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Robust Variance-Constrained Filtering for
A Class of Nonlinear Stochastic Systems
with Missing Measurements

Lifeng Ma, Zidong Wang*, Jun Hu, Yuming Bo and Zhi Guo

Abstract

This paper is concerned with the robust filtering problem for a class of nonlinear stochastic systems with missing
measurements and parameter uncertainties. The missing measurements are described by a binary switching sequence
satisfying a conditional probability distribution, and the nonlinearities are expressed by the statistical means. The
purpose of the filtering problem is to design a filter such that, for all admissible uncertainties and possible measurements
missing, the dynamics of the filtering error is exponentially mean-square stable, and the individual steady-state error
variance is not more than prescribed upper bound. A sufficient condition for the exponential mean-square stability of
the filtering error system is first derived and an upper bound of the state estimation error variance is then obtained. In
terms of certain linear matrix inequalities (LMIs), the solvability of the addressed problem is discussed and the explicit
expression of the desired filters is also parameterized. Finally, a simulation example is provided to demonstrate the
effectiveness and applicability of the proposed design approach.
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I. INTRODUCTION

For several decades, filtering techniques have been playing an important role in many branches of signal
processing such as target tracking [2]. A number of filtering approaches, including Kalman filtering, Ho,
filtering and robust filtering, have been proposed in the literature, most of which are under the assumption
that the measurements always contain true signals corrupted by the noises, see e.g. [4,6,7,10,11,16,17,19,
20,26, 31,34]. However, in real-world applications, the measurements may contain missing measurements (or
incomplete observations) due to various reasons such as high maneuverability of the tracked targets, sensor
temporal failures or network congestion [21].

Because of its clear engineering insights, in the past few years, the filtering problem with missing measure-
ments has received much attention. For linear stochastic systems, the related work was started in [15, 22]
where the missing data was modeled as a binary switching sequence specified by a conditional probability
distribution. Based on this model for observations missing, some results have recently been reported on the
filtering problems for linear stochastic systems, see [12,13,28-30] for some examples. Specifically, in [28],
a filter for stochastic uncertain systems has been designed with prescribed error variance constraints. The
finite-horizon robust filtering problem has been considered in [29] for discrete-time stochastic systems with
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probabilistic missing measurements subject to norm-bounded parameter uncertainties. Very recently, a ro-
bust H filtering problem has been coped with in [30] for uncertain time-delay systems with probabilistic
observation missing.

On the other hand, it is quite common in practical engineering that, for a class of filtering problems such
as the tracking of a maneuvering target, the performance objectives are naturally described as the upper
bounds on the error variances of estimation [19,26,28,34]. This gives rise to the so-called variance-constrained
filtering problem, which has been motivated from the well-known covariance control theory [5,18]. Note that
the variance-constrained filtering or control theory has been extensively investigated in a variety of practical
situation [3,35]. As mentioned in [28], the specified variance constraints may not be minimal, but should meet
given engineering requirements. Therefore, after assigning to the filtering error dynamics a specified variance
upper bound, there remains much freedom which can be used to attempt to directly achieve other desired
performance requirements, but the traditional optimal (robust) Kalman filtering methods may not have such
an advantage.

It should be pointed out that, almost all the aforementioned results concerning variance-constrained filtering
have been concerned with linear systems only, and the corresponding literature for nonlinear systems has been
very few, due primarily to the difficulty in analyzing the steady-state estimation error covariance for nonlinear
systems. In [34], an LMI approach has been proposed to deal with robust Hj filtering problems for a class
of stochastic nonlinear systems, but the variance constraints have not been explicitly taken into account.
Up to now, to the best of authors’ knowledge, in the presence of probabilistic measurements missing, the
filtering problem for nonlinear stochastic systems with error variance constraints has not been investigated
yet, and therefore remains open and challenging. It is, therefore, the purpose of this paper to shorten such
a gap by investigating the robust filtering problem for a class of nonlinear stochastic systems with missing
measurements and variance constraints.

In this paper, we model the missing measurements by a Bernoulli distributed white sequence with a known
conditional probability distribution. Based on this model, the robust variance-constrained filtering problem
is addressed for a class of nonlinear stochastic systems with missing measurements. We aim at designing
a filter such that, for all parameter uncertainties and possible measurements missing, 1) the filtering error
system is exponentially mean-square stable and 2) the variance of the estimation error for individual state
is not more than prescribed upper bound. It is shown that the solvability of the addressed filtering problem
can be expressed as the feasibility of a certain set of LMIs, and the explicit expression of the desired robust
filters is also derived. A simulation numerical example is provided to illustrate the usefulness of the proposed
design approach. The main contributions of this paper are summarized as follows: 1) a new filtering problem is
studied for the stochastic systems with both stochastic nonlinearities and measurements missing phenomenon;
and 2) a new error variance performance is taken into consideration for the addressed stochastic nonlinear
systems with missing measurements.

The rest of this paper is arranged as follows. Section II formulates the robust variance-constrained filter
design problem for uncertain nonlinear stochastic discrete-time systems. In Section III, the exponential mean-
square stability of the filtering error system and the individual variance constraints of the estimation error
are analyzed separately. The solution of the robust filter design problem is given in terms of a certain set of
LMIs in Section IV. In Section V, an illustrative numerical example is provided to show the effectiveness and
usefulness of the proposed approach. Section 6 gives our conclusions.

Notation The following notation will be used in this paper. R™ and R™*™ denote, respectively, the n-
dimensional Euclidean space and the set of all nx m matrices, and I denotes the set of nonnegative integers.
The notation X > Y (respectively X > Y'), where X and Y are symmetric matrices, means that X — Y is
positive semi-definite (respectively positive definite). Var{z;} means the variance of z;. E{z} stands for the
expectation of stochastic variable x and E{z|y} for the expectation of x conditional on y. The superscript
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“T” denotes the transpose. p(A) means the spectral radius of matrix A, while tr(A) is the trace of matrix
A. ® stands for the Kronecker product of matrices. diag{Fi, F5,...} denotes a block diagonal matrix whose
diagonal blocks are given by Fy, F5 .... The symbol “«” in a matrix means that the corresponding term of
the matrix can be obtained by symmetric property.

II. PROBLEM FORMULATION

Consider the following uncertain discrete-time nonlinear stochastic system:
Tpt1 = (A+ AA)zy, + f(zx) + Buw, (1)
with the measurement equation

Yk = Yk (ka + g(%)) + Dwg, (2)

where x;, € R" is the state, y;, € R™ is the measured output, and A, B,C, D are known constant matrices
with appropriate dimensions. w; € R™ is a zero mean Gaussian white noise sequence with covariance W > 0.
AA is a real-valued perturbation matrix that represents parametric uncertainty being of the following form:

AA=HFE, FFT <1, (3)

where H and E are known constant matrices with appropriate dimensions. The uncertainties in AA are said
to be admissible if (3) holds. The stochastic variable v, € R is a Bernoulli distributed white sequence taking
values on 0 and 1 with

Prob{y, =1} = E{w} =7, (4)
where 7 is a known positive constant, and v; € R is assumed to be independent of both wy and the system
initial state xg. Therefore, we have

Prob {y;, =0} =1-7,
o2 =E{(w—7)*} = (1-7)7

Remark 1: Notice that the parameter uncertainty only enters into the system matrix A. However, it is

()

worth pointing out that, within the same framework to be developed, we can also consider the case when
the uncertainties exist in the output equation. The reason why we discuss the system (1)-(2) is to make our
theory more understandable and to avoid unnecessarily complicated notations.

The nonlinear stochastic functions f(zy) and g(zy) are assumed to have the following first moments for all

f(wk; ] ’Jfk} =0, (6)

T

with the covariance given by

f(xk) .
E T(z; T(z; =0 k 7
{ ooy | L @) g [l =0k (7)
and i q
f(xk) T
E T(y T(x T p = Iz I xy 8
{g(wk)_[fu)g(k)}u > M L (8)
where II; and I'; (i = 1,2,--- ,q) are known positive-definite matrices with following structures:

23 23

- T
II; = Flillﬂli] ; Iy =007,
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with m; € R™, my; € R™ and 0; € R"(i = 1,2, - ,q) being known column vectors of appropriate dimensions.
Remark 2: The nonlinearity description in (6)-(8) covers several classes of well-studied nonlinear systems, for
example, the system with state-dependent multiplicative noises and the system whose state’s power depends
on the sector-bound (or sign) of the nonlinear state function of the state, see [36].
Introduce now a new stochastic sequence

Ve =Tk — - (9)
It is easy to see that 7, is a scalar zero mean stochastic sequence with variance
o3 =(1-9)7 (10)
Consider the following filter for the system (1):
Ty = Gy + K(yp —7Cy), (11)

where zj, stands for the state estimate, G and K are the filter parameters to be scheduled.
Define the estimation error as

ek = Tk — T, (12)

and steady-state estimation error covariance as
Xee := lim E{egel V. 13
ee Pl { k k} ( )

Then, we obtain the following augmented system

Zhtl = ﬁzk + Eh(xk) + l~?wk, (14)
where
P e | T | A+AA-G-4KC G-75KC |’
~ I 0 ~ B f(:Ek)
I —pK |’ Bokp |" "I )

Before stating our design objective, we introduce the following stability concept for the system (14).
Definition 1: [30] The system (14) is said to be exponentially mean-square stable if, with wy = 0, there
exist constants ¢ > 1 and 7 € (0,1) such that

E{)la]*} < B {l20]} ¥z €R™, ke T, (15)

for all admissible uncertainties and possible measurements missing.
In this paper, our objective is to design the filter (11) for the system (1) such that, for all admissible
uncertainties and possible measurements missing, the following two objectives are satisfied simultaneously:
Q1) The augmented system (14) is exponentially mean-square stable;
Q2) The steady-state error variance X, satisfies
X

€ee

<o? i=1,2,--,n, (16)

where X!, stands for the steady-state variance of the ith error state, and 022 (1t = 1,2,--- ,n) denotes the
prespecified steady-state estimation error variance constraint on the ith state.

Remark 3: In engineering practice, the variance upper bounds which represent the control or estimation
precision of the system state should be specified according to the actual requirements before the system
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design. For instance, in the problem of tracking maneuvering targets, the position and velocity of the target
are measured in every sampling instant. However, due to the high maneuver of the tracked target, it is neither
possible nor necessary to track the target in a precise way. Instead, an acceptable compromise is to keep the
target within a given “window” as frequent as possible, and such a requirement can be expressed as upper
bounds on the estimation error variance. In this sense, before the actual system design, we could specify the
error variance upper bound according to the length and width of the required “window”.

III. STABILITY AND VARIANCE ANALYSIS

Before giving our derivation, we first introduce some useful lemmas.
Lemma 1: [27] Let V(z1) = zf Pz, be a Lyapunov functional where P > 0. If there exist real scalars ),
w>0,v>0and 0 <1 <1 such that both

2 2
el < Vi < vl (1)
and
E{V(zks1)|2c} — V(zk) S A=V (z), (18)
hold, then the process z; satisfies
2 v 2 kA
Eqllzell” ¢ < =||20|| (1 —¥)" + —-. 19
I} < ol -+ 2 (19)
Denote
~ A 0 Ad— AA O B 0 0
| A-G G-3KC |’ | AA 0| | osKC 0|’ 0)
20
f'— I, 0O ﬁ-— 7T1i7TiI; Fliﬁ};—ﬁﬂliﬁg‘iKT
Yl o o’ e * 7r12-7rlTi — ﬁ(mmgiKT + K7T22'7T1TZ-) + (7% + J?Y)ngi@TiKT '

Lemma 2: Given the filter parameters G and K. The following statements are equivalent.

1)

q
p {(EJF ANT@ A+ AT+ T+ st(fi)stT(]NL-)} <1, (21)
i=1
or .
p{@m N AE)+J®J+Zst(1~L-)stT(E)} . (22
i=1
2) There exists a positive definite matrix P > 0 such that
—~ ey o~ Py q ~ ~

(A+ AATP(A+ AA) + JTPT - P+ > Ttr[PIL] < 0. (23)

i=1

3) There exists a positive definite matrix @ > 0 such that

q
(A+ADQA+AAT +7QJT - Q+Y " ILtr[QTy] < 0. (24)

i=1

4) The system (14) is exponentially mean-square stable.

Proof: First, it can be noticed that the main difference between this lemma and Theorem 1 of [36] is
that the state matrix of the system (14) in this paper contains stochastic variables 7, and 4 which result
from the possible measurements missing in the process of output sampling. Hence, we just need to prove the
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relationship “2)=- 4)” in order to demonstrate how we tackle the matrix involving stochastic variables in the
derivation, and the rest of this lemma can be easily proved as in Theorem 1 of [36] using the techniques shown
below.

2)= 4): Define a Lyapunov functional V (2;) = 2} Pz where P > 0 is the solution to (23). Then,

E{V(zk+1)|2} — V(z1)
= B { (Az + Bh(ay)"P(Az + Bh(zi)) |1} — 2 P (25)
=E { (szZTszk> |zk} +E { (hT(wk)ETPEh(xk)) |zk} — szsz.

Using the statistics of wg, 7% and vk, we obtain
E { (zgﬁTszk> |zk}

-~ . 0 0
=E{ 2z ((A—FAA)-F’W

T
ke o ) P <(A+AA)+’yk
=T <(A FADTP(A + AA) + JTPJ> - (26)
T(xp) B PBh(:Ek)> ‘zk}

E{ (BTPBh(a;k)h k))!zk}
q E{tr(BTPBIL)# Tizt|a }

[y

=

q
- Z {tr (PBII,B )}zk, (27)
and
~ I 0 0 0
B = Y — . 28
A PRC %40 K] (28)
Then, we have
T
B =B | ™ || ™| v
' 24 24

L (20
_ 0
+(7_’W€)[Kﬂ_21]> )

=) [ K(7)T2i ]) ([ 1 —W;f(@i

_ T4
1 — YKy

and therefore

E {tr(PEJL-ET)}

T 0 0 T
=E{tr| P ~ — ) tr | P

—t | P 7712'7'(};' 7T127le ’Yﬂlzﬂ'zzK (30)
* ﬂliﬂ}; — ’7(77127722-K + Kﬂg,ﬂ'u) + 72K7T2,7TQZK
+ 0,2Ytr <P

0 0
0 K7T2Z7T2ZKT

14 14
T — YKy T — YKy

= tr(PIL).
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Hence,
o~ o~ o~ o~ q ~ ~
E{V(zhy1)| 2} — Viz) = zg((A + ADTP(A+ AL +JTPT-P+ Y Fitr[PH,-])zk. (31)
=1

It follows from (23) that there always exists a sufficiently small scalar 7 satisfying 0 < 7 < Apax(P) such
that

q
(A+AA)TP(A+AA) +J"PT - P+ Iw[PIL] < —nl, (32)
i=1
which means
E{V(zk41)|z} = V(2) < —nzg 21 < —%(P)V(Zk)- (33)
Finally, the exponential mean-square stability of (14) can be immediately obtained from Lemma 1. |

Lemma 3: Given the filter parameters G and K. If the system (14) is exponentially mean-square stable
and there exists a symmetric matrix Y satisfying

q
(A+ADY A+ AN +JyJT -V + ) ItV T}] <0, (34)
i=1
then Y > 0.
Proof: Lemma 3 can be easily proved by the Lyapunov method together with Lemma 2, hence the proof
is omitted. m
Now, let us proceed to deal with the error variance constraints. Defining the state covariance of system
(14) by
! X X
— Ty _ E Tk Tk — zxk zek 35
O taa ) ek ] [ ek Xror Xeew |’ (35)
the evolution of @) can be derived from the system (14) as follows:
o~ Py o~ ~ q ~ ~ ~ ~
Qr1 = (A+ ADQR(A+ AA)T + JQpJT + ) Iitr[Qi T3] + DWDT. (36)
i=1
Rewrite (36) in the form of stack matrices
~ o~ o~ Py q ~ o~ ~ ~
st(Qpr1) = [(A + AN A+ AN+ T T+ st(n,.)stT(ri)} st(Qy) + st(DWDT). (37)

i=1

If the system (14) is exponentially mean-square stable, it then follows from Lemma 2 that (22) holds, hence
in the steady-state,

A . Xmm Xme
Q = kh_>H;O Qk = [ X;é[,e Xee ] (38)
exists and satisfies
q
(A+AADQA+AAT +JQJT — Q@+ ILtr[QLy) + DWD™ =0. (39)

i=1

Based on the results we have obtained so far concerning the exponential mean-square stability as well as
steady-state variance, we are now ready to cope with the addressed multiobjective filter design problem.
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IV. ROBUST FILTER DESIGN

In this section, an LMI method is proposed to design the robust variance-constrained filter for the uncertain
nonlinear stochastic system with missing measurements. To start with, a corollary is given that combines
exponential mean-square stability and the error variance upper bound constraints.

Corollary 1: Given the filter parameters G and K. If there exits a positive definite matrix @) > 0 such that

q
(A+AADQA+AAT +JQJT —Q+ Y ILtr[QL;] + DWDT <0 (40)
=1

holds, then the system (14) is exponentially mean-square stable and the steady-state state covariance satisfies
Q<.
Proof: Tt follows from (40) that

q
(A+AADQA+AAT +JQJT —Q+ Y ILtr[QLy) < —DWD™ <0, (41)

i=1

which indicates from Lemma 2 that the system (14) is exponentially mean-square stable. Therefore, in the
steady-state, the state covariance of (14) @) exists and satisfies (39). Subtracting (39) from (40), we obtain

(A+A4)Q-QA+ANT +J(Q-Q)J" —(Q—-Q)+ > Iitr[(Q - QT3] <0, (42)
i=1

From Lemma 3, we know that Q — @ > 0 and the proof is complete. |

In the next stage, we shall present the filter designing technique for the nonlinear stochastic system in the
presence of probabilistic measurements missing.

The following theorem provides an LMI approach to the addressed filter design problem for the uncertain
discrete-time nonlinear stochastic system (1)-(2).

Theorem 1: Given aiz > 0(i = 1,2,--- ,n). If there exist positive definite matrices R > 0, S > 0, real
matrices M, N, a positive scalar £ and positive scalars o; > 0 (¢ = 1,2,--- ,q) such that, for all admissible
parameter uncertainties and possible measurement missing, the following set of LMIs:

—Qy OZZHT
' 0 43
[ <o, (43)
UZF'4T
U= <0, 44
[ Uiy Wy ] (44)
X-5<0, (45)
where
[ —R 0 RA 0 0 0 7
x =8 SA-M M-yNC o5NC 0
* * —R 0 0 0
Y= * * * -5 0 0 ’
* * * * —R 0
| * * * * * -5 |
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I Ry e Ry, 0 e 0 RB RH 0
Smi1 —YNmoy - -- S7T1q—’7N7T2q 0«,N7T21 0«,N7T2q SB—-ND SH 0
0 0 0 0 0 0 eET
Uip = )

0 0 0 0 0 0 0
0 0 0 0 0 0 0

i 0 0 0 0 0 0 0 |
Wy = diag {—a1 1, ,—agl, —ail, -, —a,l,~W™ —cI, —el},

X = diag {(U%)_lv (U%)_lv T (ng)_l} ’
is feasible, then there exists a filter of the form (11) such that the requirements Q1) and @2) are simultaneously
satisfied. Moreover, the desired filter can be determined by

G=5S"1Mm,
. (46)
K=5"N.
Proof: Assume that the matrix ) has a block diagonal form as follows:
R 0|
= > 0, 47
Q=4 o (47)

where R > 0 and S > 0 are both n x n real valued matrices. Now, we define new variables «; > 0
(1 =1,2,--- ,q) satisfying

a; < <tr[QFi]) o . (48)

o 0.
o[
we have fl = ézé;r
Using the property of matrix trace and Schur Complement (Lemma 3 in [28]), we have

Letting
e R*", (49)

_ o adT
QL] <ol | L U7 | <0 50
r[Q Z] az [ alez _Q_l ( )
Then, after transformation, (50) is equivalent to (43).
Next, we prove that (44) is equivalent to

q
(A+ADQA+AAT +JQIT —Q+ Y ILa;' + DWDT <. (51)
=1

By Schur Complement, (51) is equivalent to

q ~ —~ ~
-Q+ Y Iha;' A+AA T D
=1
AT 4 AAT —Q! 0 0 <0. (52)
JT 0 -Q7t 0
] DT 0 0 —w

Performing the congruence transformation by diag {Q‘l, I,1,1 }, we can see that (52) is equivalent to

QU QN (Nl e @ l(A+Ad) QU @D |
=1
(AT + AAT)Q —Q! 0 0 <0. (53)
JrQ—1 0 Q! 0
DTQ1 0 0o —-wt
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Rewrite II; in the following form:

T T
| s . ! (54)
’ T — YKo, 1 — YK oy Ko, oy Ko

Using Schur Complement again, after some tedious calculation, we obtain that (53) is equivalent to the
following matrix inequality

Ti1 Tio
T = 0 55
e T | <O (55)
where .
[ —R 0 RA 0 0 0
*+ —S SA-M M—3NC osNC 0
* * —R 0 0
T = . . . g 0 E
* * * * —R 0
| x * * * * -5 |
R7T11 Rﬂ'lq 0 0 RB i
Sty —4yNmg1 -+ Smyg—*yNmyy oyNmor --- o,Nmyy SB—-ND
0 0 0 0 0
Tlg— ’
0 0 0 0 0
0 0 0 0 0
i 0 0 0 0 0 ]
Yoo = diag {—ail, -, —agl,—onl, -+ ,—agl,-W '},
with .
A= (A+AA),
SG =M,
SK = N.

In order to eliminate the parameter uncertainty occurred in the system matrix, we rewrite (55) as follows:

L+HFE+ETFTHT <0, (56)
where ~
U T
H=[H'™R H'™S 00000 - 00 - 0 O}T,
E:_OOEOOOO---OO---OO].

Now, applying Lemma 2 in [30] to (56), we know that (44) holds if and only if (51) holds. Moreover, noticing
(48), we arrive at (40) from (44). Therefore, according to Corollary 1, the system (14) is exponentially mean-
square stable, and the steady-state state covariance satisfies

Q<Q. (57)

Since

A~ Xmm Xme
0o St

“ | xT x,,

xre

] and @ =

R 0 ] (58)
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we know that

Xee <57 (59)

Noticing that (45) implies
STt X1, (60)
the requirement ()2) is also achieved. The proof is now complete. |

Remark 4: The robust variance-constrained filtering problem has been solved for a class of nonlinear
stochastic systems with missing measurements in terms of the feasibility of the LMIs (43)-(45) in Theorem
1. The LMIs can be solved efficiently via interior point method [1]. Note that LMIs (43)-(45) are affine in
the scalar positive parameters € and a; > 0. Hence, they can be defined as LMI variables in order to increase
the possibility of the solutions and decrease conservatism with respect to the uncertainty F. Note that our
main results are based on the LMI conditions. The LMI Control Toolbox implements state-of-the-art interior-
point LMI solvers. While these solvers are significantly faster than classical convex optimization algorithms,
it should be kept in mind that the complexity of LMI computations remains higher than that of solving,
say, a Riccati equation. For instance, problems with a thousand design variables typically take over an hour
on today’s workstations. However, research on LMI optimization is a very active area in the applied math,
optimization and the operations research community, and substantial speed-ups can be expected in the future.

Remark 5: It is worth pointing out that the main results in this paper can be easily extended to other more
complicated systems, such as systems with multiple stochastic data packet losses, or stochastic systems with
sector-bounded nonlinearity which is more general than that discussed in this paper. The results will appear
in the near future.

V. NUMERICAL EXAMPLE

In this section, we present an illustrative example to demonstrate the effectiveness of the proposed algo-
rithms.

Consider the following discrete uncertain system with stochastic nonlinearities:

01 0.3 -02 0.5 0.3
Tpyr = 0 -025 01 |+/|06]F [ 08 0 0 } a4 flap)+ | 0 | wh
0.1 0 0.5 0 0.2 (61)

yk:'yk({ 1 —-0.6 2 ]xk+g(azk)>+wk.

where Fj, = sin(0.6k) is a deterministic perturbation matrix satisfying FkaT < I, and wyg is zero mean
Gaussian white noise process with unity covariance. As mentioned in Remark 2, we now consider the stochastic
nonlinearities f(x) and g(xy) in the following three cases:

Case 1: f(x) and g(zy) are nonlinearities with multiplicative noise of the following form:

flay) =ap ) afaiéi,

1=1

n (62)
g(ﬂjk) :agza;:E}gg]Zw 1= 1727"' , 1,
i=1
where ay and ay are known column vectors, 0430 and ag(i =1,2,--- ,n) are known coefficients, xz is the 7th

member of zj, and &} are zero mean, uncorrelated Gaussian white noise processes with unity covariances. In
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this case, we assume
0.2

flzr) = | 0.3 | x (0.3z}6L + 042362 + 052367,
0.5

g(zr) = 0.5 x (0.32}&), + 0.473E; + 0.52367).

Case 2: f(x) and g(z) are nonlinearities with the sign of a function:

Flag) =bp Y B - sign(x}) - 2}éh,
o (64)

In this case, we assume

0.2
flze) =103 | x (0.3 sign(zh) - or&L 4 0.4 - sign(2?) - 2262 + 0.5 - sign(z}) - :E%é’,z’),
0.5

g(zx) = 0.5 x (0.3 -sign(z}) - z4&), + 0.4 - sign(x) - 22&; + 0.5 - sign(x}) - 23€3).
Case 3: f(xy) and g(zx) are nonlinearities with the following form:
flar) = cf Z Py, (sin(ap)&; + cos(zy)ng) .
g(zk) = ¢4 Zp (sin(x},)&, + cos(z))ng) ,
where 7. (i = 1,2,--- ,n) are zero mean Gaussian white noise processes with unity covariances which are
mutually uncorrelated and also uncorrelated with 5};. In this case, we assume:

0.2

flax) = | 0.3 (03wk(sm(:ck)£k+cos( ¥)k)
0.5

+ O.4xz(sin(mi)§g + Cos(ajz)ng) + 0.5332 ( sin(wi){,‘z + cos(mz)n,i’)) ,
(67)

g(xp) = 0.5 x (0.3mi(sin(w,1€)§,i + Cos(a:,lf)mi) + O.4xz(sin(mi)§g + cos(mi)ng)

+ O.5xi(sin(mi)§i’ + cos(a:z)mz)> .

Now, we can easily check all the above three classes of stochastic nonlinearities satisfy the following equality:

g(zr)
04 0. 10 0.1
0.04 0.06 0.10 0.10 o o o (68)
0.06 0.09 0.15 0.15 |
= 1010 015 025 o025 || O 016 0 ha
’ ' ' ' 0 0 025

0.10 0.15 0.25 0.25
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Let the stochastic variable v, € R be a Bernoulli distributed white sequence taking values on 0 and 1 with
Prob{y, = 1}=E{v;} = 0.9. Hence, 0, = 05 = 0.3.

Choosing 0% = 0.5,0% = 0.5, O'g = (.8 as the estimation error variances upper bounds, we employ Matlab
Toolbox to find the desired filter parameters by using Theorem 1 and obtain

[ —0.6109 0.0877  0.4967 | 2.1466
M= | 00877 -0.6543 —0.3931 |, N=| —0.2336 |,
0.4967 —0.3931 1.9735 0.9600
[ 56595 —1.3826 —0.2050 | 53355 —1.6377  0.4468
R=| —1.3826 55182 —1.2893 |, S=| —1.6377 4.7606 —1.1655
~0.2050 —1.2893  4.5803 0.4468 —1.1655 4.2440

a1 = 11.0146, ag = 10.5435, a3 = 9.4927, € = 6.6309.

Finally, the obtained filter parameters are calculated as follows:

—0.1230 —0.0274 0.0712 0.4308
G = 0.0085 —0.1810 0.0578 |, K = | 0.1537
0.1323 —0.1395 0.4734 0.2231

The simulation results are shown in Figs. 1-6. The filtering error variances of the states a:}w a:i and a:% for
Case 1- Case 3 are given in Figs. 1-3. Fig. 4 shows the actual state responses a:,lC and its estimate :%,1g for Case
1, while Fig. 5 shows the actual state responses x% and its estimate :%% for Case 3. From Fig. 6 we could
easily see that, different data missing rates will cause different performances on filtering error variance. To be
specific, the filtering error variance will become larger when the data missing is severe, which is reasonable
and understandable.

VI. CONCLUSION

In this paper, a robust variance-constrained filter has been designed for a class of nonlinear stochastic
systems with both parameter uncertainties and probabilistic missing measurements. A general framework for
solving this problem has been established using an LMI approach. Sufficient conditions have been derived
in terms of a set of feasible LMIs. An illustrative numerical example has been provided to demonstrate the
usefulness and effectiveness of the proposed approach. It is worth pointing out that the main results developed
in this paper could be applied to many engineering problems, for example, the maneuvering target tracking
problem that is an important branch of signal processing. Due to the complicated working conditions and
the limited capacity of data transmission, it might be the case from time to time that the measurements
may contain noise only. Therefore, the robust filtering problem for stochastic nonlinear systems with multiple
missing measurements becomes an important topic of research. By using the algorithm developed in this
paper, the filtering problem with missing measurements could be dealt with conveniently within the LMI
framework.
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Fig. 1. The filtering error variances for Case 1.
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Fig. 2. The filtering error variances for Case 2.
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Fig. 3. The filtering error variances for Case 3.
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Fig. 4. The actual state x}, (black) and its estimate &}, for Case 1.
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Fig. 5. The actual state x7 (black) and its estimate 27 for Case 3.
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Comparisons of error variances with different missing rates
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Fig. 6. The comparison between filtering error variance of different data missing rates.



