %) = 0 forall t > 0, then y; = 0 for
all t > 0 (assuming zero initial condition for AW
compensator).

(2) If dist(uy;,,, #)e &, then y,; € &,.

The AW compensator (5) is said to solve the strong AW
control problem if in addition, the following condition is
satisfied.

(3) The operator T : uy, — y; is well defined and the
&, gain from uy;,, to y, is less than y; namely, ||l y;l, <

Yleanlly-
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(a) Conditioning with M(s)

satﬁ G(s) lJ%

The nominal linear closed-loop system

(b) An equivalent decoupling structure

FIGURE 2: A decoupling structure.

Remark 3. Note that condition 3 in Definition 2 implies
condition 2. In this paper, only the strong AW control
problem is considered.

3. Main Results

Immediate AW compensation may increase safety of the
overall system, being away from instability, for example, but
the performance may be no better than leaving the controller
uncompensated during some moderate input saturation, as
the numerical example demonstrated in [10]. If the nominal
controller is robust, the system still demonstrates good
performance during this modest saturation stage. Thus, the
delayed activation of AW compensation is considered.

3.1. Delayed Decoupling AW Structure. To realize certain
delay in activating the AW compensator, an artificial satu-
ration function is added after the controller, and thus the
structure in Figure 2(a) becomes as in Figure 3. This structure
has two saturation nonlinearities, and thus it is not equivalent
to the decoupling structure in Figure 2(b). In order to sustain
a decoupling feature, Figure 3 needs to be modified. A new
decoupling structure with delayed saturation is therefore
presented in Figure 4(a). Note that a time-varying gain
G, = diag[g,(t), g,(t),..., gp(t)] is introduced in Figure 4(a),

where g;(t) is defined as
L || <,
sgn (w)u;  _ %
aw=1" 4 > m<BE<L
Ui
9a> |u;] = —.

9a

Here g, is the delayed saturation index, 0 < g,; < 1. The
AW compensator is activated when the input magnitude is
higher than the delayed saturation level u;/ g, rather than u;.
Now treat G(s) := G(s)G,; as a new plant, which is linear
parameter-varying (LPV). The time varying matrix gain G,
is continuous in the known bounds, G; € [g,, 1]. Since the
expressions for u, y, i are the same in Figures 4(a) and 4(b),
the two figures are mathematically equivalent if the following
equation holds:

éulin = Nﬁ + é(ulin - M\ﬁ) . (7)

Taking the same steps as in [11], where the decoupling AW
structure is extended to LPV system, the equivalence between

sat(u)

K(s) u sa t( %
w0 e [m0]
Artificial
sat(

Ug

Tyd G(s) |H

FIGURE 3: Conditioning with M(s) (delayed).

M

Figures 4(a) and 4(b) follows. Note that in the nonlinear

path, G(s) replaces the original G(s). Therefore, the state space
description of the AW compensator becomes

w = (A, + B,G,F) x,, + B,G,il,
uy = Fx,,, (8)

Ya = (CP + DPGdF) Xaw T Ddeﬁ-

3.2. Delayed AW Synthesis Using LMI. In order to analyze
the behavior of the new system, for intuitiveness, single-input
(p = 1) plants are considered first. And one has the following
theorem.

Theorem 4. For a single-input saturated plant, the strong
AW control problem in Definition 2 is solved if there exist
a symmetric positive definite matrix Q € R™", a diagonal
positive definite matrix S € R'*', a matrix R € R™, and
a positive real scalar y such that

A,Q+ QA@ +B,G4R + RTGng -

0 -yl =% <0 (9)
C,Q+D,G,4R 0 —yI
forG; =1 and

A,Q+QA, +B,G,R+R'G,B, = * *

0 —yI * *
C D,G,R I <0

PQ +D,G,; 0 -y *

NeR: e 1 (D,G,S) -28
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FIGURE 4: The delayed decoupling structure.

for G; = g,. Furthermore, the designing matrix F for AW
compensator (8) to guarantee &, performance requirement

Iyall, < Ylull, is given by F = RQ™".

Proof. The operation of the saturated plant with delayed
activation of AW compensator can be separated into two
stages.

Stage 1(|u| < u/g,). The input is below the artificial saturation
level. The input to AW compensator is zero, namely, & = 0,
and G; € [gy 1]. Then, following the standard approach, if
inequality

V 4y ) Y — Yt < 0 (11)

holds, it gives ||y,l, < ylluy,ll,> and the strong AW control
problem is solved. Choose the Lyapunov function in (11) as
V = x[ Px,, where P = PT > 0, and substitute (8) into
inequality (11); one has

(A, + B,G4F) xy, ] Pxo + x5, P[(A, + B,G4F) %,
7 [(Cp+ D,GaF) x| [(Cp+ D,yGaF) x4

T
~ YWinUiin < 0.
(12)

Then, by Schur complement and congruency transformation,
inequality (12) becomes LMI (9) in Theorem 4 with Q =
P!, R = FQ; thus, F = RQ'. Because Gy € [gy41] at
Stage 1, it suffices to check LMI (9) for G, at the vertices,
namely for G; = g; and G; = 1. The stability of the
nonlinear path is thus ensured. Note that during this stage,
the “nominal” closed-loop system is linear time-varying as
shown in Figure 4(b). Leaving the nominal controller K(s)
undisturbed when |u| € (1, 11/ g,], the stability of new NCLS
is preserved by the robustness of controller K(s). With the two
subsystems being stable, the stability of the overall closed-
loop system at Stage 1 follows.

Stage 2 (lu| > u/g,). During this stage, the controller’s output
exceeds the delayed saturation level 1/g,. As a result, & is
nonzero, the AW compensator is activated, and G; = g,. Due
to i u > %' @, the sector condition 2a' W (u — &) > 0 always

holds, where W is a diagonal positive definite matrix. Then, a
sufficient condition for inequality (11) is

V+y v — yup vy, + 20 W (u—w) <0, (13)
Then, following the similar steps as [9], if inequality (13)
holds, the strong AW control problem is solved. Substitute (8)
into inequality (13); one has
AT
[(A, + B,G,F)x,, + B,G,ii| Px,,
+ %3, P[(A, + B,G4F) x,, + B,Gii]
+y7[(Cp+ D,GyF) Xy + D, G| (14)

x [(C, + D,G,F) x,, + D,G,i]

T ~T ~
~ YWjinUin 2u W (ulin - anw - I/l) <0.
Inequality (14) can be rewritten as
an
— -1 .
(xaTw al “1Tin) [X -Y'(-y) Y] u ]<0, (15
Ujin
where
T
(A, +B,G,F) P+P(A,+B,G,;F) =+ =
X = BZ;G,,,P -WF 2W
0 W —yI

Y = (C,+D,G,F D,G, 0).
(16)

According to the standard Schur complement and exerting
congruency transformation, one has LMI (10) with Q =
P, S =W, R = FQ; thus, F = RQ"". Similar to Stage
1, with the two subsystems being stable, the stability of the
overall closed-loop system at Stage 2 follows.

Note that LMI (10) for G; = g, implies that LMI (9) for
G; = g4 thus only G; = 1 is checked for LMI (9) in the
theorem. And this completes the proof. O

The section of the delayed saturation index g, can be
determined by an iterative algorithm, starting at an initial
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value and stopping at a point when the &, gain y is optimized.
By applying the AW compensator designed using Theorem 4,
the nominal linear performance is recovered as much as
possible. The static and dynamic AW compensators designed
in [10, 12] used the states x = (x;, xCT)T and x = (xg, xCT, xaTw)T
respectively, in the Lyapunov function for LMI derivation. In
this paper, only x,, is used, and thus the LMIs to be solved
here are much simpler than the resulting LMIs in [10, 12].

For a multi-input plant, G, is no longer a scalar, but a
p x p diagonal matrix. Because each diagonal element of G,
varies between g, and 1, thus G, can be expressed as a linear
combination of the vertices as follows:

2P ) 2P
Gd = ZOC]'G], Z“] = 1,
j=1 j=1 17)
a;€[0,1], G e ¥, j=1,2,...,2",
where ¥ = {diag[g,,9,,-..>9,] © g = gaorl, i =

1,2,..., p}. Let G} = diag[1,1,..., 1]; similarly, one has the
following theorem.

Theorem 5. For a multi-input saturated plant, the strong
AW control problem in Definition 2 is solved if there exist
a symmetric positive definite matrix Q € R™", a diagonal
positive definite matrix S € RP?, a matrix R € RP*™, and
a positive real scalar y such that LMI (9) holds for G; = G},
and

T j T~ pT
APQ+QAP+BPG3R+R Gf,Bp # *
o -yl * *
C,Q+D,G}R 0 I« |50
; i N\T
SGB} - R 1 (D,GLs) -28

(18)

forall j = 2,3,...,2F. Furthermore, the designing matrix
F for AW compensator (8) to guarantee &, performance

requirement || y4ll, < ylluy,ll, is given by F = RQL.

Proof. The proof follows the same steps as Theorem 4, and
thus it is omitted here. O

3.3. Application Example. Consider a linearized fighter air-
craft model (matrices A, B, and C, can be found from
equations (A.2)-(A.4) in Yee et al. [13]P). The aircraft has six
states (u, v, w, p, g, ). The first three states are airspeed in the
X-, Y-, and Z-axes of the body frame, respectively. The last
three states are roll, pitch, and yaw rates about X-, Y-, and
Z-axes. The outputs (firf3) are, respectively, stability-axis roll
rate, angle-of-attack, and sideslip angle. The inputs (&, §,,
d,) are elevator, aileron, and rudder deflection angles, with
control surface constraints —25° < §, < 25°, -20° < §, <
20°,and -30° < §, < 30°. The reference to be tracked is shown
in Figure 5.

Without consideration of input saturation, the aircraft
demonstrates precise and fast tracking response, as shown in
Figure 6(a), using a continuous-time robust 7%, controller
designed in [13] (matrices A,, B,, C,, and D, are obtained

15

10 b

Reference (deg)
(=}

—-15 1 1 1 L L
0 5 10 15 20 25 30

Time (s)

FIGURE 5: Reference.

by using the robust control toolbox). But the control inputs
8, and §, actually exceed their amplitude limits as Figure 6(b)
displays. Imposing amplitude limits at the aircraft’s inputs
in the simulation, the tracking performance deteriorates,
as shown in Figure 7(a). Thus, AW compensation should
be considered. Using Theorem 5 and taking the delayed
saturation index g, = 0.65, the designing matrix is

-1.6399 0.0327 0.6927 -0.2444 241 3.8841
F={ 00219 -0.2281 0.0013 45.841 0.0003 38.787 |,
0.0155 -0.2099 0.0010 -10.303 0.1976 174.09
(19)
and the obtained optimal &, gain is y = 5.7294. The

corresponding tracking performance is shown in Figure 8(a).
The AW compensator designed in [14] which is based on
immediate activation is further presented here for compar-
ison. Solving LMI (13) in [14], the designing matrix is

=731.13 16.222 425.51 -106.50 98175 1634.7

F = 31.960 -329.78 2.4337 54547 -76.769 59246 |,
11.554 -123.60 1.0543 -5903.4 79.153 10750

(20)

and the optimal &, gain is y = 5.7298. The corresponding
tracking performance is shown in Figure 7(b). Our method is
also compared with the delayed AW compensator proposed
in [10]. Using the method of [10], the tracking performance is
shown in Figure 8(b).

Comparing the tracking performance in Figure 8(a) with
the uncompensated one as in Figure 7(a), fluctuation in
p channel decreases significantly in Figure 8(a). The AW
compensator plays its role. From Figures 8(a) and 7(b) which
are based on the immediate AW compensation, the output
dynamic property in Figure 8(a) is preferable. This is because
modest saturation can be seen as a small amount of plant
uncertainty, and since the nominal controller is robust, the
system still demonstrates good performance during this
modest saturation stage. Immediate AW compensation may
destroy this equilibrium. From Figures 8(a) and 8(b) with the
static delayed AW compensator, the output performance in
Figure 8(a) is no worse. This is because the AW compensator
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is a plant-order dynamic one, while the delayed AW compen-
sator proposed in [10] is static.

4. Conclusion

In this paper, the AW control problem based on the decou-
pling structure proposed by Weston and Postlewaite is
investigated. Based on the decoupling AW structure, matrix
F is to be designed to determine M(s), which is a right
coprime factor of the plant G(s). Motivated by the novel idea
of delaying the activation of the AW compensator, a new
decoupling structure with delayed activation of AW compen-
sator is developed. A time-varying gain G, is introduced, and
G(s) = G(s)G, is treated as a new quasi-LPV plant to deal
with the delayed AW control problem. For both single-input
and multi-input plants, a set of small scale LMIs are derived to
calculate the designing matrix F for AW compensator. Only
simple LMIs are needed to be solved, while the LMIs in [14]
to be solved are large. Most of all, the AW technique proposed
here has a better performance applied in the application
example than in [14] and has no worse performance than [10].
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We propose and investigate a new general model of fuzzy complex network systems described by Takagi-Sugeno (T-S) fuzzy model
with time-varying delays. Hybrid synchronization problem is discussed for this general T-S fuzzy complex dynamical network
with nondelayed and delayed coupling between nodes. Utilizing Lyapunov-Krasovskii functional method, synchronization stability
criteria for the networks are established in terms of linear matrix inequalities (LMIs). These criteria reveal the relationship between
coupling matrices with time-varying delays and synchronization stability of the dynamical network. Numerical simulation is
provided to illustrate the effectiveness and advantage of derived theoretical results.

1. Introduction

In recent years, complex dynamical networked agent systems
have attracted a great deal of attention in various engineering
fields from physics to biology, chemistry, and computer
science [1-3]. The reason can be attributed to their flexibility
and generality for representing virtually any natural and man-
made systems. Such systems in the real world usually consist
of a large number of highly interconnected dynamical units.
Transportation networks, coupled biological and chemical
engineering systems, neural networks in human brains, and
the Internet are only a few of such examples [4].
Synchronization is one of the most significant and
interesting collective behaviors in complex networked agent
systems due to its potential applications in many fields
including secure communization, parallel image processing,
and information science [5-7]. On the other hand, time
delays occur commonly in complex networks because of
the finite speed of signal transmission over the links [8].
Since the time delay often causes undesirable performance
and instability of the network, various approaches to syn-
chronization analysis for complex dynamical networks with
time delay have been investigated in the literature [9-12].
Therefore, synchronization criteria of complex networks with
delays have become a topic of practical importance. The

stability criteria for time delay systems include two categories:
delay-dependent ones and delay-independent ones. Since
delay-dependent stability criteria include the information
on the size of delay, delay-dependent stability criteria are
generally less conservative than delay-independent ones [10].
Moreover, many real-world networks are not static but more
likely to be time-varying evolving, particularly in biological
and physical networks. Commonly, time-varying delays are
general form of time delays. There are a few research works
[13-15] considering the time-varying coupling for complex
agent systems of dynamical networks.

Furthermore, the uncertainty or vagueness is unavoidable
in real modeling problems of agent systems. Fuzzy theory as
an efficient tool in approximating a complex nonlinear system
is a feasible method to take vagueness into consideration
[16]. There are some research works investigating the problem
of delay-dependent robust controllers and filtering design
for a class of uncertain state-delayed Takagi-Sugeno (T-S)
fuzzy systems [17-20]. Recently, the problems of stability
analysis, approximation, and stabilization for Takagi-Sugeno
fuzzy systems with time-varying state delay are investigated
[21-24]. So, fuzzy complex networks have advantages over
pure complex networks since they incorporate the capability
of fuzzy reasoning in handling uncertain information. In
this regard, the fuzzy models to describe complex dynamical



networks which are subjected to nonlinearity and have time-
varying delays are introduced. The synchronization problem
for T-S fuzzy stochastic discrete-time complex networks
with mixed time-varying delays is discussed in a recent
work [25]. By employing the information of probability
distribution of time delays, the original system is transformed
into a T-S fuzzy model with stochastic parameter [26, 27].
But how to solve the synchronization problem for general
fuzzy complex networks still remains largely unsolved and
challenging. To the best of our knowledge, time-varying
delay [28, 29] synchronization analysis of general fuzzy
complex dynamical networks has not been reported in the
literature.

Besides, it is noticed that most of the studies on synchro-
nization of dynamical networks have been performed under
some implicit assumptions that there exists the information
communication of nodes via the edges only at time ¢ or
at time t_7 [30]. However, in many circumstances, this
simplification does not match satisfactorily the peculiarities
of real networks; there exists the information communication
of nodes not only at time ¢ but also at time ¢_r. More
recently, coexistence of the hybrid synchronization in chaotic
systems was investigated intensively [31]. However, our gen-
eralized dynamical network model has different coupling
strengths for different connections. So it is complex and
extended comparing with the simplified network model
in [32]. So our conclusion is more compact and more
meaningful for the generalized network models. To the
best of our knowledge, there are very few studies on the
hybrid synchronization of general coupled complex dynam-
ical networks with nondelayed and delayed coupling in the
literature.

Motivated by the previous discussions, in this paper,
we attempt to introduce some more general time-varying
dynamical network models based on the T-S fuzzy model
and investigate the synchronization properties of this model.
Based on the Lyapunov-Krasovskii functional method, we
use a linearized method to solve the problem of synchroniza-
tion for fuzzy complex networks with time-varying coupling
delay and derive hybrid synchronization conditions for delay-
dependent stabilities in terms of LMIs, the time-varying
network model. A numerical example is given to demon-
strate the effectiveness and the advantage of the proposed
method.

The rest of this paper is organized as follows. In Section 2,
we present some preliminaries for proving the proof and
the fuzzy time-varying coupled dynamical network model.
Hybrid synchronization criterions are derived in Section 3.
In Section 4, we provide a numerical simulation to verify
the correctness and effectiveness of the derived results.
Conclusions are presented in Section 5.

2. Problem Formulation

Consider the following model of general continuous-time
complex networks with time-varying coupling delays which
can be represented by a T-S fuzzy model.
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Rule I: If 0, (¢) is F;;, 0,4(¢t) is Fyy>. . ., Gg(t) is Fy, then

N
%)= f(x;@®)+ Szcijrlxj (t)
i

+ sz l“lx (t-1()), 1)

t>0,i=12,...,N,

x(t)=¢(), tel[-h0],

where F,j (I = 1,...,r5j = 1,...,9) are the fuzzy sets;
r is the number of rules and 6; (j = 1,...,g) are the
premise variables; N is the number of agent nodes, where
each agent node is an n-dimensional dynamical system with
node dynamics x = f(x,8); X; = (X;1,Xip-.-5X;) €
R" are the state variables of node i; f : R" — R"is
continuously differentiable; T; and T} are the constant inner-
coupling matrices of the nodes; the constant ¢ > 0 is the
coupling strength; C = (cij)NxN and C = (Eij)NxN are
the outer-coupling matrices of the network, in which ¢; is
defined, as follows: if there is a connection between node i
and node j (j#1), then ¢; = c;; = 1; otherwise, ¢; = ¢;; = 0,
G;; is similar defined and the diagonal elements of matrices C
and C are defined by

N N
G== ) G=- ) G
j=Li# j

j=i# ]

N
Gj= — Z Gj (2)
j=Lit]

N
= — Z i i=1,...,N.
J=Li#]
Suppose that C and C are irreducible matrices. Time-varying
delay 7(t) satisfies
o<t(t)<h, t(t)<y, (3)
in which / and y are constants. The initial function ¢(¢) is a
continuous and differentiable vector-valued function.

By using the standard fuzzy inference method, the T-S
fuzzy network (1) can be expressed by the following model:

% () = Zm(e(r)) f(x (t))+eZ 6T ()
(4)
+sz F,x t-7@)],

where 0(t) = [0,(t),0,(),...,0,(t)], and 4 (0(t)) = w(6(t))/
Y11 @ (8(1)), in which F;(0;(1)) is the grade of membership
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of 0;(t) in Fy;. It is obvious that the fuzzy weighting functions
Ml(ej(t)) satlsfy

wO®)=0, Y (O®) =1 ©)
=1

In the following, some elementary situations are introduced,
which play an important role in proving the main result.

Definition 1. The dynamical networked agent system (1) is
said to achieve asymptotic synchronization if

x ) =x,t)=--=x5)=s(t), t — 0o, (6)

where s(t) is a solution of an isolate node, satisfying $(¢) =

J(s(@).

Lemma 2 (see [7]). If C = (CRIN satisfies the aforemen-
tioned defined conditions, then there exists a unitary matrix,
¢ = (Prs....bn)» such that C'¢y = Ay, k = 1,2,...,N,
where Ay, k=1,2,...,N, are the eigenvalues of matrix C.

Lemma 3 (see [12]). Let X and Y be arbitrary n-dimensional
real vectors, and let K be an n x n positive definite matrix.
P € R™" isan arbitrary real matrix. Then, the following matrix
inequality holds:

2XTPy < XTPK'PTX + YTKY. (7)

The aim of this paper is to investigate synchronization
problem of the fuzzy complex dynamical network with time-
varying delay (4).

3. Main Results

In this section, we focus on investigating the hybrid synchro-
nization problem of fuzzy complex dynamical networks with
nondelayed and delayed coupling. Before deriving our main
results, the following lemma will be utilized.

Lemma 4. Consider the T-S fuzzy dynamical network (4). Let
0=A, >N >--2Ayand0 =21, >y > > Ay,
respectively, be the eigenvalues of outer couplmg matrix C and
C. If the following N — 1 time-varying delayed differential
equations are asymptotically stable about their zero solution:

Wy (1) = Y O®) [ (J (1) + ey Ty) wy (1)
I=1

+ed Lwy (t - 7 (1)), ®)

k=2,3,...,N,

where J(t) is the Jacobin of f(x(t)) at s(t), then synchronized
states in fuzzy complex networks (1) are asymptotically stable.

Proof. For the synchronized states of complex networks (4),
we have

x;(t)=s)+e (), i=12,...,N. 9)

3
Substituting (9) into (4), we obtain
¢ (t) = Zﬂz () {f(s (t) +e; (1) — f (s (1))
I=1
N
+ sZci]T,ej ) (10)
=1

+sz GAVS (t—T(t))]

Considering that f(s(t)) is continuous differentiable, it is
easy to know that the origin of the complex networks (8) is
an asymptotically stable equilibrium point for the following
linear time delay systems:

é(t) = Zyl 1) { J(t)e (t)+sz c;Le; (t)

N
+e) g (t-T (t))]
j=1

SDIZICIO)
=1

x [T () e () +ely (e, (1) oven () (Groevor i)
+eli[e, (=T (1),....en(t—T(t)]
11""’ 1N) ]
(11)

Let e(t) = (e,(t), ...,en(t)) € RVN; we can obtain

é; (t)

=Y O®)[J (e (1) + e () CT +ele(t -7 (1)) C"].

(12)

According to Lemma 2, there exist nonsingular matrices,
Dy = (¢y1>--»bin)> @y = (b1 -+ » Pon)» such that CTd,
®,A, and CT®, = O,A,, with A | = diag(A;,...,Ax), A,
diag(1,,...,Ay). Using the nonsingular transform e(t)®
w(t), e(t — )@ = w(t — 1), then we obtain

W (1) = Y O ®) [ (J (1) + el ;) wy ()
I=1
(13)

+elTw (-7 ()],
k=1,...,N.

Note that A, = 0, A, = 0 correspond to the synchroniza-
tion of the network states (4), where the state s(t) is an orbital



stable solution of the isolate node as assumed before in (4). If
the following N — 1 pieces of n-dimensional linear multiple
time delay differential equations

g () = Y O®) [ (J () + VD) wy (2)

=1

+ed Lw (t - 7 (1)), 14)

k=1,...,N

are asymptotically stable, then e(t) will tend to the origin
asymptotically, which implies that synchronized states of
complex networks (8) are asymptotically stable.

The proof is thus completed. O

Remark 5. We use Lemma 4 to linearize the complicated
system to deal with the complex networks by using fuzzy
theory. It is an available way to investigate the interconnected
dynamical agents of complex networks. Then some new
subsystems can be obtained, which are easy to be analyzed.

Now, the main result is stated in the following theorem.
Theorem 6. If there exist positive definite symmetric matrices

P=P >0,Q=Q{ >0, Re =Rl >0,and Z = Z} >0,
such that the following LMI holds for alll = 1,2,...,r:

O, hQy hQy hQy W} Z,

x -hZ, 0 0 0
* * -hzZ, 0 0 <0, (15)
* * «  —hZ, 0
* * * * —th
where
Ny Ny Ny
2 2 2
Que= | Nie | Q=N |, Q=[N |,
2 2 2
Ny Ny Ny
for k=2,3,...,N,
O = Oy + B, + 0y,
O

= * —(1—)/) 0

* * -R

Pk (I (t) + SAkFl) + (] (t) + eAkrl)TPk szkEPk 0 ]
k

O = [Y + Qs Qg + Dy Oy — Q5]

Hk = [] (t) + 8Akrl 87\,{‘1:[ 0] ,
(16)

where % denotes the symmetric terms in a symmetric matrix,
then the asymptotic synchronization of complex network sys-
tem (8) can be achieved.
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Proof. Construct a Lyapunov-Krasovskii function as

Vi () = w{ (1) Paw (1) + L_ “ w; (s) Qeuwy (s) ds
+ Jt wz (s) Rywy (s)ds 17)
t—h

0t
+I I ! () Zyiy (5) ds d6.
~h Jt+0
According to Lemma 4, calculating the time derivative of

Vi(t) along the trajectories of complex networks (8), we
obtain

Vi () = 2w} (t) P (£) + wy (£) Qeuwy (t)
—(1-t®)w, (t - 7)) Qe (t—7(1))
+wy (t) Rwy (£) — wp (t = h) R (£ = h)
+ ! (5) Zya (s) - j_h W (5) Zya (5)

(18)
< 2wy (£) Pty (£) + wi (£) Quwy ()

—(1=y)w (t -7 (1) Qe (t — T (1))
+w, (t) Rewy (£) — wp (t = h) R (£ = h)
+ ! (5) Zy (s) - j_h T () Zai (5)

Based on the Newton-Leibniz formula, the following

equations can be obtained for arbitrary matrices Z;, with
appropriate dimensions:

t
28] (6) By |wy () —wy (£ - 1) — L wy (s) ds] =0, (19)

where ¢} (1) = (w{ (t), w{ (t - 7)) and Ef = (XT, X7).
Therefore, using Lemma 3, we have

Vi (t) = 2w} (t) P (t) + w (8) (Qq + Ry) wy (t)
~ (1= p)w (t -7 (1) Quuy (t - 7 (t))

—w] (t — h) Ry (t = h) + hi]. (£) Zyy iy (£)

t
—J W] (5) Zy (s)ds
t—1(t)
t—1(t) T
S R ACEATACLE

t
- J_h Wy (5) Zig y (s) ds

+2A% (1) [wk ) —w, (t -7 (1)

- J: u'),f (s) ds]

—7(t)
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+ ZAi () Qi [wk (t—1(t) —w (t—h)

t—1(t) T
- J Wy (s) ds:|
t—h

+ ZA’II; (t) QSk [wk (t) - Wy (t - h)

- J-: w,f (s) ds]

-h

< Y O @) {0 (1) [© + hT} Z,T,

i=1
+hQZ O
+hQyuZ, Q)

+hQy Z Q5 | @ (1)
t
_ J [OF (1) Qup + 0} (5) 2] 23
t—7(t)
X [kadbk () + Zwy (s)] ds

t—1(t) p T .
- L . (O (£) Qyp + g (5) Zi ] Zg

x [ Q@ (1) + Zytig (5)] ds
- [ ok o+l 2]z

X [szCDk () + Zwy (s)] ds} ,
(20)

where Ai(t) = [w,f(t), w{(t -1), wZ(t - h)]T. Because the last
three terms are all less than zero, if

O + hIy Z, T + hQ Z Oy + hQy Z Qg @
-1 AT
+hQaZy Qg <0,

then V,(t) < —kllw(®)|* for sufficiently small x > 0. It is
easy to see that system (8) is globally synchronized. By Schur
complements, we know that the function (21) is equivalent to
the function (15).

The proof is thus completed. O

Remark 7. For the delay-dependent synchronization prob-
lems of complex networks, the Lyapunov-Krasovskii condi-
tion has been attracted owing to the structural advantage.
The key point is the introduction of the integral inequality
technique, a fundamental trick to derive delay-dependent
stability criteria containing the size or the bounds of delays
and their derivatives. However, almost results in this field
have employed partial information on the relationship among
delay-related terms. Being differently from the common
construction, we use not only the time-varying-delayed

Error e;;

0 1 2 3 4 5 6
Time

FIGURE 1: Synchronization error e; for the coupling delayed net-
works with i =y = 0.5.

Error e,

FIGURE 2: Synchronization error e;; for the coupling delayed net-
works with & =y = 0.5.

state but also the delay-upper-bounded state to exploit
all possible information when constructing the Lyapunov-
Krasovskii functional. Our approach in Theorem 6 reduces
the conservatism of the existing methods to a certain extent.

The aforementioned results can be extended to the case of
bound constant time delay. If the time-varying delay 7(¢) is a

constant time delay in system (1), then fuzzy system (4) can
be expressed in the following model:

r N
%58 = Y O®) | f(x(0)+ eyl (1)
1=1 =1
] (22)

N
+e) & Lx; (t - 1)
=1

We obtain the following corollary.

Corollary 8. Ifthere exist positive definite symmetric matrices
P, Qg and R, (2 < k < N) and two arbitrary matrices Ny,
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TaBLE 1: Upper bounds of 4 for different € and y.

Coupling strength & 0.3 0.4 0.5 0.6
y=0 1.832 1.136 0.813 0.637
y=02 1.461 1.053 0.716 0.562
y =05 1.263 0.851 0.641 0.514
y =209 0.953 0.710 0.560 0.473
2 We consider the delay which involve general form of delays.
Based on Lyapunov-Krasovskii function method, stability
L5F criteria are obtained in the form of LMIs which can be easily
solved. And the results are usually less conservative than
Lr delay-independent ones especially when the size of the time

delay is small.
.05t
RV
g 0 e T —— 4. Numerical Example
—05} /./'/ To illustrate the previous results we obtain, we consider the
0 following complex dynamical networks with time-varying
Y delays consisting of three nodes:
/
-15 / . %, () -,
0 10 20 30 40 50 X, (@) | =] -2x, (26)
Time X5 (1) —3x;3

FIGURE 3: Synchronization error e;; for the coupling delayed net-
works with i =y = 0.5.

N, with appropriate dimensions, such that the following LMIs
hold foralll = 1,2,...,r:

© MeP D - N, + NI oJT ()R, 1N,
¥ —Qu-N,—-NI 1A J/R, 1N,
* * —TRk 0

* * * -TR;

Q= <0,

(23)
where

® =P, (J(t) + eATy) + (J (8) + €A L) P+ Q + NT + N,
(24)

then the asymptotic synchronization of system (22) in
Definition 1 can be achieved.

Proof. Select a Lyapunov-Krasovskii function as

Vi (t) = ] () Pawg (t) + j

. wZ (s) Quwy (s)ds

. . (25)
+J J W (5) Ry (s) s 6.
t 0

-7

The rest of the proof is similar to that of Theorem 6; thus one
can easily obtain the result. Thus it is omitted here. The proof
is completed. O

Remark 9. Corollary 8 presents new hybrid synchronization
conditions for fuzzy complex networks with constant delays.

which is asymptotically stable at s(t) = 0, with Jacobin given
by J = diag{-1, -2, -3}. Assume that inner-coupling matrices
areI = T = diag{1, 1, 1}, and the coupling configuration
matrices are

_ [-10505
C=C={05 -1 05/,
0.5 05 -1

uy (0 (1)) = sin® (x, (1)),
ty (0 (1)) = cos” (x, ().

The eigenvalues of C and C are A(C) = A(C) = {0,-1.5,
~1.5}.

Using MATLAB LMI toolbox, the upper bounds on the
time delay for different values of the coupling strength & can
be obtained from Theorem 6. A detailed comparison is given
in Table 1, where the achieved upper bounds of time delay
in the previous system are listed for their respective lower
bounds.

Assume that the coupling strength is ¢ = 0.4; it is found
that the maximum delay bound is 4 = 0.73 in [27], for which
the synchronized states of the network are asymptotically
stable. By Theorem 6 in this paper, however, it is found that
the maximum delay bound for the synchronized states to be
asymptotically stable is 4 = 0.851. It can be seen that the
method proposed in this paper is better.

For example, when the delay is y = 0.5, by employing the
LMI Toolbox in Matlab, we simulate system (26) for given
chosen initial parameter ¢ = 0.3. We define the errors of
synchronization as follows:

(27)

e (t) = x;; (t) = x(n); (1), i=1,2, j=1,2,3. (28)
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For random initial conditions, Figures 1, 2, and 3 show the
synchronization errors between the states of node i and node
i+ 1 with h = 0.5. We find that the synchronization errors
converge to zero under the previous conditions.

5. Conclusions

In this paper, we have proposed a class of general complex
dynamical network models based on T-S fuzzy theory and
investigated hybrid synchronization of the proposed complex
dynamical networks. Time-varying delays in network cou-
plings of dynamical nodes have been considered. New delay-
dependent synchronization criteria in terms of LMIs have
been derived based on an appropriate Lyapunov functional.
Synchronization criteria are obtained in this paper which
can be applicable to networks with different topologies and
different sizes. Numerical simulation is also provided to
illustrate the usefulness and advantage of the synchronization
criteria.

Acknowledgments

This research was partially supported by the National Natural
Science Foundation of PR China (Grant nos. 61104135,
61025015, 61174132, and 61134006), China Postdoctoral Sci-
ence Fund (Grant no. 2012T50705), and Postdoctoral Fund
of the Central South University. The authors also gratefully
thank the Editor and the reviewers for their helpful comments
and suggestions, which have improved the quality of this

paper.

References

[1] A.-L.Barabasi and R. Albert, “Emergence of scaling in random
networks,” Science, vol. 286, no. 5439, pp. 509-512, 1999.

[2] R. Albert and A.-L. Barabasi, “Statistical mechanics of complex
networks,” Reviews of Modern Physics, vol. 74, no. 1, pp. 47-97,
2002.

[3] S. Boccaletti, V. Latora, Y. Moreno, M. Chavez, and D.-U.
Hwang, “Complex networks: structure and dynamics,” Physics
Reports, vol. 424, no. 4-5, pp. 175-308, 2006.

[4] M. Newman, A.-L. Barabdsi, and D.]J. Watts, Eds., The Structure
and Dynamics of Networks, Princeton University Press, Prince-
ton, NJ, USA, 2006.

[5] A. Arenas, A. Diaz-Guilera, and C. J. Pérez-Vicente, “Synchro-
nization processes in complex networks,” Physica D, vol. 224,
no. 1-2, pp. 27-34, 2006.

[6] J. Li, H. Leung, and G. Chen, “Complex dynamical networks:
modeling, synchronization and control,” Dynamics of Continu-
ous, Discrete and Impulsive Systems B, vol. 11, pp. 70-77, 2004.

[7] J. Lt, X. Yu, and G. Chen, “Chaos synchronization of general
complex dynamical networks,” Physica A, vol. 334, no. 1-2, pp.
281-302, 2004.

[8] W. Lu and T. Chen, “Synchronization analysis of linearly
coupled networks of discrete time systems,” Physica D, vol. 198,
no. 1-2, pp. 148-168, 2004.

[9] C. Li and G. Chen, “Synchronization in general complex

dynamical networks with coupling delays,” Physica A, vol. 343,
no. 1-4, pp. 263-278, 2004.

[10] Z. Wang, Y. Wang, and Y. Liu, “Global synchronization for
discrete-time stochastic complex networks with randomly
occurred nonlinearities and mixed time delays,” IEEE Transac-
tions on Neural Networks, vol. 21, no. 1, pp. 11-25, 2010.

[11] J. Cao, Z. Wang, and Y. Sun, “Synchronization in an array
of linearly stochastically coupled networks with time delays,”
Physica A, vol. 385, no. 2, pp. 718-728, 2007.

[12] D. Xu and Z. Su, “Synchronization criterions and pinning
control of general complex networks with time delay;,” Applied
Mathematics and Computation, vol. 215, no. 4, pp. 1593-1608,
2009.

(13] J.Liiand G. Chen, “A time-varying complex dynamical network
model and its controlled synchronization criteria,” IEEE Trans-
actions on Automatic Control, vol. 50, no. 6, pp. 841-846, 2005.

[14] Z. Fei, H. Gao, and W. X. Zheng, “New synchronization stability
of complex networks with an interval time-varying coupling
delay;” IEEE Transactions on Circuits and Systems II, vol. 56, no.
6, pp. 499-503, 2009.

[15] J. H. Koo, D. H. Ji, and S. C. Won, “Synchronization of sin-
gular complex dynamical networks with time-varying delays,”
Applied Mathematics and Computation, vol. 217, no. 8, pp. 3916-
3923, 2010.

[16] T. Takagi and M. Sugeno, “Fuzzy identification of systems and
its applications to modeling and control,” IEEE Transactions on
Systems, Man and Cybernetics, vol. 15, no. 1, pp. 116-132, 1985.

[17] J. Qiu, G. Feng, and J. Yang, “A new design of delay-dependent
robust Hoo filtering for discrete-time T-S fuzzy systems with
time-varying delay,” IEEE Transactions on Fuzzy Systems, vol.
17, no. 5, pp. 1044-1058, 2009.

[18] J. Qiu, G. Feng, and H. Gao, “Fuzzy-model-based piecewise
F co static-output-feedback controller design for networked
nonlinear systems,” IEEE Transactions on Fuzzy Systems, vol. 18,
no. 5, pp. 919-934, 2010.

[19] J.Qiu, G. Feng, and H. Gao, “Nonsynchronized-State estimation
of multichannel networked nonlinear systems with multiple
packet dropouts Via TS Fuzzy-Affine dynamic models,” IEEE
Transactions on Fuzzy Systems, vol. 19, no. 1, pp. 75-90, 2011.

[20] L. Wu and D. W. C. Ho, “Fuzzy filter design for It6 stochastic
systems with application to sensor fault detection,” IEEE Trans-
actions on Fuzzy Systems, vol. 17, no. 1, pp. 233-242, 2009.

[21] L. Wu and W. X. Zheng, “L2-Loo control of nonlinear fuzzy
it6 stochastic delay systems via dynamic output feedback,” IEEE
Transactions on Systems, Man, and Cybernetics B, vol. 39, no. 5,
pp- 1308-1315, 2009.

[22] L. Wu, X. Su, P. Shi, and J. Qiu, “Model approximation for
discrete-time state-delay systems in the TS fuzzy framework,”
IEEE Transactions on Fuzzy Systems, vol. 19, no. 2, pp. 366-378,
2011.

[23] L. Wu and W. X. Zheng, “Weighted H,, model reduction for
linear switched systems with time-varying delay,” Automatica,
vol. 45, no. 1, pp- 186-193, 2009.

[24] L. Wu, X. Su, P. Shi, and J. Qiu, “A new approach to stability
analysis and stabilization of discrete-time T-S fuzzy time-
varying delay systems,” IEEE Transactions on Systems, Man, and
Cybernetics B, vol. 41, no. 1, pp. 273-286, 2011.

[25] Y. Tang, J. Fang, and M. Xia, “Synchronization of Takagi-
Sugeno fuzzy stochastic complex networks with mixed delays,”
in Proceedings of the 2nd International Conference on Intelligent
Computation Technology and Automation (ICICTA 09), vol. 2,
pp. 810-813, 2009.



(26]

[27

Y. Tang, J.-A. Fang, M. Xia, and X. Gu, “Synchronization
of Takagi-Sugeno fuzzy stochastic discrete-time complex net-
works with mixed time-varying delays,” Applied Mathematical
Modelling, vol. 34, no. 4, pp. 843-855, 2010.

H. Li, “Delay-distribution-dependent synchronization of T-S
fuzzy stochastic complex networks with mixed time delays,” in
Proceedings of the Control and Decision Conference (CCDC), pp.
1629-1634, 2011.

K. Gu, “An integral inequality in the stability problem of time-
delay systems,” in Proceedings of the 39th IEEE Confernce on
Decision and Control, pp. 2805-2810, December 2000.

S. M. Lee, O. M. Kwon, and J. H. Park, “A novel delay-dependent
criterion for delayed neural networks of neutral type,” Physics
Letters A, vol. 374, no. 17-18, pp. 1843-18438, 2010.

X.J. Wu and H. T. Lu, “Hybrid synchronization of the general
delayed and non-delayed complex dynamical networks via
pinning control,” Neurocomputing, vol. 89, no. 15, pp. 168-177,
2012.

S. Wang, Y. Yu, and M. Diao, “Hybrid projective synchro-
nization of chaotic fractional order systems with different
dimensions,” Physica A, vol. 389, no. 21, pp. 4981-4988, 2010.

Y. Dai, Y. Cai, and X. Xu, “Synchronization criteria for complex
dynamical networks with neutral-type coupling delay,” Physica
A, vol. 387, no. 18, pp. 4673-4682, 2008.

Mathematical Problems in Engineering



Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2013, Article ID 812032, 7 pages
http://dx.doi.org/10.1155/2013/812032

Research Article

A Multiagent Dynamic Assessment Approach for Water Quality
Based on Improved Q-Learning Algorithm

Jianjun Ni,' Li Ren,’ Minghua Liu,' and Dagqi Zhu®

! College of IOT Engineering, Hohai University, Changzhou 213022, China
2 College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China
? Laboratory of Underwater Vehicles and Intelligent Systems, Shanghai Maritime University, Shanghai 200135, China

Correspondence should be addressed to Jianjun Ni; njjhhuc@gmail.com

Received 30 March 2013; Revised 17 April 2013; Accepted 18 April 2013

Academic Editor: Guanghui Wen

Copyright © 2013 Jianjun Ni et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The dynamic water quality assessment is a challenging and critical issue in water resource management systems. To deal with this
complex problem, a dynamic water assessment model based on multiagent technology is proposed, and an improved Q-learning
algorithm is used in this paper. In the proposed Q-learning algorithm, a fuzzy membership function and a punishment mechanism
are introduced to improve the learning speed of Q-learning algorithm. The dynamic water quality assessment for different regions
and the prewarning of water pollution are achieved by using an interaction factor in the proposed approach. The proposed approach
can deal with various situations, such as static and dynamic water quality assessment. The experimental results show that the water
quality assessment based on the proposed approach is more accurate and efficient than the general methods.

1. Introduction

The assessment of water quality plays an essential role
whether in engineering applications or in scientific research.
However, due to the frequent occurrence of abrupt water
pollution accident [1, 2], the general static assessment of water
quality cannot meet the actual requirements any more. So, it is
very important to assess the water quality of different regions
accurately and dynamically, which is a hot field in water
environment management system. The dynamic assessment
of water quality can give out alarm timely before the pollutant
reaches to some sensitive water regions. It is very helpful
for these regions to make preparations and control water
pollution effectively.

Various methods have been proposed to deal with the
problem of water quality evaluation [3-5]. The main methods
of the static water quality assessment include the compre-
hensive index method [6], fuzzy comprehensive evaluation
method [7], BP neural network [8], and comprehensive
water quality identification index method [9]. Although
these methods have their own advantages, there are some
shortcomings of these methods. For example, the calculation

of the comprehensive index assessment method is complex.
The accuracy of the fuzzy comprehensive evaluation method
is lower, which cannot give out the assessment for water in
worse than Grade V level. The calculation model based on BP
neural network is very complex, and the choice of training
samples for BP neural network is difficult. The general
comprehensive water quality identification index method
cannot make specific analysis according to the characteristics
of different water bodies because various indicators are
considered to have the same effects in the water quality
assessment.

The static evaluation methods can just assess water quality
after the occurrence of water pollution. To solve this problem,
more and more research has been focused on dynamic water
quality assessment methods. For example, Yun et al. [10]
evaluated the changes in river water quality during a period
of time by using the probability transition matrix. Su et al. [11]
studied the spatiotemporal patterns and source apportion-
ment of pollution in Qiantang River (China) using neural-
based modeling and multivariate statistical techniques. There
is much research on dynamic water quality assessment
methods, but few considered the problem of quick perception



for the abrupt water pollution. The methods to determine
water quality of other regions according to the water quality
change of a region in the same basin are few.

To control water pollution and improve water environ-
ment quality effectively, the trend of water pollution should
be predicted accurately when water pollution accident occurs
[12,13]. Because it is a problem of complex system, the general
method cannot deal with it efficiently. Recently, more and
more focus has been put on the agent-based method, which
is not only a feasible solution but also an efficient one [14, 15].
For example, Wen et al. [16] studied the problem of con-
sensus in directed networks of multiple agents with intrinsic
nonlinear dynamics and sampled-data information. Leon [17]
proposed an interaction protocol for a task allocation system,
which can reveal the emergent behaviors in social networks
of adaptive agents. In the multiagent system, agent is defined
as an entity, which has the capabilities of environment
perception, problem solving, and communication with the
outside world. Based on these features, the agent can be
used to solve the complex problems in practice by sharing
knowledge with each other [18]. To solve the problem of
dynamic water quality assessment, a multiagent model of
water environment is set up [19, 20], where different regions
in the water environment are abstracted as various agents. An
improved Q-learning algorithm is proposed to deal with the
cooperation of multiagents and carry out the task of dynamic
water quality assessment.

The paper is organized as follows. In Section 2, the
dynamic assessment model for water quality based on
multiagent technology is introduced. Section 3 presents the
proposed Q-learning algorithm for water quality assessment.
Some experiments are conducted, and the results are dis-
cussed in Section 4. At last, the conclusions are given in
Section 5.

2. The Multiagent Dynamic Assessment Model
for Water Quality

In this paper, the dynamic assessment for water quality is
studied. The dynamic water quality assessment has attracted
much attention due to its complexity and significance. There
are two main problems that need to be solved in the task
of dynamic water quality assessment. The first one is how
to assess the water quality of different regions efficiently,
when the indicators of water quality in all these regions are
obtained. The other one is how to assess the water quality of
other regions, when the indicators of water quality in only one
region are obtained.

To achieve the task of dynamic water quality assessment,
an assessment model for water quality based on multiagent
technology is proposed in this paper, where the water
environment is divided into different regional agents based
on the requirement of administration. By the information
exchange among these regional agents, the task of dynamic
water quality assessment can be accomplished efficiently. In
each agent, there is a water quality assessment model, which
is defined as follows in this study:

P=wP +w,P,+ - +w,P, @

n-n’
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where P is the level of water quality, P,, P,, ..., P, are various
indicators used to assess the water quality and w,, w,, ..., w,
are the weights for these indicators.

To assess water quality, more accurately, the water quality
level P is defined as the following form:

P=X,-X,, (2)

where X, € {1,2,...,6} is the water quality level, which
is determined by the Chinese national standard for water
quality (see the Environmental Quality Standards for Surface
Water in China (GB3838-2002)), X, is the relative position
of the water quality level between two adjacent water quality
grades, and the symbol {-} is a separating character, which
has the same function as plus. For example, when the water
quality level P = 2.5, the mean is that the grade of this water
quality is Grade II by the national standard, and the relative
grade of the water quality is 0.5; namely, the water quality is at
arelatively intermediate location between Grade Il and Grade
III. When the value of X is 6, the water quality is worse than
Grade V. To reduce the computation complexity, the value
of X, is designed as a discrete value in this paper, namely,
X, €{0.0,0.1,...,0.9}.

In the water quality assessment model above, the weight
for the ith indicator needs to be optimized based on the
dynamic change of water environment. In this study, a
Q-learning-based algorithm is proposed to deal with this
problem, which will be introduced in detail at Section 3.

3. The Proposed Multiagent
Q-Learning Algorithm

In the assessment model, the weights of various indicators
need to be obtained. In general water quality assessment
methods, these weights are always set by the experience.
Recently, some artificial intelligent methods are introduced
to optimize these weights, such as genetic algorithms and
neural networks. However, those approaches cannot realize
the information transmission and exchange among different
regions. So, the weights obtained by those approaches are
intrinsically static. To deal with this problem, the multiagent-
based technology is introduced into the water quality assess-
ment, and an improved Q-learning algorithm is proposed
to realize the cooperation of multiagents. In general multi-
agent reinforcement learning, the Markov decision process
is extended to realize the exchange learning for multiagent
systems. In most of algorithms of multiagent reinforcement
learning, it is required that each agent should know what
action will be taken by other agents before it takes action.
Thus, with the increase of the number of agents or the actions
of each agent, it will cause that the state space of agent grows
exponentially [21]. To solve these problems introduced above,
an improved multiagent Q-learning algorithm is proposed in
this study.

The Q-learning algorithm is a kind of reinforcement
learning method by the trial-and-error method. Compared
with other machine learning methods, the Q-learning algo-
rithm can initiatively find which action will produce the
greatest reward, instead of being told which action should
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be done [22-24]. To improve the learning efficiency of the
Q-learning algorithm, the number of action-state pairs and
the searching in the action-state pairs should be reduced.
In a multiagent system, an agent needs to keep track of its
environment as well as other agents, so the convergency and
learning speed are the problems that need to be solved at
first in the multiagent Q-learning algorithm [25, 26]. Some
improvements have been done on the multiagent Q-learning
to deal with the convergence problem [27, 28]. However,
there are still some problems of those approaches in the
literatures such that most of those approaches do not consider
the interactions among the agents. In this study, a fuzzy
membership function with distinguish weight [29] is used
to reduce the size of the action-state set. And a punishment
mechanism [30] is used in the proposed algorithm to reduce
the searching frequency. The proposed algorithm has some
better performances than the general Q-learning algorithm
such as the high learning speed and good convergence rate.
Furthermore, an interactive factor is introduced into the
proposed Q-learning algorithm, to realize the information
transmission and the interaction among the agents in the
system. The flow chart of the proposed Q-learning is shown
in Figure 1. The proposed approach is presented in detail as
follows.

3.1. The State Reduction Based on Fuzzy Membership Function.
In the state preprocessing module of the proposed Q-learning
algorithm, a fuzzy membership function with distinguish
weight is used to reduce the size of sate-action sets by
removing the superfluous or unrelated information from the
system. The membership function is defined as follows in this

paper:

0, X < Xp OF X 2 Xpy1»
=4 XX 3
YE1 22 X, < x < xpy S
Xp+1 — Xp

where x is the original state (namely, the evaluation indicator
for water quality in this study), y is the distinguish weight
value of the indicator within its membership domain (namely,
the parameter X, in (2)), x;, is the demarcation point of a
grade, and x;,; is the demarcation point of the next grade.
When the grade of x;, is g (namely, the parameter X, in (2)),
the membership value of the evaluation indicatoris v = g+ y.
Because the size of the distinguish weight value y is 10 and the
number of the grade g is 6 in this paper, the total number of
states is z = 10 * 6 = 60. By this way, the state space can be
reduced obviously.

3.2. The Information Transmission Based on Interaction Factor.
To transfer the information among these agents in the system,
a concept of the interaction factor (denoted by 0) is proposed
in this paper, which can transfer the information of the key
state to other agents for water quality assessment. In practice,
the value of the interaction factor o should be learnt by
experience. In this paper, it is calculated by

o =exp (-Kd), (4)

Water environment

J

State preprocessing

|

Action execution

|

Reward [—| Q-value update [<—
I

Interaction factor State reduction

Punishment

FIGURE 1: Flowchart of the proposed Q-learning algorithm for mul-
tiagent system.

where d is the distance between two agents, which can be an
abstract concept or an actual physical distance and K is the
attenuation coefficient, which can be calculated by the least
square method:

Min F = \/Z (s.—s,)% (5)

where s, is the value of next state obtained by the proposed
algorithm at the given K. Moreover s, is the actual value of
the next state. The value of K obtained is the attenuation
coefficient, when the function F arrives to the minimum
value. Based on (4) and (5), the time when the water quality
grade of one region will be reached to the highest value
(namely, the water quality will be worst) can be obtained.
Then, we can make some preparations to prevent the water
pollution for some sensitive areas.

3.3. The Action Execution Module. In the action execution
module, the regional agents select their actions by the soft-
max strategy [31], which is defined as

st

P(als Q)= W’

(6)

where a is the action of agents, which is to increase or
decrease the weights of indicators in this study, 7 is the
simulated annealing temperature parameter, which is used to
control the searching rate, and Q(s, a) is the Q-value function
for the action-state pair. To reduce the searching times in
the action-state set and accelerate the learning rate of the
proposed algorithm, a punishment mechanism is introduced
into the proposed algorithm. Then, the Q-value function
Q(s, a) is separated into a punishment Q-value and a reward
Q-value function, respectively. The update algorithm of the
punishment Q-value is

Qc (St’at) = (1 - (X) Qc (st’ at) T [C + chmax (St+1’ b)] .
@)



And the update algorithm for the cumulative reward Q-value
is:

Qr (St’ at) = (1 - OC) Qr (St’ at) ta [T‘ + ermax (‘St+l’ b)] >
(8)

where « € (0, 1) is learning rate, y € (0, 1) is discount factor,
and r and c are the reward value and the punishment value,
respectively.

3.4. The Work Flow of the Proposed Approach. The work
flow of the proposed approach for dynamic water quality
assessment is summarized as follows.

(1) The initial state sets should be obtained from the
water quality monitoring system, which is denoted
as §; = {8;1,812>--->Sy,}, where Sy; is the actual
concentration value of the ith indicator. The action set
of agentis A = {w; + 1, w; — 1}, where w; is the weight
of the ith indicator.

(2) Initialize the value of Q. and Q, to 0, select a key state
from the state sets, and initialize the interaction factor
o for this state to 0.

(3) Reduce the initial sate sets by (3), and a new state
set can be obtained, which is denoted as S, =
{S51, 822> - - -5 S5}, where S,; is the concentration value
of the ith indicator after being processed.

(4) Each agent calculates the real-time state P, for the
key state, based on the state sets after being processed.
To easily compute and without losing generality, the
state Py, is calculated by Py = Sy + 0, where Sy
is the key state after being processed. The interaction
factor o can be obtained by (4) and (5).

(5) Each agent selects the optimal action under current
state s according to (6) and gets the next state s’
after executing the action a. Then, a reward r and
punishment ¢ can be obtained from the environment
feedback.

(6) Calculate the cumulative punishment value Q, by (7).
If Q. > 0, then select a new action from the action
sets (where 0 is the upper limit for the punishment
value and 6 = 50 in this paper). If Q. < 0, then
set Qr(st+1> b)max = max ZbeA Qr(st+1> b) BY (8)’ the
value of Q, can be obtained.

(7) Repeat steps (5) and (6) to find out the weights of each
group indicators, and calculate the average value of
the weight for each indicator. Then, the water quality
can be assessed by (1).

4. Experimental Studies

In order to test the performance of the proposed approach,
some experiments are conducted. In these experiments, a
water area of a lake is studied, which has six different regions
(see Figure 2). The task of these experiments is to assess the
water quality of the six regions. The pollution sources include
the industrial pollution source, the agricultural pollution
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Regional agent 1

Regional agent 6 Regional agent 2

Water basin studied

Regional agent 3
Regional agent 5
Regional agent 4

FIGURE 2: The schematic drawing of the water area studied.

source, and the domestic pollution source. According to
the characteristics of the water area, it is assumed that the
main pollution indicators are Permanganate Index (COD,,,),
Total Nitrogen (TN), and Total Phosphorus (TP); namely,
the initial state set is S; = {S,c, S;n» S1p). Then, the reduced
state sets can be obtained based on the membership function
(3); that is, S, = {S,c, Syn» Syp)- The assessment model for
water quality is P = w, P + w,Py + w3 Pp. In this paper, two
experiments were conducted, where the interaction factor o is
setaso = 0and o # 0 to test the performance of the proposed
approach in the static and dynamic assessment, respectively.

4.1. Static Water Quality Assessment (0 =0). In this experi-
ment, the interaction factor o is set as 0, which means that
there is no information transmission among these regional
agents in the water area. Each regional agent assesses its
own water quality based on the monitoring data of various
indicators. The training data set for the Q-learning algorithm
is shown in Table 1, which is used to learn the weights w,, w,,
and w; for CODy,,, TN, and TP, respectively.

The training data of S, S;n, and S;p in Tablel are
collected from the monitoring points for each regional agent.
The value of the S,, S,y, and S,p is the corresponding
value of the three indicators reduced by the membership
function. P is the water quality assessed by water quality
experts. From these training data, the optimal weights for
the three indicators can be obtained, which are w;, = 0.5,
w, = 0.3, and w; = 0.2. Based on these optimal weights
above, the water quality of different regional agents can be
assessed. To show the advantages of the proposed Q-learning
approach (QL), it is compared with the approach based on
the fuzzy comprehensive evaluation method (FC) and the
comprehensive identification index evaluation method (CI).
The test data and the water quality assessment results are
shown in Table 2, where the test date are the indicator data
collected in each monitoring point.

The results in Table 2 show that the assessment results of
the water quality are almost the same by the three methods
(see the water quality of the regional agent 1, agent 2, agent
3, and agent 4). The water quality assessment result for the
regional agent 5 shows that the water quality assessment by
the proposed method is more accurate than the method based
on the fuzzy comprehensive evaluation method (FC). The
proposed approach can not only give out the water quality
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TaBLE 1: The training data set for the Q-learning algorithm.
Sic Sin Sip Po =S¢ Py =Sy Pp=8p P
1.2 0.1 0.01 1.4 1.5 1.5 1.5
2.4 0.4 0.08 2.4 2.7 2.5 2.5
4.6 0.6 0.12 3.6 3.4 3.4 3.6
6.8 1.3 0.23 4.4 4.8 4.6 4.5
10.5 1.6 0.34 52 5.4 5.8 5.4
16.9 2.8 0.68 6.3 6.8 6.6 6.4

TaBLE 2: The test data and results of water quality assessment.

. CODy, TN TP The assessment results

Regional agent

(mg/L) (mg/L) (mg/L) QL FC CI
Agent1 2.605 0.356 0.056 2.5 1I 2.4
Agent 2 2.597 0.481 0.123 2.6 II 2.8
Agent 3 2.536 0.224 0.124 2.6 II 2.5
Agent 4 6.625 1.434 0.321 4.4 v 4.7
Agent 5 17.603 2.741 0.646 6.5 \Y% 6.5
Agent 6 10.618 1.914 0.788 5.4 \Y% 6.0

grade but also evaluate the pollution degree of the water in
this grade. In addition, the proposed approach can assess
the water quality which is worse than Grade V (see the
assessment results for agent 5 in Table 2). The assessment
results for agent 6 show that the assessment based on the
comprehensive water quality identification index method will
become incorrect, when some indicators exceed the range in
the national standard. Because the weight of each indicator is
considered in the assessment model, the results based on the
proposed approach are more accurate.

The results of this experiment show that the proposed
Q-learning approach can assess the water quality accurately
and can deal with some abnormal conditions such that some
indicators become abnormal. Furthermore, the proposed
approach can assess the water quality of worse Grade V.

4.2. Dynamic Water Quality Assessment (0#0). To test the
performance of the proposed approach in the dynamic water
quality assessment task, this experiment is conducted. In
this experiment, an abrupt water pollution occurs in the
regional agent 1, which is an industrial pollution, and the
main contamination in the waste water is COD,,. So, the
interaction factor ¢ is used to transfer the concentration
information of COD,;,, among these regional agents. In the
dynamic water quality assessment model, P, = S,- + 0,
Py = S,n» and Pp = S,p, respectively.

In order to have an easy analysis, the assumptions in this
experiment are as follows. (1) The value of ¢ is only related
to the physical distance among the regional agents. (2) The
change step of K in (4) is assumed as 0.1. (3) The water speed
is set as 0.02 km/h and assumed as fixed. (4) The water quality
of each regional agent is known before the occurrence of the
abrupt water pollution accident, which is set as the same data
in the first experiment (see the water quality assessed by the
proposed approach in Table 2).

TaBLE 3: The actual monitoring concentration of COD,,, for each
agent.

. The distance d The actual concentration
Regional agent
To agent 1 (km) of COD,, (mg/L)

Agent 1 0 6.00
Agent 2 2 3.08
Agent 3 4 1.84
Agent 4 6 0.48
Agent 5 5 1.10
Agent 6 3 2.33

In this experiment, the actual concentration of COD,,
in the six regional agents before this abrupt water pollution
accident and the physical distance between other agents to
agent 1 are listed in Table 3. The value of K can be calculated
by (5) based on the information of Table 3, where K is 0.4.
With this K and d, the interaction factor o of each agent
can be obtained by (4). After the water pollution accident
occurs, the concentration of COD,,, in the regional agent
1 increases by 1.8 mg/L. Based on the proposed approach,
the change of the COD,,, concentration in other regional
agents and the time when the COD,;,, concentration reaches
to the highest value are shown in Figure 3. The results of the
dynamic water quality assessment for each regional agent are
shown in Figure 4.

The results in Figure4 show that the water quality
becomes worse too, when the concentration of CODy, in
the regional agent 1increased. This experimental results show
that the proposed approach can give out the water quality
assessment for different regions in the same water area, when
there is just some information about the concentration of
indicator in one region. Furthermore, the proposed approach
can calculate the time when the concentration of the indicator
will reach to the highest value. This performance is very
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important for the sensitive regions to prepare for the water
pollution control.

5. Conclusions

The dynamic water quality assessment for a whole water basin
has been investigated. A water assessment model based on
multiagent technology is set up, and an improved multiagent
Q-learning algorithm is proposed. The proposed approach
can deal with various situations. It can deal with the water
quality assessment at the static situations, and the assessment
results are more accurately than the general methods. In addi-
tion, it can deal with the dynamic water quality assessment,
which is very important for the water pollution prewarning
and control. The feasibility and efficiency of the proposed
approach have been discussed and illustrated through exper-
imental studies. The results show that the proposed approach
can assess the water quality efficiently, without any complex
mathematical model nor any prior knowledge about the water
environment. The proposed approach is applicable to other
real-time cooperative tasks of multiagent systems, such as the
fire disaster response for wide tracts of forest.
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This paper focuses on theoretical analysis of second-order consensus in multiagent system. As an extension of the general linear
protocol, a nonlinear protocol is designed for multiagent system with undirected communication topology. The nonlinear protocol
is also applied to achieve reference velocity consensus. Through choosing the appropriate Lyapunov functions and using LaSalle’s
invariance principle, some consensus conditions are derived. Simulation examples are provided to demonstrate the effectiveness of

the proposed results.

1. Introduction

Recently, consensus problems have been investigated exten-
sively in the content of distributed coordinated control of
dynamic agents, partly owning to the potential broad appli-
cation in various areas. A basic and fundamental question in
consensus is how to design the effective protocols (or algo-
rithms) such that each agent can achieve a common target.
Most of the consensus literatures mainly considered general
linear protocols for multiagent systems. However, the relation
between agents is usually not linear. In some situations, the
states of multiagent systems cannot be observed directly, and
some nonlinear functions about the states can be observed.
Therefore, it is necessary to design nonlinear protocols for
multiagent systems.

Nonlinear functions are always used to describe the
coupling relations of nodes in complex networks [1-6].
On the other hand, some scholars have paid attentions to
nonlinear protocols for multiagent systems recently. Bauso
et al. [7] designed the distributed nonlinear protocols and
proposed a game theoretical approach to solve consensus
problems. Xiao et al. [8] presented a new nonlinear protocol
for state consensus of multiagent system which provides
faster convergence rate than the typical linear protocol [9].
Liu et al. [10] discussed the consensus problem under two

nonlinear protocols with directed topology. Hui and Haddad
[11] developed a thermodynamic framework for address-
ing consensus for nonlinear multiagent dynamical systems.
Shang [12] proposed some sufficient criteria guaranteeing
multiagent systems to reach a consensus in finite time under
nonlinear protocols. Li and Guan [13] investigated nonlinear
consensus protocols for dynamic directed networks of multi-
agent systems based on the central manifold reduction tech-
nique. Shi and Hong [14] considered a group of continuous-
time agents with nonlinear agent dynamics and concluded
that the agents can flock to a convex target set. Sepulchre [15]
introduced consensus problems whose underlying state space
is notalinear space but a nonlinear space. Yu et al. [16] studied
the consensus problem for cooperative agents with nonlinear
dynamics in a directed network. Zhou and Wang [17] derived
some sufficient conditions for (global/exponential) semista-
bility for general discrete-time nonlinear protocols.
However, it is worthwhile to note that the above-
mentioned nonlinear protocols [7-13, 17] are all proposed
for the first-order multiagent systems. As we all know, first-
order consensus problems are mainly relative to commu-
nication topologies, but, for second-order consensus, both
the interaction graph and the coupling strength affect the
convergence result. Therefore, the consensus of second-order
multiagent systems is more challenging and interesting and



attracts researchers’ broad attention. For example, Yu et
al. [18] considered a second-order consensus problem for
multiagent systems with nonlinear dynamics. Furthermore,
Song et al. [19] studied the second-order leader-following
consensus problem of nonlinear multiagent systems. Ren [20]
proposed and analyzed a consensus algorithm for double-
integrator dynamics with a bounded control input under an
undirected interaction graph. Though [20] extended some
existing results in consensus algorithms to account for actua-
tor saturation, saturation function which is assumed to be the
hyperbolic tangent function is concrete and simple. So far as
we know, there is no result about designing some nonlinear
protocols for second-order multiagent systems. For this
purpose, this paper mainly designs a nonlinear protocol for
second-order dynamics with an undirected communication
topology as an extension of the linear protocol. Then, the
consensus protocol for second-order multiagent system with
a group reference velocity available to each individuality is
proposed.

The rest of this paper is organized as follows. Section 2
provides some preliminary graph theory, the proposed non-
linear protocol, and two useful lemmas. In Section 3, consen-
sus problem and reference velocity consensus of a second-
order multiagent system with an undirected communication
topology are analyzed, respectively. Some numerical exam-
ples are given to show the effectiveness and advantage of
the theoretical results in Section 4. Finally, a conclusion is
provided in Section 5.

2. Notation and Preliminaries

2.1. Graph Theory. In this paper, the communication topol-
ogy among »n multiagents is assumed to be an undirected
graph & = (7,&, ), where 7" = {v,,...,v,} is the set
of nodes, & <€ 7 x 7 is the set of edges, and &/ =
[a;;] € € R™" represents the weighted adjacency matrix with
nonnegative adjacency elements a;;. The node or multiagent
indexes belong to a finite index set .# = {1,2,...,n}. An
edge e; = (v,v;) € & in weighted undlrected graph g
denotes that nod j can receive information from i each
other. The adjacency elements associated with the edges of
an undirected graph are positive a;; > 0ife; € &, a;
otherwise, and have the property that a;; = aj,, for alf i+ ],
since e;; implies e;;. A path on & from node i, to j; is a
sequence of undirected edges in the form of (i, i), k =
1,...,I— 1. An undirected graph is called connected if there
exists a path from any node i to any other node j.

2.2. Nonlinear Protocols for Second-Order Dynamics. Con-
sider a second-order multiagent system with the following
dynamics:

% @) =v; (),
() =), i€, €]
where x;(t) € R is the position state, v;(t) € R is the
velocity state, and u;(t) € R is the control input (or protocol).
Given the dynamical system (1), it is said that protocol u;(t)
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asymptotically solves the consensus problem, if the states of
agents satisfy

lim |x (8) - x; )
)

=0, lim_ |v,. (t)-v; (t)] =0, Vi#j,

for any x;(0) and v;(0).
The linear protocol [21, 22] is proposed as follows:

w () ==Y a; [a(x;,(0) - x; )+ B(v, () -v; )], (3)
j=1

where a;; is the (i, j) entry of the weighted adjacency matrix

o € R™", and parameters a, f3 are the coupling strengths.

It is clear that protocol (3) is based on a linear function
of difference between each agent and other ones. Linear
protocol (3) is simple and easy to use. However, sometimes
in order to improve convergence rate or model a bounded
control input, the linear protocol is often needed to be
extended. Furthermore, in some cases, the state feedback
x;(t) - xj(t) may be unobservable; instead, we can observe a
nonlinear function ¢(x;(t) — x (1)) of x;(t) — x (). Naturally,
a nonlinear protocol for second-order system (1) is designed
as follows:

u; (t) =

X ICICAOREAG)
=

+y (v, () — v (v; ®)),

(4)

where a;; is the (4, j) entry of the weighted adjacency matrix
of and ¢(-) and y(-) are two continuous functions.

In order to ensure existence, uniqueness of solution, and
the operative property of nonlinear functions ¢(-) and y(-),
the following sets are defined.

Definition 1. Define two function sets ® = {¢(x) | ¢(x) is an
odd function, ¢(x)x > 0, ¢(x) = 0 if and only if x = 0}, and
¥ = {y(x) | y(x) is a continuous function and increasing
about x, y(x) = y(y) ifand only if x = y}.

At the end of this section, two useful lemmas about ¢(:)
and y(-) are introduced.

Lemma 2. Letting a = [a, a, - a,)’ € R, b =
b, b, --- b]" € R", and C = [c;] € R™, if matrix C
is symmetrical, that is, ¢; = c;;, and odd function ¢(x) € @,
then it is derived that

(5)
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Proof. Consider that

a;)¢ (b - b))
35 S l-b)

11]1

15 5a0ts-0)
- %i i‘%’j“i*b (6:-5)

i=1 j=1

§§<>

.M:
M=

Il
—_
.

Il
—

=D b (b= by)

1

where the facts that ¢;; = ¢;; and ¢(-) is an odd function that is,
(p(bj -b)=-¢b - bj), are used to obtain the equalities. [J

Using the same proof and the fact that y(b;) — y(b) =
—(w(b) - w(bj)), the following lemma is obvious.
Lemma 3. Lettinga = [a, a, -~ a,)’ € R, b =

by b, -+ B)" € R", and C = [g;] € R™, if matrix C
is symmetrical, function y(x) € Y, then it follows that
1 n n
521 Zl‘fij (@ -a;) (v (®) -y (5))
i=1 j=

7)

Yeye (v (B) v (b))

3. Consensus Analysis

In this section, the consensus and reference velocity consen-
sus of second-order multiagent system (1) with the designed
nonlinear protocol will be analyzed.

3.1. Consensus with Nonlinear Protocol. Second-order multi-
agent system (1) with protocol (4) is written as

x; (1) =v; (1),
(1) ==Y a; [ (x:8) — x; ) (8)
j=1

+(y (i) -y (v;®))]

Theorem 4. For nonlinear protocol (4), suppose that functions
¢() € ©and y(-) € Y. If information topology graph & is
undirected and connected, then it is held that x;(t) — x ;(0),
v(t) — vj(t), ast — oo; that is to say, multiagent system (8)
achieves consensus asymptotically.

Proof. Choose the following Lyapunov function:
x;()— X;
V(t) = ZZ%J ¢ (s)ds + ZV ®). (9
i=1 j=1

The time derivative of the Lyapunov function (9) along any
trajectory of (8) is

V()

= 32 Yy (0= 0)4 (505, @)

i=1 j=1

_ ivi (t) (ia,.j [ (x; () - x; (1))
o) -y o) )

=Y Yav, (1) ¢(x () - x; (1)

i=1 j=1

agv; (1) [¢ (x: (1) = x; ()

Il
—

M=
,M=

i 1

J

+(y (v, ) -y (v;®))]

=33 2 (5 0= v ) (v (45 0) —y (5 ).
i=1 j=1
(10)

where the second equality and the last equality are
derived from Lemmas 2 and 3, respectively. Since
v;(1) = v;O) (v (1) — y(v;(t))) = 0 and the information
topology graph & is connected, it is derived that

(3,0) =0
(11)

that is to say, V() < 0. Letting V() = 0, it is easily seen
that v;(¢) = v;(t) and v;(¢t) = i/j(t). Therefore, it follows
that ¥(f) € Span(1l x ¢), where ¢ is a constant and v(t) =

n n

‘%Z 2ai (0 -v; ) (v () -y

i=1 j=1

[vi () vy(t) --- vn(t)]T. Furthermore, from v;(t) = vj(t), it
is obtained that
v, (1) ==Y a; (¢ (x: (1) - x; (1)), (12)
=1

(1x0) 7 (1) =¢) Y ay(#(x () -x;®)). (1)

i=1 j=1

Since information topology graph is undirected, that is, a;; =
aji> and ¢(x;(t) — x-(t)) = —gb(xj(t) — x;(t)), it is held that

M=
.M=

a;¢ (x; () - x; (1)) =0, (14)

I
—

i 1

J



which implies that (1 x ¢)Yi(t) = 0. Thus, it means that
¥(t) is orthogonal to 1 x ¢. From the above discussion, it
is concluded that #(f) = 0 which in turn implies that
- Z;l:l aijgb(xi(t) - xj(t)) = 0 from (12). Furthermore, it is
obtained that — YL, x;(t) Y., a;;¢(x;(t) — x;(t)) = 0 which
implies that

ln n

22 2.0 (5 (0=, 0)¢(x 0 ~x;10) =0, @5)
i=1 j=1

from Lemma 2. For ¢(x)x > 0 and information topology

graph is connected, from (15), it is derived that

a; (% (1) = x; () ¢ (x, (1) - x; () =0, Vi#j. (16)

Asaresult, it follows that x;(t) = xj(t), foralli# j. By LaSalle’s
invariance principle, it is concluded that x;(f) — xj(t),
v(t) — vj(t),foralli#:j, ast — 00.Theproofisended. [J

When nonlinear protocol (4) is simplified as follows:
w () = -y (v () - Yagp(x, O -x;(0)), (17)
=

and the Lyapunov function (9) is chosen, the following
conclusion is easily obtained.

Corollary 5. Ifthe information topology graph & is undirected
and connected, nonlinear functions ¢(-) € ® and vy € ¥,
then the multiagent system (1) with protocol (17) can achieve
consensus, namely, x;(t) — xj(t), vi(t) — vj(t) - 0,
asymptotically ast — oo.

In practice, since the position of each agent is easily
measured relatively, nonlinear function ¢(x) in protocol (4) can
be assumed to be ¢p(x) = x. Therefore, letting ¢(x;(t) —xj(t)) =
x;(t) — x]-(t), protocol (4) is reduced to

w () = -y a; (x,(O) - x; ) +y (v, (0) -y (v;(®)).
=1
: (18)

Applying protocol (18) to system (1), the following corollary is
derived from Theorem 4 directly.

Corollary 6. For nonlinear protocol (18), suppose the function
y(:) € Y. Ifthe information topology graph & is undirected and
connected, multiagent system (1) with protocol (18) achieves
consensus asymptotically, namely, x;(t) — x;(t), vi(t) —
vi(t), ast — oo.

Remark 7. The second-order multiagent system with lin-
ear protocol can be written as compact matrix form, and
the consensus conditions can be derived by analysing the
eigenvalues of the compact matrix [22]. When the second-
order multiagent system achieves consensus, the positions
and velocities will, respectively, converge to a constant value
which is relative to the initial position and velocity and the
left eigenvector of the Laplacian matrix (see [21, 22]).
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However, the nonlinear protocol is different from the
linear protocol. The second-order multiagent system with
nonlinear protocol cannot be written as a compact matrix
form. So, the proof of consensus is different from the method
used in the linear protocol and is more difficult. When
the consensus of the second-order multiagent system with
nonlinear protocol is reached, the value which the positions
and velocities converge to cannot be decided. The value is
relative to the nonlinear function, the communication graph,
and the initial position and velocity.

3.2. Consensus with Group Reference Velocity. In practice,
given a reference velocity v*(¢), the positions and velocities
of the agents in multiagent system (1) are often required to
achieve consensus and converge to v*(t); that is, x;(t) —
xj(t), vi(t) — vj(t) —  v*(#), for all i#j. Hence,
the following nonlinear protocol is designed with a group
reference velocity v*(t) as

w () =" ) = (w(n®) -y ®))

= Ya (¢ (x (0 —x; 1)) (19)

=

+y (v, (1) -y (v; ®)).

Given a group reference velocity v*(t), second-order
multiagent system (1) with protocol (19) is expressed as

% () = v (1),

V() =v @) —(w(v®) -y (" ©))
" 20
- Yay (9 (50— x,0) 20

i=1

(v ®)-v(v;®))).

Theorem 8. For nonlinear protocol (19), consider functions
¢() € ©® and y(-) € Y. When information topology graph &
is undirected and connected, multiagent system (20) achieves
consensus; that is, x;(t) — xj(t), vi(t) — vj(t) — v*(t), as
t — oo.

Proof. Letting 7,(t) = v,(¢) — v* (¢), X;(¢) = x;(t) - Jot v (s)ds,
system (20) is rewritten as

X ) =7,
Vi) = (y(v; (1) -y (v @©))
z (21
- Zaij (4’ (371‘ (1) - Xx; (f))

=

~(v o) -v(v;0))).

Choose the following Lyapunov function:

vO=3 Ya |

i=1 j=1 0

(0-%,(0)

¢ (s)ds + %Z’vf t). (22
i=1
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Taking the derivative of the Lyapunov function (22) with
respect to t along the trajectory of (21) yields

V()

=32 Yay (10 -

i=1 j=1

—Zv (t)<

G CAGCEEAG)
(vi®) -y (v ®))

+Ya;(¢(%®-%0)
j=1

+(y (v ®) -y (v;®)) ) :

(23)
From Lemma 2, it is obtained that
V(t) = %; ;a,j (v,. ) -7 ®)¢ (a?i (t) - %; (t))
- %zl glaij (70 -7,0) ¢ (% 0 - 5,0)
- ivi ®) (y (v @) -y (v 1))
- %Zl éaij (%0 -7, ) (24)

x (v (5 ) -y (v ®))

i (v () =v" ) (y (v ®) =y (" ©))

i=1

1” n

- EZ Zaij (vi®)=v; (1))

Since function y/(-) € ¥ and the information topology graph
g is undirected and connected, there exist the following facts
that

S (0= ) (p (4 )~y (" (1)) <0,

i=1

li’l n

—52 >-a (v (1) -

i=1 j=1

v; () (v (v ) -y (v;®)) <0

(25)

F1GURE 1: Communication topology graph.

Combing (25), it follows that V(t) < 0. When V() = 0, it is
clear that v;(t) = vj(t), v,(t) = v"(t). Then, it is derived that

n

Y o(%(1)-%;(t) =0 (26)

j=1

—le () Zauqb( X (1) -

Note that (27) implies that

--Z Y, (50 - 5, 0) ¢ (5 (1) -

11]1

% (1) =0. (27)

X (t)=0, (28)

from Lemma 2. Due to the connected information graph &,
it is derived from (28) that

(%0 -%;0) ¢ (% (1) -

As a result, it is concluded that X;(t) = x;(t) which is
equivalent to x;(t) = x j(t). Making use of LaSalle’s invariance
principle, it is concluded that x;(t) — xj(t), v(t) —
vj(t) — v*(t),ast — 00. The proof is completed. O

% (1) =0. (29)

4. Numerical Examples

In this section, a number of simulations are given to illustrate
the effectiveness of the results proposed in the paper.

Example 9. Consider the communication topology graph &
as described in Figure 1. Graph & has eight nodes, and the
edges denote the information interchange between agents.
For simplicity, it is assumed that graph & has 0-1 weights. To
simulate numerical examples, choose

X2 if x > 1,

Vx o ifo<x<1,
—-v-x if —1<x<0,

—x? if x < -1,

¢(x) = (30)

and y(x) = x° in the nonlinear protocol (4), and it is clear
that ¢ € @ and y € V. Therefore, the nonlinear protocol (4)
can be achieved asymptotically for multiagent system (1) from
Theorem 4. Figure 2 shows that the velocity and position
trajectories of second-order multiagent system (8) converge
to consensus, respectively. In addition, Figure 3 describes that
both the velocity and position trajectories of second-order
multiagent system (1) with protocol (18) achieve consensus.
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FIGURE 2: State trajectories of multiagent system (8).
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FIGURE 3: State trajectories of multiagent system (1) with protocol
(18).

Choose a reference velocity v*(t) = sin(3 = t) + cos(t),
and using protocol (19), multiagent system (1) can achieve
consensus asymptotically. Figure 4 describes the trajectories
of velocity and position of multiagent system (1) with protocol
(19), respectively. It is seen that the trajectories of velocity
follow the reference velocity v* (¢) successfully.

5. Conclusions

This paper provided consensus analysis for the second-order
multiagent system with nonlinear protocol. As an extension
of linear protocols, a nonlinear protocol was designed to
achieve consensus. In addition, the protocol was also used
to achieve reference velocity consensus for second-order
multiagent system. The analysis mainly relied on some tools
from algebraic graph and control theory. Through using the
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FIGURE 4: State trajectories of multiagent system (20).

Lyapunov theory and LaSalle’s invariance principle, sufficient
conditions for consensus are derived. Simulation examples
show that when the nonlinear function satisfies the assump-
tion, the second-order multiagent can achieve consensus and
reference velocity consensus.
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