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Abstract

In our previous work, a matrix-based framework is proposed to tackle the problem of verifying strong detectability
in the context of partially-observed nondeterministic discrete event systems (DESs). Two key concepts, namely,
unobservable reach and detector, are redefined therein. Also, the dynamics of a detector, under the frameworks of
the Boolean semi-tensor product of matrices, are converted equivalently into an algebraic representation. In this
paper, we extend our previous work to other versions of detectability, including strong periodic detectability, weak
detectability, and weak periodic detectability. Several necessary and sufficient conditions are derived for verifying
aforementioned three types of detectability, respectively. Compared with the existing ones, the proposed
methodology is easier to be implemented in software in the sense that it avoids the symbolic manipulations. Finally,

an example is given to illustrate the theoretical results.

Keywords: Discrete event systems, state estimation, detectability, semi-tensor product of matrices.

1. Introduction

State estimation is an important and interesting topic in
systems and control theory, and has many applications.
For instance, in medical systems, we need to know the
disease stage of a patient. Yet in remote and distributed
systems, one hopes generally that a central station to be
able to determine the state of a remote system with
limited communications. The state estimation problem
has drawn considerable attentions in the context of
discrete event systems (DESs)*.

The problem of state estimation of DESs has been
investigated widely in terms of detectability of DESs that
are based on finite automata models, which says that
whether or not one can know exactly the current and
subsequent states of original system after a finite delay.
The notion of detectability* was initially proposed for the

deterministic DESs, where four types of detectability,
namely, strong (periodic) detectability and weak
(periodic) detectability, were defined. Later on, the
concepts of other types of detectability came up and have
been further extended to other classes of systems by
many others>®. For instance, the problem of verifying
detectability has been studied in the frameworks of
nondeterministic DESs>® and  stochastic DESS’,
respectively. Recently, trajectory detectability® of DESs
has been investigated. Complexity of determining
detectability® for DESs has been studied. When the
original system is not detectable, some approaches!®!
have been developed to enforce provably detectability by
synthesized optimal supervisor (if exists) that restricts the
system’s behavior in @ manner.

In our previous work® we developed a matrix-based
approach to discuss strong state detectability of
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nondeterministic DESs from a new angle. A
matrix-based verification criterion with polynomial
complexity in the size of system for verifying strong
detectability is derived. Strong detectability says that
whether or not we can know precisely the current and
subsequent states of original system after a finite number
of delays. However, the goal may be too rigid in practice.
In this regard, extending strong detectability to strong
periodic detectability and/or weak (periodic) detectability
could be necessary. Additionally, developing a novel
matrix-based methodology to tackle simultaneously
different types of detectability is still interesting. In this
paper, we will solve aforementioned these problems.

Notice that, although the study of detectability*® has
been considered, our verification criterions are totally
different from them. First, the proposed approach is
matrix-algebra-based form by using a new tool, called the
semi-tensor product (STP) of matrices'?. While the
existing ones are based on design of algorithms. Second,
the proposed approach is easier to be implemented in
softwares in the sense that all obtained results are
numerically tractable instead of graph-based symbolic
manipulations.

The remainder of this paper is arranged as follows.
Section 2 introduces some basic notations and concepts
needed in this paper. Section 3 provides some
matrix-based criterions to verify different types of
detectability by means of the developed methodology. In
Section 4, an example is presented to illustrate the
application of the obtained results. Finally, we conclude
the paper in Section 5.

2. Preliminaries

2.1. Notations

|X| denotes the cardinality of set X. M,,., denotes the
set of mxn real matrices. Mg denotes the (i)
element of matrix M. Col;(M) denotes the j-th column
of matrix M. Col(M) denotes the set of all columns of
matrix M. A matrix B € M, isa Boolean matrix if

Bijy€ED={01}, V1<i<m, 1<j<n. We use
B,.xn t0 denote the set of m xn Boolean matrices.
82 :=[0,0,---,0]7. &8k := Col,(I,), where I, is the
identity matrix of dimension n, 1<k<n. A
{67,687, .61} Bpi= {63, 6%,, 60}, L E My is @
generalized logical matrix if Col(L) € A,,.We denote
the set of m xn generalized logical matrix by

L,xn. For brevity, L€ L., is denoted as L =
5171 il! i21”.;in]1 ik [S {0;1,"',m}, 1 S k S n.

2.2. Semi-tensor product (STP) of matrices

Definition 2.1 Let A € My, and B € My,,. The
STP of A and B is defined as

AxB = (AQl,;,)(B®I,/,),
where t denotes the least common multiple of n and p,
i.e., t=1Icm(n, p); ® isthe Kronecker product.
Remark 2.1 When n = p, A x B = AB. Hence, the STP
is a generalization of the standard matrix product. We
mostly omit the symbol “x" hereinafter.
Lemma 2.1*? Let X € R™ and Y € R™ be two column
vectors. Then

@

WinmXY =YX, WYX = XY. 2)

where Wiy n = [818m, -, On6m, -+, Sabm, -+, GREM].
Lemma 2.2 12 Let §,1672 = §,'%, , then we have i;, =

ning’

(il - 1)n2 + iz.

2.3. Boolean algebra

Here we introduce some notations from the binary
algebra of binary matrices (or called Boolean
matrices) that will be used later on.

Definition 2.2'3 Assume that A = (a;;)mxn € Bmxn B =
(bij)mxn € Bmxn- The Boolean addition of A and B is
defined as

©)

A X 'BB = (a,-jV bij)mxn S Ban‘

where the symbol “V " is the logical operators OR.
Definition 2.3'3 Assume that A = (a;;))mxn € Bmxns
B = (b;j)nxs € Bnxs- The Boolean product of A and B
is defined as

(4)

where c;; = Vi_i(awA by;); the symbols “V” and
“A” denote the logical operators OR and AND,
respectively.

Definition 2.4 Assume that A = (a;j)mxn € Bmxn
B = (bij)pxq € Bpxq - The Boolean semi-tensor
product of A and B is defined as

Ax gB:= (A®l ) 3(B®I ),

where t = Icm(n, p).
Remark 2.2 From now on, the following all matrix
product (resp., matrix addition) is assumed to be the

A X gB = C= (Cij)mxs € Bpxs:

®)
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Boolean semi-tensor product (resp., Boolean addition)
and the symbol “xg” (resp., +5 ) will also be omitted
hereinafter when there is no danger of confusion.

2.4. System model

The discrete event system (DES) of interest is modeled as
a nondeterministic finite automaton (NFA) that is a
five-tuple G = (X, 2,6, Xy, X,), where X is a finite set
of states, X is a finite set of events, X, € X is the set of
initial states, X,, € X is the set of marked states (or
accepted states), & : X x ¥ — 2% is the partial transition
function, which describes the system dynamics: given
states x,y€X and an event c€X, y€6(x,0)
means that there is a transition labeled by event ¢ from
state x to state y. Note that §(x, o) is undefined when
the event o cannot be executed at state x. We use
6(x,0)! to denote that &§(x,0) is well-defined.
Obviously, the transition function can be extended to & :
X X X* - 2% in the usual manner, where X* denotes the
set of finite strings on the alphabet X, including the
empty string €.

For brevity, we assume that ¢ = (X, 2,48, Xy, X;,) 1S
deadlock free (also called alive), i.e., for each state x € X,
there is at least a corresponding event ¢ € X such that
6(x,0)!. It should be pointed out that this assumption is
without essential loss of generality, since it can be
relaxed by adding observable self-loops at terminal states.

When system G is partially observed, its event set is
partitioned into two disjoint parts: the observable part X,
and the unobservable part %,,, ie., 2,UX,, =2 and
2,NX,, =0. The natural projection P: X* — X, is
defined by

P(s)a,

P(e) = eand P(so) = {P(s),

ifo €2,
ifo €X,.

(6)

3. Detectability of partially-observed DESs

3.1. Problem statement

In the paper, so-called state estimation is based on
observations of some events and states. More explicitly,
the event observation is described by the projection
P: 2* - X, while the state observation is described by
the output map h:X — Y where Y denotes a finite
output set. In this regard, a partially-observed
nondeterministic DES with the event and state
observations can be described as follows.

Matrix approach to current-state

G, =(G,P,h2Zx,Y),
where G = (X,2,6, X0, Xm)-
Consequently, the problem of state estimation of
partially-observed DESs, under the framework of
detectability, can be formalized as follows. Given a
partially-observed nondeterministic DES (7), we do not
know the set of initial states of system G,, while we have
partial event observations (i.e., ¥, c 2) and some state
observations (i.e., Y # @). Whether we can know exactly
the current and subsequent states of system (7) after a
finite number of observations. Formally, we give the
concepts of three types of detectability of system (7)
below.
Definition 3.1 A partially-observed nondeterministic
DES (7) is said to be weakly detectable, if its current
and subsequent states can be precisely determined by
some admissible input-output strings after a finite
number of observations.
Definition 3.2 A partially-observed nondeterministic
DES (7) is called strongly (resp., weakly) periodically
detectable, if its current state can be periodically
determined by all (resp., some) admissible input-output
strings after a finite number of observations.

U]

3.2. Algebraic expression of detector

To investigate aforesaid three types of detectability, our
previous work® defines the unobservable reach of a state
x € X for partially-observed nondeterministic DES (7).
Definition 3.3 Given a  partially-observed
nondeterministic DES (7), the unobservable reach of
state x € X, denoted by UR(x), is defined as
{xeX|JeeX,s.t. X €b(x,e)
UR(x) = {x}U and h(x) = h(®)} (8)

Intuitively, UR(x) represents the set of all states that
are reachable from x through unobservable strings and
they have the same output as state Xx.

A detector® that is a deterministic finite automaton,
denoted by Gg.:, is constructed for partially-observed
nondeterministic DES (7). Formally,

Gaer = (X 2o U{0} XY, 8ger, %o), ©)
where the state set is X € 2%, ¥, U{@} x Y denotes the
input-output set, &4, is partial transition function, %, =
X is the initial state.

To obtain the dynamics of detector (9), let us consider
the partially-observed nondeterministic DES (7), where
X = {x1, x5,+,x,}; the set of events, without loss of
generality, is £ =X,UX,, with %, ={e; e, -, €54 }
and Z,, = {es €541, en }; the output set is Y =
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{yl, Y2, Vg } Identify x; (resp., e;, ,e;, , yx) With &y,
(resp., 821, 8%, 6};) for simplicity, (1 <i<n) (resp.,
1<j;<s—-1,s<j,<m, 1<k<q). we cal &,
Sj(j =j;,s) and 8% are the vector forms of x;,
ej (j = juJj2) and yy, respectively. Thus X~A,, X~Ag
and Y~A,. To this end, an admissible input-output pair
(Ssj, 6};) can be identified with (Ss”q by means of the
formula 6%, = 8] % 8 given in Lemma 2.2.

Next, we construct a matrix F, € By, , called
input-output transition structure matrix associated with
the input-output pair (Ss", 6}1‘), as follows.

Focey
_ {1, 5% € 5(5L,67),6L € UR(8H), h(62) = &
0, otherwise.
Further, the input-output transition structure matrix
(abbreviated as IOTSM) associated with all admissible
input-output pairs is defined as
F= [FlﬂFZ' 'qu] € annsq- (11)
Proposition 3.1 Given a partially-observed
nondeterministic DES (7), then the dynamics of detector
(9) can be equivalently described by the following
algebraic equation
X(t+ 1) = Fu(t)y(t) (t), (12)
where the matrix F defined in (11) is called the IOTSM
of detector (9), (1) = [1,1,---,1]" is the initial state of
detector (9), x(t) = (%, (1), %, (1), -+, x,(©)) T is the
vector form of state of detector (9) at step t, whose i,-th
(t = 1,2,--+, k) entry equals to 1 means that the state of
detector (9) at step tis {x;,, x;,, -+, x;, }, u(©y(t) € Agq
is the vector form of input-output pair at step t.
Using Lemma 2.1, we have
(t+1)= FW[n,sq]f(t)u(t)y(t) ’ (13)

Define matrix FIY =: (FW, s !"%(1), then Eq.(13)

becomes

k.
7 (10)

Z(t+1) = Fl o u(Ny()). (14)

3.3. Verification of detectability

Now, we further develop a matrix-based methodology in
terms of Eq. (13) to verify three types of detectability for
partially-observed nondeterministic DES (7). To this end,
we need the following some preliminaries.

Using Theorem 2 existed in other paper'* and Eq. (13)
and/or (14), we can obtain easily the state set X of
detector (9), and denote by X ={z;,2,,,2,} .
Identifying z;~n;, where n; is the vector form of state
z;,1 < i < N. Further, we construct that the vector 4, €
Bux1(1 <p < N) isas follows.

A {Lm € Col(FWinsq)n;, 1 < i,j < N;

pCp) 0, otherwise.
(15)
Intuitively, the matrix A =[A;,4,, ", Ax] € Byxn IS
the adjacency matrix of the state transition diagram of the
detector (9).

On the other hand, we call a state z € X a single state
if |zl=1 and denote by Xgng. ={z € X||z| =1}.
Let Xsingle = {Z’:l’ziz’.“’ziw} . V= {il, i2_ "',iw } is
said to be the subscript set of X, 4.

The following results provide the matrix-based criteria
of verifying aforesaid four types of detectability for
partially-observed nondeterministic DES (7).

Theorem 3.1 A partially-observed nondeterministic
DES (7) is weakly detectable if and only if
{ol(ER=1(PTAPY ) oy =1} # @
where P = §y[iy, iy, iyl
Proof. Since v = {i iy -+,i, } is the subscript set of
the set of single states Xg;,q., then (16) holds if and
only if there exists at least a loop in Gy in which all
states belongs to Xy q.- This means that there exists at
least an admissible infinite input-output string by which
the current and subsequent states of system (7) can be
know exactly after a finite delay. Therefore, by
Definition 3.1, system (7) is weakly detectable if and
only if (16) holds.
Theorem 3.2 A partially-observed nondeterministic
DES (7) is strongly periodically detectable if and only if
{olCR=PQRTAD ) gy =13 =0 (17)
where Q = 8y[1, -+, iy — 1,0y + 1, iy, — 1,0, + 1,
N].
Proof. We know that (17) holds if and only if there is no
loop of all states belong to X/Xgnge in Ggee. This
implies that we determine periodically the current state of
system (7) for all admissible input-output strings after a
finite number of delays. Consequently, by Definition 3.2,
(17) holds if and only if system (7) is strongly
periodically detectable.
Theorem 3.3 A partially-observed nondeterministic
DES (7) is weakly periodically detectable if and only if
{0|(2¥=1AK)(0',0) = 1} nv # Q) (18)
Proof. The proof of Theorem 3.3 follow directly from
Definition 3.2 and Theorem 3.1, here we omit it.
Remark 3.1 Consider a  partially-observed
nondeterministic DES (8) with n state nodes, s —1
observable event nodes and g output nodes. In other
paper®, author proved that there exists no polynomial
algorithm for verifying weak (periodic) detectability
unless P = PSPACE. In our paper, since the size of

(16)
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matrix F in (12) is nxnsq, the complexity of
constructing the matrix-based detector (12) is 0(n?sq),

which is polynomial with respect to the size of system (7).

On the other hand, in the worst case, the cardinality of the
state set X of detector Ggu, is 2™. Therefore, the
complexity of constructing matrix A is 0(2™ x 2™),
which is exponential with respect to the size X. Overall,
the total complexity of implementing Theorems 3.1-3.3
to verify aforementioned three types of detectability is
0(n%sq + 22™).

Remark 3.2 A Matlab toolbox on the numerical
computation of the STP of matrices has been created at
http://Isc.amss.ac.cn/~dcheng/stp/STP .zip. In this paper,
the implementation of the following an example is based
on this Matlab toolbox.

4. Mlustrative example

4.1, Example 4.1

Consider a partially-observed DES shown in Fig.1, where
e €EX,,.

4

h(x)=1. v

h(x,)=1.-

Fig.1 A partially-observed DES with output observations

Identifying x;~6L(1<i<4), ¢~6,(1<j<4),
k~8%¥ (1 <k<3). Using Eg. (8), we obtain that
UR(x;) = {x;}, i =1,2,3,4. By Proposition 3.1, we
obtain that the dynamics of detector G,;

Z(t+ 1) = Fu(t)y(t) x(¢). (19
Using Lemma 2.1, Eq.(19) becomes
X(t+1) = FWy17%(Ou@®)y(t), (20)
where F = [Fy, Fp, -+, Fyq, Fip] with F; = 045, (0 =
1,5,6,7,9,11),F, = 6,[0,4,0,0], F; = 6,[3,0,0,0], Fg =
5,[0,0,4,0, F;, = 6,[0,0,0,3],
0 01 0 0 0 1 0
0 01 1 0 01 0
Fe=1o 0 0 o|' Fo=|0 o o o We can
0 0 0 of _ 0 0 0 O
obtain further that X = {z,, z,, 75, 24, 25}, where z; =

Matrix approach to current-state

(X0, X2, %3, %8} s 2, =Xy, Z3=X3, Zy=X4,

{x1,x2}, Xsingle ={2,,23,2,}, v ={2,3,4},
0 0 0 0O

Zg =

—_o o
[N Y

0 0
A=[1 0
11
1 0

(=N N ]

=

0
{01CR=14) 00y = 1} = {2345} nv * B,

(0|31 (PTAP)) (4.0 = 1} ={1,2,3} # @, where P =
85[2,3,4],

{0](Z2-1(QT40)") (4,0 = 1} = @, where Q = 55[1,5]
By Theorems 3.1-3.3, the system shown in Fig.1l is
strongly periodic detectable and weakly (periodic)
detectable.

5. Conclusion

In this paper, we developed a matrix-based methodology
to verify various types of detectability for
partially-observed nondeterministic DESs. By resorting
to our previous work ©, several matrix-based criterions for
verifying three types of detectability were derived. These
verification criterions all of are based on closed-forms

The proposed methodology in this paper is only
viewed as a start of the related issues for
partially-observed DESs, it may be provide a new
theoretical framework for verifying and synthesizing of
other types of system-theoretic property. For instance,
extending the developed methodology to trajectory
detectability® for partially-observed DESs modeled by
finite automata (resp., Petri nets'®) is an interesting
direction.

Acknowledgements

This work is supported in part by the National Natural
Science Foundation of China under Grant 61903274 and
the Tianjin Natural Science Foundation of China under
Grant 18JCQNJC74000.

References

1. Ramadge Peter J., Observability of discrete event systems,
Proceedings of 25th IEEE Conference on Decision and
Control, Athens, Greece, Dec. 1986, pp. 1108-1112.

2. Ozveren, C. and A. Willsky, Observability of discrete
event dynamic systems, IEEE Transactions on Automatic
Control, 1990, 35(7): pp. 797-806.

3. Feng Lin, Diagnosability of discrete event systems and its
applications, Discrete Event Dynamic Systems, 1994, 4(2):
pp. 197-212.

© The 2022 International Conference on Artificial Life and Robotics (ICAROB2022), January 20 to 23, 2022

105


https://ieeexplore.ieee.org/author/37324468200
https://ieeexplore.ieee.org/abstract/document/4048940
https://ieeexplore.ieee.org/abstract/document/4048940
https://xueshu.baidu.com/usercenter/paper/show?paperid=714ab843f5abba124e96378bb0acabd8&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=714ab843f5abba124e96378bb0acabd8&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=714ab843f5abba124e96378bb0acabd8&site=xueshu_se
https://link.springer.com/article/10.1007/BF01441211#auth-Feng-Lin
https://link.springer.com/article/10.1007/BF01441211

Jinliang Wang, Jiawei Wei, Xiaoguang Han

4.

10.

11.

12.

13.

14.

15.

. Christoforos

. Xiang Yin,

Shaolong Shu, Feng Lin, Hao Ying, Detectability of
discrete event systems, IEEE Transactions on Automatic
Control, 2007, 52(12): pp. 2356-2359.

. Shaolong Shu, Feng Lin, Generalized detectability for

discrete event systems, Systems Control Letters, 2011,
60(5): pp.310-317.

. Xiaoguang Han, Zenggiang Chen, Jiemei Zhao, Matrix

approach to detectability of discrete-event systems under
partial observation, Proceedings of 13th IEEE Conference
on Automation Science and Engineering, Xi‘an, China,
Aug. 2017, pp.187-192.

Keroglou, Christoforos N. Hadjicostis,
Detectability in stochastic discrete event systems, Systems
Control Letters, 2015, 84(2): pp.21-26.

Zhaojian Li, Weilin Wang, Trajectory
detectability of discrete-event systems, Systems Control
Letters, 2018, 119: pp.101-107.

. Kuize Zhang, The problem of determining the weak

(periodic) detectability of discrete event systems is
PSPACE-complete, Automatica, 2017, 81: pp. 217-220.
Shaolong Shu, Feng Lin, Enforcing detectability in
controlled discrete event systems, IEEE Transactions on
Automatic Control, 2013, 58(8): pp. 2125-2130.

Xiang Yin, Stéhane Lafortune, A uniform approach for
synthesizing property-enforcing supervisors for partially
observed discrete-event systems, IEEE Transactions on
Automatic Control, 2016, 61(8): pp. 2140-2154.

Daizhan Cheng, An Introduction to Semi-tensor Product of
Matrices and Its Applications, Singapore: World Scientific,
2012.

K Rosen, Discrete Mathematics and Its Applications,
McGraw-Hill, 2003.

Xiangru Xu, Yiguang Hong, Matrix expression and
reachability analysis of finite automata, Journal of Control
Theory and Applications, 2012, 10(2): pp.210-215.

Xiang Yin, Stéphane Lafortune, On the decidability and
complexity of diagnosability for labeled Petri nets, IEEE
Transactions on Automatic Control, 2017, 62(11): pp.
5931-5938.

Authors Introduction

Mr. Jinliang Wang

He received the B.S. degree in electrical
engineering and intelligent control from
Shandong University of Science and

Technology, China, in 2019.He is
currently pursuing the M.S. degree
in instrument science and technology

in Tianjin  University of Science and
Technology, China. His research interests
include discrete event systems, supervisory

control, and state estimation.

Ms. Jiawei Wei

She received the B.S. degree in control
science and engineering from Tianjin
University of Science and Technology,
China, in 2000. She is currently
pursuing the M.S. degree in control
science and engineering in Tianjin
University of Science and Technology,
China. Her research interests include
discrete-event systems, cyber-security
and privacy, and formal methods.

Dr. Xiaoguang Han

He received the B.S. and M.S. degrees
in mathematics from Harbin Normal
University, China, and Harbin
Engineering University, China, in 2007
and 2009, respectively, and the Ph.D.
degree in control science and
engineering, from Nankai University,
Tianjin, China, in 2017. In 2017, he
joined Tianjin University of Science
and Technology, China, where he is an

Associate Professor in the College of Electronic Information
and Automation. His research interests include discrete-event
systems, cyber-security and privacy, formal methods, and
Boolean control networks.

© The 2022 International Conference on Atrtificial Life and Robotics (ICAROB2022), January 20 to 23, 2022

106



https://ieeexplore.ieee.org/abstract/document/4395188
https://ieeexplore.ieee.org/abstract/document/4395188
https://ieeexplore.ieee.org/abstract/document/4395188
https://www.sciencedirect.com/science/article/pii/S0167691111000223
https://www.sciencedirect.com/science/article/pii/S0167691111000223
https://www.sciencedirect.com/science/article/pii/S0167691111000223
https://ieeexplore.ieee.org/abstract/document/8256101
https://ieeexplore.ieee.org/abstract/document/8256101
https://ieeexplore.ieee.org/abstract/document/8256101
https://ieeexplore.ieee.org/abstract/document/8256101
https://ieeexplore.ieee.org/abstract/document/8256101
https://www.sciencedirect.com/science/article/pii/S0167691115001516
https://www.sciencedirect.com/science/article/pii/S0167691115001516
https://www.sciencedirect.com/science/article/pii/S0167691115001516
https://www.sciencedirect.com/science/article/pii/S0167691115001516
https://www.sciencedirect.com/science/article/pii/S0167691118301324
https://www.sciencedirect.com/science/article/pii/S0167691118301324#!
https://www.sciencedirect.com/science/article/pii/S0167691118301324#!
https://www.sciencedirect.com/science/article/pii/S0167691118301324
https://www.sciencedirect.com/science/article/pii/S0167691118301324
https://www.sciencedirect.com/science/article/pii/S0005109817301462
https://www.sciencedirect.com/science/article/pii/S0005109817301462
https://www.sciencedirect.com/science/article/pii/S0005109817301462
https://www.sciencedirect.com/science/journal/00051098
https://ieeexplore.ieee.org/abstract/document/6475156
https://ieeexplore.ieee.org/abstract/document/6475156
https://ieeexplore.ieee.org/abstract/document/6475156
https://ieeexplore.ieee.org/author/37085401374
https://ieeexplore.ieee.org/author/37269669200
https://ieeexplore.ieee.org/abstract/document/7286769
https://ieeexplore.ieee.org/abstract/document/7286769
https://ieeexplore.ieee.org/abstract/document/7286769
https://xueshu.baidu.com/usercenter/paper/show?paperid=1c6bd742cad9e6491a5b357cb3dab146&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=1c6bd742cad9e6491a5b357cb3dab146&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=1c6bd742cad9e6491a5b357cb3dab146&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=978b6b47de10fad19a27d0a0b70c633e&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=978b6b47de10fad19a27d0a0b70c633e&site=xueshu_se
https://link.springer.com/article/10.1007/s11768-012-1178-4#auth-Xiangru-Xu
https://link.springer.com/article/10.1007/s11768-012-1178-4#auth-Yiguang-Hong
https://link.springer.com/article/10.1007/s11768-012-1178-4
https://link.springer.com/article/10.1007/s11768-012-1178-4
https://ieeexplore.ieee.org/author/37085401374
https://ieeexplore.ieee.org/author/37269669200
https://ieeexplore.ieee.org/abstract/document/7914628
https://ieeexplore.ieee.org/abstract/document/7914628



