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Abstract—1In this paper, a minimum entropy filtering al-
gorithm is presented for a class of multivariate dynamic
stochastic systems. The concerned systems are represented
by a set of time-varying difference equations with multiple
non-Gaussian stochastic inputs, and with nonlinearity in the
measurement output. Several new concepts including hybrid
random vectors, hybrid probability and hybrid entropy are
introduced to describe the probabilistic property and random-
ness of the stochastic estimation errors. New relationships are
established between the probability density functions (PDFs)
of the multivariate stochastic input and output for different
mapping cases. Recursive algorithms are then proposed to
design the real-time optimal filters such that hybrid entropy
of the estimation error is minimized.

I. INTRODUCTION

Research on the state estimation theory has been regarded
as an very important aspect following the development of
the Kalman filtering theory, where the variance of estima-
tion error is minimized, suppose that the estimated system is
linear and the random inputs are Gaussian white noises (see,
e.g. [2], [3], [6]). For the stochastic systems with nonlin-
earities and complex disturbances, many feasible methods
such as the extended Kalman filtering (EKF) have also
been proposed for various nonlinear systems (see [1], [4],
[10], [12], [13] and references therein). The confinement
of the most EKF methods is that the investigated noises
are still supposed to be Gaussian and the properties of
Gaussian noises are used. However, it is noted that even
for a nonlinear system with Gaussian inputs, the system
output can be non-Gaussian, or even obey a multiple-peak
and asymmetric probability density function (PDF) due to
the nonlinearity. This means that the current EKF theory,
where only expectation and variance of the state estimation
error are concerned, is not efficient for nonlinear stochastic
systems with non-Gaussian noises (see also [14], [16]).

Entropy has been widely used in information, thermody-
namics, communication and control theories as a measure
for the average information contained in a given PDF of
a stochastic variable [5], [9], [15]. By minimizing the
entropy, all higher order moments (not only the second
one) can be minimized. Since generally PDFs are positive
nonlinear functions, one key task is to find the relationships
between the PDFs of input and the concerned output, and
optimize the entropy of the output PDFs. In probability
theory, the Bayesian theorem has been used to carry out the
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computation for the PDFs of non-Gaussian signals, where
several numeral algorithms such as the Monte Carlo ap-
proach are involved [2], [9]. In the statistic approaches, the
approximation for the conditional probability is generally
complicated and its accuracy and convergence are difficult
to verify. In [14], [15], B-spline expansions were used to
model the stochastic processes between the input and the
measured PDFs of the output such that the problem was
transferred to optimize the weights corresponding to the
basic functions. Indeed, for either SISO or MIMO systems
with non-Gaussian signals, less feasible synthesis methods
have been seen for the stochastic filtering problem, where
the stability and satisfactory performance of the estimation
error dynamics should be guaranteed.

In this paper, a novel approach is presented to gener-
alize the classical optimal filtering theory for a class of
multivariate stochastic systems with non-Gaussian inputs.
For this purpose, the concepts of hybrid entropy and hy-
brid probability are established to describe the multivariate
random output vectors and their randomness (Section 2).
Using these concepts, the relationships between the PDFs of
the multivariate stochastic input and output are formulated
explicitly (Section 3). Minimum entropy filters are then
designed such that the hybrid entropy of the stochastic
estimation error is minimized. In order to design the filter
with guaranteed stability, the weighting matrices in the
performance index are tuned recursively to ensure both
optimality and stability (Section 4). In the following, if not
stated, matrices and vectors are assumed to have compatible
dimensions. The identity and zero matrices are denoted by
I and 0 respectively. For a square matrix M, its inverse and
determinant are denoted by M ! and det M respectively.
For two real vectors v; and ws, the notation vy > vy iS
used to denote that every element of vy is no less than the
corresponding one of vy. For a random vector z, P{z < 7}
represents the joint probability of event {z < 7}, F,(7) and
v.(7) denote that the joint probability distribution function
and PDF of z, respectively.

II. PRELIMINARIES
A. Plant Model
Consider the following system
Trp1 = Apxr + Grwi+1
yr = H(xy)

where 7, € R™ is the state, 3, € R' is the output, wy, €
R™ is the random disturbance. A, and G}, are two known
time-varying system matrices. It should be pointed out that

)
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wy, can be an arbitrary bounded independent random vector
rather than a Gaussian one used in the classical EKF theory.
The random output y;, can be non-Gaussian because of the
nonlinear function H(-).

The following assumptions are required in this paper,
which can be satisfied by many practical cases (see e.g.
[14]).

Assumption A.l: The random variables wy (kK =
0,1,2,---) are bounded, stationary and mutually indepen-
dent with a known PDF as denoted by ~,,(7) which is
defined on [a, b]™.

To model the PDF of wy, besides a direct measurement
using some advanced instruments (i.e., a laser particle
size distribution measure), the kernel estimation technique
based on an open loop test and other identification methods
can be used [11], [14].

Assumption A.2: H(-) is a known Borel measurable and
smooth vector-value nonlinear function of its arguments.

B. Filter and Estimation Error

For the dynamic system given by (1), a filter can be
described by

Try1 = ApZr + Up(yr — H(T%)) (2)

where Uy, € R™*! is a gain to be determined. The resulting
estimation error ey = xj — I, satisfies

€p+1 = Aper, — Uy (H(mk) — H(i\k)) + kak—H 3)

where e11 € [a, 3]™, and « and 3 can also be respectively
chosen as +o0o. A desired filter should make the measure
of e; either converge to zero or be minimized. In (3),
ex+1 can be represented by a sum of two independent
random vectors Ager and Grwy41, as well as a measurable
term —Uy, (yx, — H(Z))) . Thus, the probability of e is a
conditional probability related to the probabilities of both ey,
and wy 1 for given Ay, Gi, yk, Y and Uy. For simplicity,
Ve, (+) is used to represent the conditional joint PDF of ey,.

In this paper the system matrices are supposed to satisfy
the following condition.

Assumption A.3: There exists a matrix P, which is
invertible at each sample time k, such that

Pk_lAkPk = Alk AZk == Zkv
0 Az
. _ 4)
PG = { Olk =Gy,
where Ajp, is invertible and satisfies rank condition

rank(Aix) = rank(Gy) = r(< n) for each sample time
k.

Denote ¢, := P, ek, then (3) becomes
Crr1 = Apér — Uy, (H(zy) — H(Z)) + Grwper  (5)

where ﬁk and ék are denoted by (4) and [NJk = P,;lUk.
(5) will be used instead of (3) in the following sections, for
which the operations on the joint PDFs of the estimation
errors will be simplified.

Remark 1: Although Assumption A.3 can cover a large
class of the estimated plants, including those satisfying n >
m in (3), it should be pointed out that the design procedures
will be more complicated technically if it is unsatisfied. For
the limitation of space, in this paper Assumption A.3 is used
to simplify the following explicit design procedure.

The purpose of filtering is to use available information
of the systems input and output to estimate x. The criteria
that can be used to assess the accuracy of such a filtering
algorithm relies on the statistic nature of the estimation error
ek, which is comprehensively embedded in the PDF of the
estimation error vector €. In this context, it is important
to formulate the PDF of the estimation error using equation
(3) or (5). From equation (5), it is shown that the first key
issue to be addressed is how to formulate the PDFs of Ajey
and Gpwy41. To provide unified notations, at sample time
k 4+ 1 we consider multivariate mapping

Or+1 = Dipmppr € o, B]™ (6)

where 741 € [a,b]™ is a non-Gaussian continuous random
vector with a given joint PDF defined as 7,(-) and D €
R™*™ is a known matrix.

C. Hybrid Probability and Hybrid PDFs

In order to study the stochastic behavior of the output
of a multivariate stochastic system, the existing theory
on multivariate random vectors and their joint probability
are required to be extended. The following definitions on
hybrid random vectors and their probabilities generalize
some conventional concepts. Since a deterministic variable
can also be regarded as a special discrete random one
with only one sample point, we use the unified notation—
hybrid random vector to represent the case which contains
continuous-time, discrete-time and deterministic variables.
This leads to the following definition.

Definition 1: If after re-arranging the sequence of ele-
ments, a random vector Z € [, 3]™ can be transferred into
z=[2 2 ]T , where z; € [a, 5]™! is a continuous
random sub-vector and z2 € [a, 5]™2 is a discrete random
sub-vector that takes finite values at {o1, 09, ..., oy, } With
m = my + mo, then Z or z is called as a hybrid random
vector. The related probability for z is referred to as the
hybrid probability and defined by P{z; = §,20 = 0;},
where § € [o, )™, 0y € [o,0]™2, i = 1,2,---, M.
Similarly, its hybrid probability distribution function is
defined by

le(é,ZQ = O'i) = P{Zl j (5,2’2 = 0’1‘}72' = 1,2,~-~,M

(N
and hybrid probability density function (hybrid PDF) is
defined as

V(6,2 = 03) = w’i: 1,2,---,M (8

00
For hybrid random vector z we still denote

Fz(n) = FZ1 (57 22 = O'i)a’yz(n) = V= (57 z22 = Ui) (9)
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where n = [ o ot ]T € [, )™, 0 = 04, I =
1,2,---, M.

Remark 2: It is noted that the hybrid random vector
described in Definition I differ from either the so-called
mixed type random variables (see Chapter 4.2 of [9]), or
the ones studied in [8], where the measures of uncertainty
for fuzzy variables and stochastic ones are compared and
combined.

Definition 2: If after re-arranging the sequence of el-
ements, a random vector z € [a, §]" can be transferred
into z = [ 2 25 }T € [a, 8™, where z; € [, )™
is a continuous random sub-vector and zy € [ov, 5]™2 is
a deterministic sub-vector with m = mj + ma, then 2
or z is called a system-output-type hybrid random vector
(SOTH random vector). If two SOTH random vectors with
the same dimensions have the same length of continuous
random variables at same locations, then we say that they
have the same structure.

Definition 3: For a multivariate continuous random vec-
tor zg € Q := [a, §]™*, the joint entropy is defined by

oMM () dr A7) > 0

En(ZO) B { 0 Vzo(’r) =0
(10)
Definition 4: For a hybrid random vector z =
[ 2T 2f ]T € [o,0]™, where z1 € Q = [a,p]™
is a continuous random sub-vector and z2 € [o, §]™2 is
a discrete random sub-vector that takes finite values at
{01,029, ..., O, } With m = my + my, the hybrid entropy

is defined by

B (2) :{ -

where 7., 1= 7., (T, 22 = 7).

Remark 3: Definition 3 is a natural generalization of
entropy for a multivariate random variable zy (see [9]),
while Definition 4 is a generalization of Definition 3 cor-
responding to hybrid PDFs, which will play an important
role in the concerned multivariate filtering problem.

sz'\il fQ Yz In (721) dr Vz1 >0 (11)
721 = 0 ’

III. FORMULATION FOR THE ERROR PDFs

Under Assumptions A.1, A.2 and A.3, from (5) it can be
shown that

Chi1 = v + s — Uy (H(xy) — H(T1)) (12)

where

sk = Grwpi1, v = ARy (13)

The third term (y, — H(Zx)) can be measured on-line at
sample time k. Under Assumption A.3, it can be guaranteed
that at every sample time k, if m > n(> r), Are, and
Grwyy1 are two SOTH random vectors. The next task is to
calculate the joint PDF of €y in terms of those of €j and
wg+1, where the PDF of s and vy, will be formulated firstly.
To provide unified notations, we consider the mapping
Orx+1 = Dgmi41 denoted in (6), where w41 € [a,b]™ is
a non-Gaussian continuous random vector with given joint

PDF 7, (-), and Dy € R™*™ is a known matrix. The proofs
are omitted to save space.

A. Case I: m = n, rank(Dg) =m

If Dy, is an invertible matrix, it is relatively simple to de-
termine g, , (7) based on v, (7). This case corresponds
to an invertible ék in (13).

Lemma 1: If Dy, is invertible, then the following rela-
tionship holds

VOr41 (T) = Tkt (Dlle) |det Dk_1|
B. Case II: m < n, rank(Dy) =m

(14)

In this case, we can assume that Dy is with a full row
rank at sample time k, and its first m columns have full
rank (through their re-arrangement). Thus, there exist a low-
triangle invertible matrix 7 and an upper-triangle invertible

matrix 75 such that
TiDT5 = [ I, O ] (15)

where I, represents an m—dimensional identical matrix and
T5 can be selected as

1| Ton Too
T ._[ b

To simplify the presentation, we denote

B ~(1) - 5(1)
T:=T71= [ 7T~_(2) ],9k+1 = l 51(“531 =T10k41,
k+1
(16)
and
_ . %(1)
Tir =Ty e = | ()
T
k41
with compatible dimensions. This implies
1= ITm O]Fpp =7 (17)

Lemma 2: If Dy, is full row rank at its first n columns,
then the following relationship holds

b b
Vo141 (T) = [/ / Vs (1) |det T1| |det To| d7®

(13)
with 7 := 7573 and 7 := T)7.

C. Case IIl: m > n, rank(Dy) =n

It is noted that m > n occurs in many practical cases.

Based on Assumption A.3, we only need consider the special
T

case of Dy, = [ DlTk 0 ] , where D1, € R™*" (r <n)

is supposed to have full row rank.
Denote 7 = ~(2) and

~ 0](;;21 %k—‘rl
Tht1 = D1gThs1, Op41 = o | = 0 .

k+1
(19)
It is noted that different from Subsection 3.2, in this case
7€ [a,b]™, 7 € [a,b]".
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Lemma 3: If D, = [ DI, 0 ]Tand Dy, is full row
rank, then the following relationship holds

20
0 otherwise (20)

Vi1 (T) =

where 741 is denoted by (19) and Vror (7-(1)) can be
computed in terms of v, ,, (7(!)) based on Lemma 2.

Remark 4: P 9121421 = 7'(1),9,(321 =0
ered as the probability of a hybrid vector defined in Section
2 with M =1 for given 7. In this case, 61 is exactly an
SOTH random vector and Lemma 3 implies that the hybrid

entropy of 1 is equal to the entropy of Tgy1.

} can be consid-

D. PDFs of the Sum of Two Hybrid Random Vectors

Based on Lemmas 1 ~ 3, we can formulate the PDFs
of v and si in terms of the PDFs of e and w41 if €
and wg41 are both continuous random vectors with known
PDFs. To discuss the algebraic sum operation v+, where
vy, and sy are possible hybrid random vectors, Definitions
1 ~ 3 and Assumption A.3 will be applied in the following
formulation.

Initially we suppose z(0) and Z(0) are given, then €, can
be regarded as a deterministic vector. In most cases, we can
suppose €9 = 0 and vg = 0. Thus, (3) can be reduced to

e1 = sg = Gowy = [ Gi, 0 ]Twl,fygl(r) = Vs (T)

2D
where s( or e; can be considered as SOTH random vectors
and 7 (7) or 7, (7) can be obtained by Lemmas 1 ~ 3.
From

~ = A A - G
U1=A1€17A1:[ 61 A§1:|761:[ 18w1}

it can be seen that v; is also an SOTH random vector with
the same structure as s;. At the sample time k£ = 2, (5)
reduces to
ez = (vi+s1) = Ui (H(z1) — H(Z1)))  (22)

Based on Definition 1, we can claim that ,, (7) or s, (7)
also can be represented by 7, (1) or vy, (1), respectively,
where v; and s; may be SOTH random vectors. At this
stage, the task is to formulate the PDF of the sum of SOTH
random vectors recursively. The following result can be
given.

Lemma 4: Under Assumptions A.1 ~ A.3, at every
sample time k£ + 1 (kK = 1,2,---), the hybrid PDF of
€x+1(7T|Yk, Uk, Ux) can be formulated recursively by

B B -
/ / Yo (0)75k+1 (T—O’—FUk(yk—:l/j\k)) do
where v, (0) and v, (o) can be calculated using Lemmas
1-3.

IV. MINIMUM ENTROPY FILTERING
A. Problem Formulation

Since ﬁk is an m x [ matrix, in order to use conventional
optimization techniques, we denote
U;?m Ukm
(24)
where u;, € R™*1 is a stretched column vector and Uy; is
the ith row vector of Uy.
Based on Definitions 1 ~ 4, the (hybrid) en-
tropy E,(€x+1) of a (hybrid) random vector €ji
with (hybrid) PDF Yoo () can be represented as

— [7 J7 gy (r)dr, where 7 € [a, )" and

(7k=[Ule ]Tﬂuc:[Ukl, T ]T

Pry1(T) = Ruvy  (T|yn, Yk, ug) In [% (1Y%, Uk, Uk)} :

€k+1

Definition 5: If there exists a filter such that E,, (eg) is
minimized for every sample time k, then it is called to be
a minimum entropy (ME) filter.

To design the ME filter, the performance index Jy is
desired, where

N

B B 1
In=3 [‘/ / Rigp(T)dr + iugRZUk

k=0

(25)

and R; > 0 and Ry > 0 are weighting matrices. In (25),
the first term is the hybrid entropy of the estimation errors
and the second term means that we want the elements of
U}, to be small.

Remark 5: If m > n, based on (5), (13) and (23) it can
be claimed that only the first n rows of Uy are related to
E, (€r+1) while the last m — n rows are irrelevant to the
hybrid entropy. It means that in this case, Uy 41, -+, Uk, m
in (24) are redundant vectors for the optimization, where
Uimn+1 = -+ = Ukm = 0 can be selected under this
circumstance. To simplify the presentation, we will still use
notations (24) and (23) in the following design procedures.

B. Optimal Filter Design Strategy

Equation (25) can be
0,1,2,"',N,"',+OO>

rewritten  as

k=

B8 B 1
Jip = Jp—1+ / / U (T, Yk, Yk, U )T + §UfRzuk ,
« (e}

(26)
where U(7, yx, Uk, ur) = U(1,ur) = —R1¢%(7). In order
to provide the filters with simple structure, the instantaneous
cost function is considered for the design strategy. Based on

9 |:faﬁ T fo? \D(Tv yka@\kauk)dT + %Unguk}
5‘uk

an explicit function for uj; will be determined in the
following. To simplify the filter structure, it is denoted that

=0 (27

up = ug—1 + Aug,k =1,2,--- N,---,+o0  (28)
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which should be a function of ¥, Ui, ug and 7. It can be
approximated to give

hko(T) + hkl(T)Auk
+ 2 Auf by (7) Aug, + o( Auf Auy)

\IJ(Ta Yk Z/J\kw Uk) =

(29)
where
ov(r,u
ro(r) = (v, hua(7) = L)
W (T, ug) By
OV (T, uy
hpa(1) = ———=
8“% Up=Uk—1

Theorem 1: Under Assumptions A.1~A.3, the gain ma-
trix of the ME filtering strategy for J., subjected to
nonlinear error model (5) is given by

Aup= = [ [ haa(r)dr + o] an
[ff fﬁ hia (7)dT + Ryuy— 1} ;
for a weight matrix Ry satisfying
B B
(/a /a th(T)dr+RQ> >0 (32)

Proof: From (28) we have

ugRguk = ug_leuk_l + ZUE_leAuk + AUERQAuk
(33)
Substituting (29) and (33) into (27) yields recursive strategy
31) for all £k = 0,1,2,---,N,---,+00, under (32). To
guarantee its sufficiency, the following condition on the
second-order derivative should also be satisfied

0? Uf fﬁ (1, up)dx + u{Rguk
IAuZ

which is equivalent to (32), and holds if Rs is selected
sufficiently large. |

The real-time suboptimal ME filtering algorithm can be
summarized.

>0

C. Optimal Stabilization Filtering Strategy

Stability of stochastic systems is used to focus on mean
or variance of the output, which is also insufficient for non-
Gaussian variables (see [7], [10] and references therein). In
this subsection, an improved suboptimal filtering strategy is
proposed, with which the error system can be guaranteed to
be locally stable. In this context, system (1) is approximated
to read

Chr1 = Aper + UpBier, + Grwp (34)

where By, := [a;ii')

__ | . Denote
Tp=Tk

Aey = & — k-1, AUy, = Uy, — Up—1, Awy, = wg — wj—1
then (34) can be further linearized to give

= ApAep+Uy_1 BrAep+AUy Biéy1+GrAwy i1
(35)

Aejt1

Different from (29), here Auy, is a function of €, as such
we shall consider the following expansion

U(r,ug) = g+ aprAug + agaleg

1
+§Au£5k1Auk —+ Aef(;kQAuk

1
+3 Ael dr3Aey + o(Aui, Aer) (36)

To enhance the flexibility of the algorithm design, we
replace the term ul Rouy, in cost function Jy (+) by a time
varying term ugng,uk here, where Ry is tuned at k step.
Substituting (36) into (27) and removing the higher order
terms lead to

Auy = Ag1Aeg + Ak (37)

Corresponding to (24), it can be verified that

AegAgll Azm
AUk} — oo + “e
Ae{A{lm A%Qm

In this equation Ay;; € R™™ ig denoted as the sub-matrix
of Aj; which includes the (mj + 1)th ~ [m(j + 1)|th
columns of Ag;, i =1,2, j=1,2,---,1. Since

TAT ~ ~T
Aek. Akanek_l = ek_lBkAknAek,

it can be obtained that

AUpBrer—1 = O1(Rak, up—1,€x—1)Aey

. 38
+02(Rok, Uk—1,€k—1) (38)

where

e 1BkAk11
O1(Rak, Up—1,€x—1) = :
el 1BkAk1m

Ag21Brer—1
O2(Rog, Up—1,€x—1) :=
Apom Breyg—1

Theorem 2: Under Assumptions A.1~A.3, if there exits
Ryp, > 0 such that the following inequality

B B
/ / Op1dT + Rop, | >0

holds and the matrix

=(k)

is Schur stable at each sample time k, then the ME filtering
strategy for Jy subjected to nonlinear error model (5)
is given by (31), with which the local stability of the
estimation error system can be guaranteed.

Proof: is omitted for simplicity.

= A + Up_ 1By, + O (Rog, up—1, 1)
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V. SIMULATION RESULTS

To demonstrate the obtained filtering algorithm, we con-
sider the simple model described by
+ ; w
bO ( ]{3) k+1

0.7 0.3 Hm
(39)

T1,k+1
T2k

T2 k42

]:{ 0 ao(k)

with the measurement equation yj, = 1 +21 %2k, Where
ao(k) = 0.7+ 0.03 arctan(1 + k) ! and bo(k) = 0.2((k +
1)~%/2 4 1). Random variables wy, (k = 0,1,2,---) are
assumed to be mutually independent, and their PDFs are
defined by

Y (@) =

_304&(!%2 —0.01), =z€[-0.1,0.1]
0, € (—00,-0.1)U(0.1,+00)

which is a triangular Kernel function. The filter can be
conducted by the following format

707 03 1] Fus
0 ap(k) Tok
where U, = T + T1 T2 k-

At first we can transform the error system to the form
of (5). Without further confusions, we also use ey instead

T
el(f) } , then

L1 k+1
T2 k42

-0 | 7{()401

of €}, in the following. Denote ey, := e,(cl)

for sample value 7 := [ 7() 72 ] ‘based on Lemmas
1 ~ 4 it can be shown that

25,0 (200 x
Vw41 (T(l) —oll 4 uk(Yr — ﬂk)) do")

To compute the required filter gain, according to (30) and
(31), we have

Yer+1 (T(l)) =

&y, (1)

hia(r) = = |3t —— (I, (7)) +1)
Uk =Uk_1
and
0%y iy (rV)
hia(T) = — ekguli (ln vegl(T(l)) + 1)
Up=Uk—1
o,y (r19) ? ~1
() (e, ™)
Up=Uk—1

with which (31) can be used to provide suboptimal filtering
laws. In the simulation, it has been selected that R; = 1
and Ry = 100. Figures can be provided to demonstrate the
dynamical responses of estimation errors.

VI. CONCLUSIONS

In this paper, a new solution is presented for the optimal
filtering design of multivariate stochastic systems subjected
to non-Gaussian noises. To effectively characterize the
stochastic property of the system output, the concepts of
hybrid random vectors, hybrid random probabilities and
hybrid entropies are introduced. The relationships between
the PDFs of multivariate stochastic input and output are

firstly established, with which the PDFs and its hybrid
entropy of the estimation errors are represented in terms of
known information including the measurement output and
the PDFs of the stochastic input. Using the formulations
for the error PDFs and the minimum entropy performance
index, we established an optimal algorithm recursively for
the filter gain such that the hybrid entropy of the estimation
errors is minimized. Furthermore, an improved method is
provided to guarantee the local stability by tuning the
weighting matrices.

VII. ACKNOWLEDGMENT

This work is jointly supported by The Leverhulme Trust,
UK under Grant No. FO0038/D and National Science Foun-
dation of China under Grant No. 60472065 and 60474050.
These are gratefully acknowledged.

REFERENCES

[1] A. Alessandri, M. Baglietto, G. Battistelli, and T. Parisini. New
convergence conditions for receding-horizon state estimation of non-
linear discrete time systems,. In Proceedings of 43rd IEEE CDC,
2004, Atlantis, Paradise Island, Bahamas, 2004.

[2] Y. Bar-Shalom and X. R. Li. Estimation and tracking: principles,
techniques, and software. Artech House, Norwood, MA, 1996.

[3] F. Carravetta, A. Germani, and M. Raimondi. Polynomial filtering for
linear discrete time non-gaussian systems. SIAM J. Control Optim.,
34:1666-1690, 1996.

[4] C.D. Charalambous and R. J. Elliott. Information states in stochastic
control and filtering: a lie algebraic theoretic approach. IEEE Trans.
on Automatic Control, 45:653-674, 2000.

[5] X.B. Feng, K. A. Loparo, and Y. Fang. Optimal state estimation for
stochastic systems: An information theoretic approach. /EEE Trans.
on Automatic Control, 42:771-786, 1997.

[6] G. C. Goodwin and K. S. Sin. Adaptive filtering, Prediction and
control. Prentice-Hall, Englewood Cliffs, NJ, 1984.

[71 X. Mao. Exponential stability of stochastic delay interval systems
with Markovian switching. IEEE Trans. on Automatic Control,
47:1604-1612, 2002.

[8] N.R.Pal and S. K. Pal. Entropy, a new definition and its applications.
IEEE Trans. on Systems, Man and Cybernetics, 21:1260-1270, 1991.

[91 A. Papoulis. Probability, Random variables and stochastic processes,

3rd. McGraw-Hill, New York, USA, 1991.

K. Reif, S. Gunther, E. Yaz, and R. Unbehauen. Stochastic stability of

the discrete-time extended Kalman filter. /EEE Trans. on Automatic

Control, 44:714-728, 1999.

B. W. Silverman. Density Estimation for statistics and data analysis.

Chapman and Hall, London, 1986.

V. A. Ugrinovskii and I. R. Petersen. Robust filtering of stochastic

uncertain systems on an infinite time horizon. Int. J. Control, 75:614—

626, 2002.

F. Wang and V. Balakrishnan. Robust Kalman filters for linear

time-varying systems with stochastic parametric uncertainties. /EEE

Trans. on Signal Processing, 50:803-813, 2002.

H. Wang. Bounded Dynamic Stochastic Systems: Modelling and

Control. Springer-Verlag, London, 2000.

H. Wang. Minimum entropy control of non-Gaussian dynamic

stochastic systems. IEEE Trans. on Automatic Control, 47:398-403,

2002.

Q. Zhang. Hybrid filtering for linear systems with non-Gaussian

disturbances. IEEE Trans. on Automatic Control, 45:50-61, 2000.

[11]

(12]

[13]

[14]

[15]

[16]

320



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ArialNarrow-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-Oblique
    /Times-Roman
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


