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This paper studies the state estimation problem for complex networks with random coupling strength.
Unlike the constant coupling strength used in the existing models, the coupling strength is assumed to be
chosen from a uniform random distribution with non-negative mean. By employing the structure of the
extended Kalman filter (EKF), a recursive state estimator is developed where the gain matrix is de-
termined by optimizing an upper bound matrix despite the random coupling terms and linearization
errors. Compared with the augmented approach for state estimation of complex networks, an important
feature of the proposed estimator is that the gain matrix can be derived for each node separately. By
using the stochastic analysis techniques, sufficient conditions are established to guarantee that the es-
timation error is bounded in mean square. Simulation results are provided to show the effectiveness and
applicability of the proposed estimator.

© 2016 Published by Elsevier B.V.

1. Introduction

Complex networks have received great attention in recent
years due to their potential applications in many real-world sys-
tems such as sciences, engineering and society [1-12]. In parti-
cular, special attention has been paid to the state estimation pro-
blem for complex networks because it helps understand the in-
trinsic structure of the networks. Compared with the state esti-
mation for an isolated node, the problem of state estimation for
complex networks becomes more challenge due to the coupling
features between nodes.

To overcome the difficulty of the coupling features in the state es-
timation of complex networks, many strategies have been proposed
with respect to different network issues. These issues include, but are
not limited to, missing measurements, time delays, and randomly oc-
curred nonlinearities. For example, an estimator has been developed for
uncertain complex networks with missing measurements and time
delays in [13]. In [14], a bounded H,, state estimator has been proposed

“This work was supported by the National Basic Research Program of China (973
Program, 2012CB821200, 2012CB821201), the NSFC (61573031, 61134005,
61327807, 61473010, 61532006, 61320106006, 61520106010).

* Corresponding author at: School of Automation Science and Electrical En-
gineering, Beihang University (BUAA), Beijing 100191, China.

E-mail addresses: lwlmath@buaa.edu.cn (W. Li), ymjia@buaa.edu.cn (Y. Jia),
junpingdu@126.com (J. Du).

http://dx.doi.org/10.1016/j.neucom.2016.08.095
0925-2312/© 2016 Published by Elsevier B.V.

for complex networks over a finite-time horizon. The H,, estimators
have been also designed for complex networks with uncertain coupling
strength and incomplete measurements [15,16]. The robust state esti-
mation problem has been studied for uncertain complex networks with
time-varying delays [17] and an integrated approach has been proposed
to address the problem of global synchronization and state estimation
for nonlinear singularly perturbed complex networks [18]. Event-trig-
gered state estimation for complex networks with mixed time-delays
has been studied in [19] and the results have been extended by using
the Round-Robin protocol [20]. A finite-time estimator has been pro-
posed for complex networks with jump Markov parameters in [21] and
an asynchronous dissipative estimator has been proposed for complex
networks with quantized jumping coupling and uncertain measure-
ments in [22]. It should be pointed out that almost all the aforemen-
tioned work focus on developing time-invariant gain matrices by sol-
ving linear matrix inequalities. Recently, a recursive state estimator has
been proposed for stochastic coupling networks with missing mea-
surements [23], where the time-variant gain matrix is determined at
each time instant. An important feature of the estimator in [23] is that
all the states of the nodes are formulated into an augmented vector and
all the gain matrices for the nodes are determined simultaneously ac-
cording to the augmented vector. Thus, the computational cost might
be very high for complex networks with a large number of nodes and
the estimation algorithms cannot be implemented in a distributed
fashion. This motivates us to develop a non-augmented approach for
state estimation of complex networks. Moreover, the stability analysis of
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the estimator in [23] is not provided. On the other hand, most of studies
assume that the coupling strength is constant in the complex networks.
Although the synchronization problem for complex networks with
random coupling strength has been studied recently [24-26], the state
estimation for complex networks with random coupling strength re-
mains an open challenging issue.

In this paper, we attempt to develop a novel state estimator for
complex networks with random coupling strength. Inspired by the
Kuramoto model with randomly coupled oscillators in [27] where the
coupling strength is chosen from a uniform random distribution in
the domain [ — 1, 1], the coupling strength is assumed to be chosen
from a uniform random distribution with non-negative mean in this
paper. Then, the structure of the extended Kalman filter (EKF) is
adopted to develop a recursive estimator by proposing the predicted
and updated estimation error systems. Due to the linearization errors
and the random coupling strength, the variance-constrained ap-
proach is adopted to pursuing upper bound matrices for the predicted
and the updated covariance matrices so that the gain matrix can be
derived for each node separately by minimizing the trace of the upper
bound matrix. By using the stochastic analysis techniques, it is shown
that the estimation error is bounded in mean square under certain
conditions. Finally, a numerical example involving tracking four in-
teracting mobile robots is provided to verify the effectiveness of the
proposed estimator. The main contributions can be summarized as
follows: (1) Compared with the complex networks with deterministic
coupling strength, the model considered in this paper is more com-
prehensive. Moreover, the stability analysis has been provided for the
proposed estimator whereas it has not been studied even for the
complex networks with deterministic coupling strength. (2) The gain
matrices of the proposed estimator can be derived separately for each
node, whereas they are derived simultaneously for all nodes. Thus,
the proposed estimator facilitates developing distributed algorithms.

The remainder of this paper is organized as follows. The state es-
timation problem is formulated in Section 2. The upper bound ma-
trices for the state estimation error covariances are derived to design
the gain matrices and the stability analysis is provided in Section 3.
Simulation results are provided to verify the effectiveness of the pro-
posed estimator in Section 4. Conclusions are drawn in Section 5.

2. Problem statement

In this paper, we consider the following complex network with
random coupling strength

N
Xike1 =f Kig) + 2 wij k[ Xj k + Wik
=1 ey

Zik = HikXix + Vik 2)

where x;, € R" and z;; € R? denote the state vector and the
measurement vector, respectively. i and k denote the node index
and the time instant, respectively. f(-) is a known nonlinear
function that is assumed to be continuously differentiable. H; is
the measurement matrix for the i-th node. I is the inner-coupling
matrix. wjjx is the coupling strength which is assumed to be
chosen from a uniform random distribution in the domain [a;, b;],
i.e, wijk~ U(a; b)). The mean and the variance of the random
variable ;) are taken to be 1; > 0 and ¢; > 0, respectively. The
process noise w;, and the measurement noise v;; are zero-mean
white Gaussian with covariance matrices Q;x and R;, respectively.
It is assumed that the random variables w;y, v and w;; are
mutually uncorrelated for any i, j, k.

To derive the state estimate for each node, the structure of the
EKF is adopted to develop a recursive state estimator

N
Xik =f(§i'k) + 2 /11'1&}',[(
i1 3)
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where %; and )’?,;,M denote the predicted and the updated esti-
mates at time instant k + 1, respectively. K; 1 is the gain matrix to
be determined.

As in the EKF, the updated estimation error and the corre-
sponding covariance are defined as follows:

A
€ik+1 = Xk+1 — Xik+1 (5)

Piyi1=E {ei,k+1€i,Tk+1} 6)

The aim of this paper is to design filters described by (3) and (4),
such that there exists a sequence of positive-definite matrices
®; 41 satisfying

Pii1 < Pikst @)

The gain matrix K; .1 is determined by minimizing the trace of the
upper bound matrix ;. at each time instant.

Remark 1. Compared with the existing coupling network models
in the literature, the system model investigated in the paper is
comprehensive. The coupling strength is always assumed to be
positive constant in the existing models [15-17,23], while it is
assumed to be an uniformly distributed random variable in this
paper. Notice that the coupling strength is not restricted be posi-
tive at different time instants in this paper.

Remark 2. In [23], a recursive state estimator has been developed for
complex networks with missing measurements. Although the pro-
blem setup of this paper seems close to [23], the determination of the
gain matrix is substantially different. In [23], all the estimation errors
are formulated in an augmented vector and an overall upper bound
matrix is proposed for the augmented estimation error covariance.
Thus, the gain matrices should be determined simultaneously for all
nodes by minimizing the trace of the overall upper bound matrix. A
notable feature of the proposed filter in this paper is that an upper
bound matrix is provided for each node's estimation error covariance
so that the gain matrix can be determined separately for each node.

3. Main results

In this section, an upper bound matrix is derived for the updated
estimation error covariance and the gain matrix is determined with
respect to the upper bound matrix. The stability analysis is also pre-
sented for the proposed estimator under certain conditions.

3.1. The proposed estimator

To derive an upper bound matrix for the updated estimation
error covariance, the following lemmas are important.

Lemma 1 (/28]). Given matrices A, B, C and D with appropriate
dimensions such that CC" < I. Let U be a symmetric positive definite
matrix and a >0 be an arbitrary positive constant such that
a-'1 — DUDT > Q. Then the following matrix inequality holds

(A + BCD)U (A + BCD)T < A(U~' — aD"Dy'AT + a~'BBT (8)

Lemma 2 ([29]). For 0 < k < n, suppose that A = AT > 0. Let ¢,(-)
and y;, (-) be two sequences of matrix functions such that
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