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Abstract

In this paper, the extended Kalman filtering problem is investigated for a class of nonlinear systems with multiple missing
measurements over a finite horizon. Both deterministic and stochastic nonlinearities are included in the system model, where
the stochastic nonlinearities are described by statistical means that could reflect the multiplicative stochastic disturbances.
The phenomenon of measurement missing occurs in a random way and the missing probability for each sensor is governed by an
individual random variable satisfying a certain probability distribution over the interval [0, 1]. Such a probability distribution
is allowed to be any commonly used distribution over the interval [0, 1] with known conditional probability. The aim of the
addressed filtering problem is to design a filter such that, in the presence of both the stochastic nonlinearities and multiple
missing measurements, there exists an upper bound for the filtering error covariance. Subsequently, such an upper bound is
minimized by properly designing the filter gain at each sampling instant. It is shown that the desired filter can be obtained in
terms of the solutions to two Riccati-like difference equations that are of a form suitable for recursive computation in online
applications. An illustrative example is given to demonstrate the effectiveness of the proposed filter design scheme.
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filter; Riccati-like difference equation.

1 Introduction

In the past few decades, the filtering or state estimation
problems for stochastic systems have been extensively
investigated. Accordingly, the filter theory has been suc-
cessfully applied in many branches of practical domains
such as computer vision, communications, navigation
and tracking systems, econometrics and finance, etc. It
is well known that the traditional Kalman filter (KF)
serves as an optimal filter in the least mean square sense
for linear systems with the assumption that the system
model is exactly known. In the case that the system
model is nonlinear and/or uncertain, there has been an
increasing research effort to improve KF with hope to
enhance their capabilities of handling nonlinearities and
uncertainties. Along this direction, many alternative fil-
tering schemes have been reported in the literature in-
cluding the H filtering [15,21,27,30,36], mixed Ha/H
filtering [20,29], set-value estimation [1,5,6,18] and ro-
bust extended Kalman filter (EKF) design [11,12,31,32].
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Among them, the EKF has shown to be an effective way
for tackling the nonlinear system estimation problems.
In fact, EKF has recently gain particular research at-
tention with promising application potentials in various
engineering practice. For example, the EKF has been
designed in [11,12] for uncertain systems with quadratic
constraints. Moreover, the EKF algorithm has been suc-
cessfully applied in [25] to identify the parameters and
predict the states of a nonlinear stochastic biological net-
work modeled by time series data.

Apart from the stochastcity, the nonlinearity is another
ubiquitous feature existing in almost all practical sys-
tems that contributes significantly to the complexity of
system modeling. Since nonlinearities may cause unde-
sirable dynamic behaviors such as oscillation or even in-
stability, the analysis and synthesis problems for nonlin-
ear systems have long been the main stream of research
topics and much effort has been made to deal with the
nonlinear stochastic systems, see e.g. [2,4,14,19,33]. It
is worth pointing out that, in most literature, the non-
linearities are assumed to occur in a deterministic way.
While this assumption is generally true especially for sys-
tems modeled according to physical laws, another kind of
nonlinearities, namely, stochastic nonlinearities, deserve
particular research attention since they occur randomly
due probably to the high manoeuvrability of the tracked
target, intermittent network congestion, random failures
and repairs of the components, changes in the intercon-
nections of subsystems, sudden environment changes,
modification of the operating point of a linearized model
of nonlinear systems. In fact, such stochastic nonlin-
earities include the state-multiplicative noises as spe-
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cial cases. Recently, the filtering problem with stochastic
nonlinearities described by statistical means has already
stirred some research interests, and some latest results
can be found in [26,35] and the references therein. On
the other hand, almost all real-time systems are time-
varying and therefore finite-horizon filtering problem is
of practical significance. However, so far, there have been
very few results in the literature regarding filtering prob-
lems with stochastic nonlinearities over a finite horizon
due probably to the mathematical complexity and/or
the computational difficulty.

In recent years, networked systems have become very
prevalent and, accordingly, much work has been done
in the literature on the network-induced problems
such as missing measurements (also called packet loss
or dropout) and random communication delays, see
e.g. [3,8-10,22,34]. To be more specific, the optimal
estimation problems have been investigated in [8, 22]
for linear systems with multiple packet dropouts and
the random sensor delays have been taken into account
in [9, 34]. It is worth mentioning that, in most reported
results, the measurement signal has been assumed to be
either completely lost or successfully transferred, and
a typical way is to model the missing measurements
by the Bernoulli distribution. However, in practical ap-
plications, owing to the sensors aging, sensor temporal
failure or some of the data coming from a highly noisy
environment, the measurement missing might be partial
and individual sensor could have different missing prob-
ability in the data transmission process [26]. It is noted
that most available results with respect to filtering prob-
lem with missing measurements have been concentrated
on linear systems only, and the corresponding results for
nonlinear systems have been very few. It is mentioning
that, in [13], the stochastic stability has been analyzed
for EKF with intermittent observations. Up to now, to
the best of the authors’ knowledge, the finite-horizon
extended Kalman filtering problem with both stochas-
tic nonlinearities and multiple missing measurements
has not been addressed yet, which still remains as a
challenging research issue. It is, therefore, the purpose
of this paper to shorten such a gap by resorting to a
recursive Riccati-like equation approach.

Motivated by the above discussion, in this paper, we
make a major effort to design the EKF for a class of
discrete time-varying systems with stochastic nonlinear-
ities and multiple missing measurements. The consid-
ered stochastic nonlinearities are governed by zero mean
Gaussian noises. The multiple missing measurements are
included to model the randomly intermittent behaviors
of the individual sensors. The description of the multi-
ple missing measurements is more general than the com-
monly used one modeled by Bernoulli distribution. The
probability distribution governing the missing measure-
ments from individual sensor is allowed to be any discrete
distribution taking values over the interval [0, 1] with
known occurrence probability. A recursive approach is
developed here to deal with the EKF design problem.
An optimized upper bound is guaranteed on the filter-
ing error covariance for both the stochastic nonlineari-
ties and multiple missing measurements. The main con-
tributions of this paper can be summarized (from the
aspects of model, problem and algorithm) as follows: 1)
the system model is comprehensive that covers stochas-
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Fig. 1. Schematic structure for the plant and filter over net-
work

tic nonlinearities and multiple missing measurements,
thereby better reflecting the reality; 2) the addressed ex-
tended Kalman filtering problem over a finite horizon is
new especially when multiple missing measurements are
presented; and 3) the developed filter design algorithm
is of a form suitable for recursive computation in online
applications.

The remainder of this paper is organized as follows. Sec-
tion 2 briefly introduces the problem under considera-
tion. In Section 3, the linearization is firstly enforced to
facilitate the filter design. Then, the evolution of one-
step prediction error covariance and filtering error co-
variance are derived for the addressed model. In the same
section, an upper bound of the filtering error covariance
is obtained and the filter gain is then designed to min-
imize such an upper bound at each sampling instant.
An illustrative example is utilized in Section 4 to show
the effectiveness of the proposed algorithm. The paper
is concluded in Section 5.

Notation The notations used throughout the paper are
standard. R™ and R™*™ denote the n-dimensional Eu-
clidean space and the set of all n X m matrices, respec-
tively. For a matrix P, PT and P~! represent its trans-
pose and inverse, respectively. P > 0 means that the
matrix P is real symmetric and positive definite. o is
the Hadamard product with this product being defined
as [A o Bl;j = Aij - Byj. tr(-) stands for the trace of a
matrix. E{x} stands for the expectation of random vari-
able x. I and 0 represent the identity matrix and the
zero matrix with appropriate dimensions, respectively.
diag{ Xy, Xo,..., X,,} stands for a block-diagonal ma-
trix with matrices X1, Xo, ..., X,, on the diagonal. Ma-
trices, if their dimensions are not explicitly stated, are
assumed to be compatible for algebraic operations.

2 Problem Formulation and Preliminaries

In this paper, we consider the filtering problem for a gen-
eral class of discrete time-varying systems with stochas-
tic nonlinearities and multiple missing measurements,
where the schematic diagram is shown in Fig. 1. The
plant under consideration is of the following form:

Tpyr = f (k) + g (@, M) + Diwie (1)
Yk = Zxh (z) + 8 (T, G) + vk (2)

where k is the sampling instant, x; € R"™ is the state vec-
tor to be estimated, y; € R? is the measurement output,
7 and (i are zero-mean Gaussian noise sequences, Dy, is
a known matrix with appropriate dimension, w; € R™ is
the process noise, and v, € R is the measurement noise.
Ey := diag{a},a?,...,al} where of (i = 1,2,...,q)
are q independent random variables in k as well as ¢ and
are independent of all noise signals. It is assumed that



a}; has the probability density function p}; (s) on the in-
terval [0, 1] with mathematical expectation i and vari-
ance (0})? (1 = 1,2,...,q). Also, the noise signals n,
(i, wi and vy, are uncorrelated with each other.

The deterministic nonlinearities f (zx) : R™ — R™ and
h(zk) : R® — RY are known and continuously differen-
tiable with

17 (k) || < aal|zw | + a2, (3)

for some nonnegative scalars a; and as. On the other
hand, the stochastic nonlinearities g(xy, nx) : R xR™ —
R™ and s(zk, () : R” x R™ — R? satisfy ¢g(0,7;) = 0
and s(0, () = 0, respectively, and are assumed to have
the following first moment for all zy:

E{ g(x’“’"’“)] xk}—() (4)

s(zx, Ck)
and the covariance given by
T
9@k, me) | | 9(zj,m5) ,
=0, k
lS(SCkak)] L(%Cj)] " 7
E [g(fck,nk)] [g(fckmk)]T
s(xr, Ck) | | s(@ks Cr)

where r is a known positive integer, IT;, = diag {II}/, IT3' }
and I} (i =1,2,...,r) are known matrices with appro-
priate dimensions.

T
Tr :E Hing};:rk
i=1

(5)

The initial state zg, the process noise wy and the mea-
surement noise vy are mutually uncorrelated and have
the following statistical properties:

E{zo} =Zo, E {(960 — o) (o — EO)T} = Pojo,
E{wr} =0, E{v} =0, (6)
E{wkwg} = Qk, E{kag} = Ry,

where Pyjo > 0, Q. > 0 and Ry > 0 are known matrices
with appropriate dimensions.

The recursive filter to be designed is of the following
form:

Eprre = f (Ewpe) (7)
Epr1 o1 = Ttk + Kirt [Yes1 — Srrrh (Eran)] 5 (8)

where &y, is the estimate of x4, at time k with 24,9 = Zo,
Zpy1k is the one-step prediction at time k, K1 is the
filter gain to be determined, and =41 := E{Zx41} =
diag{,u’llwrl’ .U'iJrlv te 7:“24-1}-

The objective of this paper is to design a finite-horizon

filter of the structure (7)-(8) such that, for all stochastic
nonlinearities and multiple missing measurements, an

upper bound for the filtering error covariance is guaran-
teed, that is, there exists a sequence of positive-definite
matrices ¥y 41541 (0 < k < N) satisfying

]E{(ﬂikﬂ — Zeprpptr) (Trr — ik+1|k+l)T} < Ytk

9)

Moreover, the designed filter gain Ky is expected to
minimize the upper bound ¥ 1541 through a recursive

scheme.

Remark 1 In (2), h(zy) represents the sensor outputs
coupled with nonlinearities. In engineering practice, the
nonlinearities in the sensor outputs result primarily from
the sensor saturations due to finite register-length of dig-
ital hardware, and such kind of nonlinearities can be cov-
ered by the assumption made in (3). To be more spe-
cific, the assumption in (3) could encompass a number
of frequently occurred sensor-related nonlinearities such
as sector-bounded nonlinearities, quantization, overflow
nonlinearities, etc. Note that, under the same norm-
bounded assumption, the control and filtering problems
have been extensively investigated for nonlinear stochas-
tic systems, see e.g. [16, 17].

Remark 2 In recent years, it is quite common that the
measurement signals are transmitted through a large
number of semsors in a network. Due to the limited
bandwidth of a network, the missing measurement phe-
nomenon may occur intermittently and the data-missing
probability may be different for individual sensor. In (2),
the multiple missing measurements (i.e., data missing
with multiple sensors) are taken into account, where the
diagonal matriz Zy, stands for the missing status for all
sensors as a whole and the random wvariable o], corre-
sponds to the ith sensor (i = 1,2,...,q). As discussed
in [26], the random wariable o, can take any value

over the interval [0, 1] and the probability for o, to take
different values may vary with the sensors. Moreover,
o, can obey any discrete probability distributions over
the interval [0,1] that includes the Bernoulli (binary)
distribution as a special case. By considering the phe-
nomenon of the multiple missing measurements, the new
measurement model (2) is capable of describing the ac-
tual arrivals of the measured information from multiple
sensors especially when only partial data is missing.

Before proceeding further, we are in a position to intro-
duce the following lemmas which will be used in subse-
quent developments.

Lemma 1 [7] Let A = [aij]pxp be a real-valued matriz

and B = diag{b1,ba,...,b,} be a diagonal random ma-
triz. Then

E{b2} E{bibs} --- E{b1b,}

2
T E{b:gbl} B} - Ealy)

[¢]

E{b;.vbl} ]E{b;)bg} E{é’?y}

where o is the Hadamard product.
Lemma 2 [28] Given matrices A, H, E and F with
appropriate dimensions such that FFT < I. Let X be a



symmetric positive definite matriz and vy be an arbitrary
positive constant such that y~'I — EXET > 0. Then the
following inequality holds

(A+ HFE)X (A+ HFE)" (10)
<A(X ' —4ETE) A" + 4 'HH".
Lemma3 [23] For 0 < k < N, suppose that X =
XT >0, S(X) = SE(X) € R and Hi (X) =
HE(X) e RV, If

SL(Y)>S(X), VX<Y=YT (11)

and

Hi (V) > S (Y), (12)

then the solutions My, and Ny, to the following difference
equations

M1 =Sk (My), Nipg1=Hi (Ng), Mo=No>0
(13)

satisfy

3 Main Results

In this section, we aim to establish a unified framework
to deal with the addressed filtering problem in the si-
multaneous presence of stochastic nonlinearities as well
as multiple missing measurements. The linearization is
firstly enforced to facilitate the later developments. Sub-
sequently, the one-step prediction error covariance and
the filtering error covariance are calculated so as to de-
sign the finite-horizon EKF, where special effort is made
to compensate the effects of multiple missing measure-
ments. Next, the upper bound of the filtering error co-
variance is presented and the filter gain is designed to
guarantee that such an upper bound is minimized.

To start with, let us denote the one-step prediction error
as Tpy1k = Tk+1 — Tpy1)r and the filtering error as

Tpt1k+1 = Trt1 — Thy1)k+1- Subtracting (7) from (1),
we have

T = f (@r) = f (&xg) + 9 (@r, M) + Dypwi. (14)

By using the Taylor series expansion around Iy, we
linearize f (1) as follows:

f o) = f (Zre) + ArTre + o)) (15)

where

of (k)

Ak - afk

|Ik:55k\k

and o(iil &) represents the high-order terms of the Taylor
series expansion. For presentation convenience, following

[6,31], the high-order terms are transformed into the
following easy-to-handle formulation:

o(ZF ) = BNy g Lidig (16)

where By, is a problem-dependent scaling matrix, Ly is
introduced to provide an extra degree of freedom to tune
the filter, and N; j is an unknown time-varying matrix
accounting for the linearization errors of the dynamical
model that satisfies

Ry N] g < 1 (17)

It follows from (14)-(16) that

Tpp1n = (Ax + BeXNi g L) T + 9 (Tr, M) + Diwy.
(18)

Similarly, by applying the Taylor series expansion for
h(zg41) around &4, the innovation of the filter can

be obtained as follows:
Uk+1
=Ykt1 — Sht1h (Tg1)r)
= (Zht1 — Ert1) h(@p+1) + Epr1(Crgr + Er
X N 1 L 1) Ty 1k + 8 (Tt 1, Get1) + Ve

(19)

where

Oh (Tg+1)

Crt1 = s
+ 311?k+1 |$k+1 Thi1|k?

Ej+1 is a problem-dependent scaling matrix, and No 41
is an unknown time-varying matrix representing the lin-
earization errors of the dynamical model that satisfies

No o187 o < 1. (20)

In this paper, as in [6], the deterministic matrices Ny g,
Ny 41 and the scaling matrices By, Ej4+1 are employed
to account for the linearization errors. For more details
we refer the reader to Appendix C of [6].

According to (8) and (19), the filtering error can be writ-
ten as:

Tpi1ik1
= [I = Ki11Zk41 (Crpr + EryiRo g1 Li1) | Trg e
— Ki11 (Ek-i-l - Ek-‘,—l) h($k+1)
— Kjq15 ($k+17 Ck-;—l) — Kp11Vk41-
(21)

Subsequently, in the light of (18) and (21), the covari-
ances for the one-step prediction error and filtering error
can be derived, respectively, in the following theorems.

Theorem 1 The one-step prediction error covariance
Pyy1)x 15 given by
Pryape = (Ag + BeRy p L) P (Ag + BiXy g Ly)"
+ 3 It (B {zkaf } T}) + DiQiDE
i=1

(22)



Proof: It can be shown that (22) follows directly from
(5)-(6) and (18), and therefore the proof is omitted for
conciseness.

Theorem 2 The filtering error covariance Pyiijp41
satisfies

Prei1ik
=[I = Ky11Zk11 (Chy1 + EpraiRoki1Lit1)] Prge

- T
X [I = Kpt1Zk41 (Crs1 + Erp1Rops1Lis1)]

+ K1 [ék—i-l o E {h(zp1)h" (z141)}

ks
+ Z I tr (B {@r12igy } Digr) + Ren [ Ky
i=1

(23)

where

ék-{-l = diag {(Uli-i-l)zv (01%4-1)2, R (Ug+1)2} - (24

Proof: Noting (21), we have

Priajk+1

=E {ffk+1\k+1fg+uk+1}

=[I = Ki41Zk41 (Crg1 + Brg1Ro kg1 Lig1)] Poyape
X [I = Kp41Zk41 (Cry1 + Ek+1N2,k+1Lk+1)}T
+ K1 B{(Zk41 — Znt1) (zpg)RT (Tps1)
X (Brt1 — Srg1) YKy + Kk B{s (241, Gern)
X 57 (@rr1, Gern) Y + Ken B {vevi i } K
— Pry1 — 321?—1—1 — D1 — ‘Qg+l — Kr+1 — %gﬁ-l

+ i1 + il + T + L+ Zon + 2
(25)

where

Prp1 = [I — Ki41Zk41 (Crp1 + Erp1Ro ps1Lir1)]
XE{Z11h” (h11) (Brsr — Swr1) } K,

D1 = [I — Kpy1Zr11 (Cryr + ErraiRops1Lig1)]
XEA{Zpp1ks” (Trr1, Gorn) } Kigr,

Rrir = [I — Kr11Zk41 (Crgr + EryiRo g1 L)
XEAZ 1wy} Kiyas

L1 = K1 B{ (Zpt1 — Zrpr) P(hy1)
x 8T (g1, Cog1) H

Y1 = K1 E{ (a1 — Eir) h@re)vi } K

Zir1 = KB {s (@rg1, Gorn) Vi } K

It is not difficult to show that the terms 1, Zii1,

Rrv1, Xrv1, Per1 and 2541 are all equal to zero. It
follows from (5)-(6) that (25) can be rewritten as:

Prei1ik
=[I = Ki11Zk11 (Chy1 + ErpaRo ki 1Lit1)] Pryaje

=3 T
X [I = Kg1Zk+1 (Ot + Brg1Ro o1 Lir)]
+ K1 B{ (Zr+1 — Ek41) h(zpi1)h T (z41)

T
X (Err1 = Err1) HK i + Kien [ZH?H
=1

< tr (E {apmaly) Y Thyy) + R,m} K7,
(26)

By using the property of conditional expectation and
applying Lemma 1, the second term of the right-hand
side of (26) can be determined as follows:

E{(Zk1 — Brr1) Mzrr)h" (zr11) (Ergr — Snra) }

=41 0F {h(zps1)h" (2e41)}
(1)

where = 1 is defined in (24). Then, from (26) and (27),
it can be concluded that (23) is true. The proof is now
complete.

Remark 3 In Theorem 2, the recursive form of the fil-
tering error covariance has been developed. Note that the
linearization is enforced to tackle the nonlinearities f(-)
and h(-). As such, (22) and (23) involve Ry i, and Ra k11
which add extra computational difficulty for the design of
filter gain. Actually, due to the consideration of the lin-
earization errors, it is literally impossible to obtain the
accurate value of the filtering error covariance P y1|p41,
and a seemingly natural way is to design appropriate fil-
ter gain Kyy1 in order to guarantee an upper bound for
the filtering error covariance that can then be minimized
at each sampling instant.

Motivated by [32], in the following theorem, an upper
bound is provided for the filtering error covariance and
the filter gain is then designed to minimize such an upper
bound.

Theorem 3 Consider the covariance matrices of the
one-step prediction error and the filtering error in (22)
and (23). Assume that (17) and (20) are true. Let vy i,
Yo k41 and €5 (j = 1,2) be positive scalars. If the follow-
ing two discrete-time Riccati-like difference equations:

Y1k

—1
A (Sph —malfLk) AT + 7 iBLBT + DiQuDY

+ > {1+ 20) Sege + (1U+e7) dgedl ] T
=1

(28)



Ykt
= -1 T -1
=(I = Ki+1Z54+1Cr1) (Ekﬂ‘k - '72,k+1Lk+1Lk+1)
= T 1 =
X (I — Ky41Zk41Chp1)” + Yokt 1 B k415041 B

X Eg+lék+1Kg+l + Kk+1{ék+1 o [Q(CL%tI‘ (Qk-i-l\k)

+ a3+ > TRt (Y1 wThp) + R }K,{H
i=1
(29)

with initial condition Yoo = Pyjg > 0 have positive def-
inite solutions Y1), and Xji1k41 such that, for all
0 <k < N, the following two constraints

Yixl = LiSep Ly >0, (30)
’Yz_,zi+1j - Lk+12k+1|kLg+1 >0 (31)

are satisfied where

Qpsrppe = (L+€2) S + (142 7) Begn @i
(32)

then with the filter gain K41 given by

K1
-1 T o = =
= (Ek+1|k - 72,k+1Lk+1Lk+1) Citr1Zk+14 Ert

—1 _
X Cl41 (E;il‘k - ”Yz,k+1Lg+1Lk+1) CliBrn
+ Viiﬂékﬂ Ey1 B Bk
+ Ek+1 o [2 (a%tr (Qk+1|k) + ag) I}
-1
T
+ Z It (Qpga ki) + Rk+1} ;

=1

(33)
the matriz Xy 1|x+1 is an upper bound for P q|ry1, i-€.,
Piiijkt1 < Zrgtjhgr (34)

Moreover, the filter gain K11 given by (33) minimizes
the upper bound X4 1|k1-

Proof: To begin with, based on (22) and (23), rewrite the
covariance matrices Py 1|3, and Py 1|41 as the functions

of Py and Py, as follows:

Pey1ii (Pajk)
= (Ag + BpRy p Li) Py, (Ag + BiRy x L))"

+ ) it (B {awat } Th) + DrQu DY
=1

Peyijit1 (Prtae)
=[I — Ki41Zk41 (Crg1 + Err1N2 k1 Liy1)] Pesaji

= T
X [I = Ki41Z041 (Crg1 + Er1R2 41 Lit1) ]

+ Kiy1|Zxp1 o {h(zrr1)h" (zr41) } + Z I,
i—1

x tr (E {$k+1$£+1} F};Jrl) + Rk+1} K.

Then, it is not difficult to verify that the condition (11)
in Lemma 3 is satisfied.

Now, we are in a position to tackle the term of the right-
hand side of (22). Notice that the following elementary
inequality

1 1 1 1 T
2 5 2 5 2 5 2 5
(81 :Ek|k — & xk\k) (81 :Ek|k — & xk\k) > 0
yields
~ AT W AT o —1. AT
Th| Tk + Th| Ty < E1T |k T +é&; Tp kT (35)

where €1 > 0 is a scalar. Based on (35), the second term
of the right-hand side of (22) can be rearranged as

i IT} tr (E {xkx;‘g} 1—‘2)
=1

= Z H,lcitr (E { (JA?;C“C + 571@|k) (ffsk‘k + JNZ;C‘;C)T} F%)
=1

< XT: I} tr { [(1 +e1) Py + (1+e7t) i:k“cﬁ;g‘k} F};} .
- (36)
Together with (22) and (36), we have
Pryak
< (Ag + By g L) Py, (Ag + BiXy kL))" + DyQy DY
+ Z Mt { [(1 4 1) Poge + (1+e7) el T |
- (37)

On the other hand, let us handle the terms of the right-
hand side of (23). It follows from (3) that

E {h (zrs1) B (2141)}
<E {||h (zrs1) |7}
<E{(@llor]l +a2)*} 1 (38)
< (207E {||lzg1a[|”} + 203) 1
=2 [a%tr (E {karl:r;;FJrl}) + a%] 1.
Note that, when deriving (38), we have used the ele-

mentary inequality 2ab < a? + b?. Taking the following
inequality into consideration



- T N T
Tt 1k Tpq 1)k T Tha 1|k Ty |k

- -T 1 T
SE T 1|k Top1 |k T €2 Thoot 1|k Ty 1|k

with €9 > 0 being a scalar, we obtain
E{h (zrs1) T (zr41)}
<20aftr(B{(1 + €2) Fpp1jpdpyip + (1+657)
X fk+1|kj;€+1|k}) + a3)l (40)
=2[aftr((1 + &2) Pogape + (1 +65")
X :%k+1|kif+1|k) +a3]l.
Subsequently, by considering (23), (39) and (40), we have

Prei1ik
<[I = Kit1Zk41 (Crpr + EryiRo g1 Lit1)] Pegagi

X [I = Kig1Zk41 (Crgr + Ek+1N2,k+1Lk+1)}T
+Kﬂ{aﬂo@mn@ﬂmﬂmﬂn
+ Z IRy tr (Wi 3D hgr) + Riegr | K

=1

(41)
where
Uppape = (1+€2) Pogpe + (1465 1) B ey i
Next, according to (28) and (29), we continue to rewrite

2k+1|k and Ek-ﬁ-l\k-‘,—l as the function of Zk|k and Ek-i—l\k
as follows:

Skt1ik (Skik)
1
=Ag (E;‘}C - '71,kL£Lk) A} + v BeB{ + DQi D,

+y H}jm«{ [(1 ten) Spp+ (1+e7Y) :emk:zflk} r;;}
=1

(42)

Skttt (Sk1pk)
_ -1
= (I — Kr11Ex41Ck11) (E;;il‘k - '72,k+1L£+1Lk+1)
= T — =
x (I — Ky41Zk41Chp1)” + 72,i+1Kk+1:k+1Ek+1

X Eg+1ék+1Kg+l + Kk+1{ék+1 o [Q(CL%tI‘ (Qk-i-l\k)

+a)I] + > TRt (Y1 pThp) + R }K,{H
i=1
(43)

where Zp41 and Q1% are defined in (24) and (32),
respectively. Combining (37), (41), (42) and (43), we can

show that the condition (12) in Lemma 3 is satisfied.
Therefore, it follows from Lemmas 2-3 that

P11 < Dhgijrsr-

Next, we are ready to show that the filter gain given
by (33) is optimal in the sense that it minimizes the
upper bound ¥y 1,41. Taking the partial derivative of
Yk41)k+1 With respect to K11 and letting the derivative
be zero, we have

Otr (Ek+1\k+1)
OKj11

=—2(I = Ki41Zk41Chp1) (E;iwg — Yo ks1Lpiq
1T = -1 =

X Ligt1) " Cry1Zr41 + 2Kk+1{727k+1~k+1Ek+1

X Bl Sk + S o [2 (afte (Qupage) + a3) 1]

Y IRt (gl ) + Rkﬂ} =0.
i=1

Based on the above equation, the optimal filter gain
Kj41 can be determined as

Kpq1

—1
=(x.! r o= =
= (Ekﬂ‘k - 72,k+1Lk+1Lk+1) Crr1Zk+1 {uk-ﬁ-l

1
1 T T =
X Cry1 (Ekﬂ‘k - ”Yz,k+1Lk+1Lk+1) Cit1Zk41

+ Wg,iﬂékﬂ Err1 B 1k
+ ék+1 e} [2 (a%tr (Qk+1|k) + ag) I}

, 1
+ Z I tr (g aalig) + Rk+1}
i=1

which is identical to (33). It is clear that the filter gain
given by (33) is optimal that minimizes the upper bound
Ypt1jk41 for the filtering error covariance. This com-
pletes the proof.

Remark 4 The recursive EKF problem s solved in The-
orems 1-3 for a general class of discrete time-varying
nonlinear systems with stochastic nonlinearities and mul-
tiple missing measurements. Unlike most existing litera-
ture, the EKF scheme presented in this paper has an ad-
vantage to cope with the multiple missing measurements
where each sensor is allowed to have individual data miss-
ing probability especially when only partial information
is missing. Note that such a missing measurement phe-
nomenon s typically encountered in practical engineer-
ing systems including networked control systems. To han-
dle the emergence of multiple missing measurements, we
have made specific efforts to design a recursive filter and
derive the upper bound for the filtering error covariance
that are dependent on the individual missing probability.
Specifically, the Hadamard product has been applied to
facilitate the algorithm development. It is worth pointing
out that the related (first to third) terms in (29) caused
by multiple missing measurements and the fourth term in
(28)-(29) due to the consideration of stochastic nonlin-
earities constitute the main difference between our work

and the work of [32].



Remark 5 In this paper, our focus is on the recur-
sive filter design problem for time-varying systems with
stochastic nonlinearities and multiple missing measure-
ments. Due to such a complicated time-varying nature,
we carry out the research for the finite-horizon case, that
is, we wish the filtering criteria to be satisfied over a
finite-horizon. Instead of the asymptotic behavior (over
an infinite-horizon), in this paper, we are only inter-
ested in the transient property over the finite-horizon
k € [0,N], i.e., the upper bound for the filtering er-
ror covariance s obtained at every sampling instant
k € [0,N], and such an upper bound is minimized by
properly designing the filter gain at each sampling in-
stant. Nevertheless, in case that the convergence analysis
of the proposed filter approach becomes a concern, as dis-
cussed in [15], some additional assumptions can be made
on the system parameters in order to ensure the global
boundedness of the estimation errors, which constitutes
one of our future research topics.

Remark 6 At each sampling instant, the filter gain
K41 ts designed in Theorem 3 to guarantee that the up-
per bound for the filtering error covariance is minimized.
The system (1)-(2) under consideration is comprehen-
sive that includes two phenomena of the stochastic non-
linearities and the multiple missing measurements, hence
reflects the reality more closely especially in a networked
environment. In our main results, these two phenomena
are dealt with in a unified yet effective framework and
are explicitly reflected in the design procedure. Specifi-
cally, the matrices II;! and T, (i =1,2;5=1,2,...,r)
quantify the effects of the stochastic nonlinearities, and
the constants pj, and o} (i = 1,2,...,q) are there to
account for the multiple missing measurements. Fur-
thermore, the proposed filter is derived in terms of two
discrete Riccati-like difference equations, which are suit-
able for recursive computation in online applications. In
the next section, a simulation example is employed to
show the usefulness of the proposed filter scheme.

4 A Numerical Example

In this section, the effectiveness of the filtering algorithm
developed in this paper is demonstrated. A target track-
ing scenario is used to justify the potential applicability
of the designed filter scheme.

As analyzed in [24], consider a maneuvering target
that is accelerating with random bursts of gas from
its reaction control system thrusters. The state vector
could consist of the position and velocity of the target.
When tracking a maneuvering target through a radar
system equipped with an array of sensors communicat-
ing through a (possibly wireless) network, the multiple
missing phenomenon might occur due to the bandwidth
limit of the signal transmission channel, the sensors
aging and/or sensor temporal failure. Furthermore, the
system may contaminate with the stochastic nonlin-
earities owing to a variety of reasons such as random
failures and repairs of the components, changes in the
interconnections of subsystems, and sudden environ-
ment changes. For real-time tracking, the system pa-
rameters would have to be time-varying. Our objective
is, therefore, to design a filter such that, in the simulta-
neous presence of stochastic nonlinearities and multiple
missing measurements, an optimized upper bound for
the filtering error covariance is guaranteed.

Motivated by this background, we consider the follow-
ing discretized maneuvering target tracking system with
stochastic nonlinearities and multiple missing measure-
ments:

{:Ckﬂ = f(xr) + 9(xk, M) + Drwy
Yk = Exh(rr) + s(xr, Ge) + vk

where
f(@r) = [

h(xy) = 7.5sin(z?),

0.8z}, + z}27 D, — | 001
1'517%_5611@5”% PR 0.03 ]’

T

2| is composed of the position and

and zp = [:c,lC xk}
velocity of the target, wi € R and v, € R are zero-mean
Gaussian white noises with covariances 0.05. Consider
the following the case of the probability density function
for Zp:

0.05, s=0
pr(s)=1< 010, s=05 .
0.85, s=1

The expectation and variance can be easily calculated
as ul = 0.9 and (01)” = 0.065.

The stochastic nonlinearities g(zx, ;) and s(zk, (k) are
chosen as follows:

0.2
g(zg, M) = l() 3] [0.3sign (:c,lg) :c,lgn,i + 0.4sign (:ci)

2.2
X 1]
s(xy, ¢) =0.5 [0.3sign (:c,lc) zi(t + 0.4sign (a:i) xi(,ﬂ

where n¢ and ¢} (i = 1,2) stand for zero-mean uncorre-
lated Gaussian white noises with unity covariances. It is
not difficult to verify that the above stochastic nonlin-

earities satisfy
B 9(xr, mr) e\ =0,
s(zk, Ck)
T
) g(xkﬂ?k)]

lg(xk, Mk ] [
s(wk, Ck) | | s(xk, C)

Tk
0.04 0.06 0
1009 0
= 1006009 0 |=zf T
0 0.16
0 0 025

In the simulation, set the initial value of estimation
T

as dop = Top = [1.8 0.2} and S0 = 20I. The

other parameters are chosen as By = diag{0.1,0.2},

T
Erp1 = [0.1 0.15} Ly = Lpp1 = 001, yip =
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Fig. 2. MSE1 and its upper bound
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Fig. 3. MSE2 and its upper bound

0.002, y2,4+1 = 0.002, ¢ = 0.4, €2 = 0.35, a1 = 7.5
and as = 0.05. Let MSE1 denote the mean square
error (MSE) for the estimation of the first state, i.e.,

(I/K)Zszl{{l 0} (a:k—:i:k|k)}2, where K is the

number of the samples. Similarly, MSE2 is the mean
square error for the estimation of the second state, i.e.,

(1/K)K {[0 1} (a — ;%k|k)}2.

According to (28), (29) and (33) in Theorem 3, the upper
bound of the filtering error covariance and filter gains
at every time step can be recursively calculated. There-
fore, the addressed filter design problem can be solved
by means of the proposed filter structure (7)-(8). The
simulation results are shown in Figs. 2-5. Among them,
Figs. 2-3 show the upper bounds E,lc‘lk and Zifk as well

as the MSE for the states x,lc and ,’Ei, which confirm that
the MSE stay below their upper bounds. Moreover, the
trajectories of the actual states zj and their estimates
2} (¢ = 1,2) are plotted in Figs. 4-5, which illustrate
that the presented filter scheme can perform well to es-
timate the system states. This is due to the fact that we
have made specific efforts to compensate the effects of
the stochastic nonlinearities and multiple missing mea-

—*— Actual state x}

—O— Estimated state &),

o} and its estimation
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5 10 15 20 25 30 35 40

No. of samples. K

Fig. 4. The actual state z1 and its estimation &}

15 T T
—*— Actual state z}
—O— Estimated state &7

22 and its estimation

. . . . . . .
5 10 15 20 25 30 35 40
No. of samples. K

Fig. 5. The actual state 7 and its estimation &7

surements.

Remark 7 As discussed in [31], the matrices By, Ex11
and Ly are used to quantitatively characterize the upper
bound of the linearization errors obtained from the Taylor
series expansion for the nonlinearities. Accordingly, by
taking the inequalities (17) and (20) into consideration,
the high-order terms in the Taylor series expansions can
be approrimated. In the simulation, we set the matrix Ly,
as 01 (O is a positive constant) in order to enhance the
feasibility of (30) and (31), and then we can always adjust
the values of scaling matrices By, and Ejy1 to guarantee
the inequalities (17) and (20). Specifically, it is worth
mentioning that we can simply set By, = 0 and Ey+1 =0
if the effects of the linearization errors are negligible for
some problems.

5 Conclusions

In this paper, we have made one of the first few attempts
to design the finite-horizon EKF for a class of time-
varying systems with stochastic nonlinearities and mul-
tiple missing measurements. The stochastic nonlineari-
ties described by statistical means have been taken into
account. The phenomenon of multiple missing measure-
ments has been described by any discrete-time distribu-
tions with known probability density function. A series of



mutually independent random variables has been intro-
duced to characterize the operation behavior of each sen-
sor. By means of the Riccati-like equation approach, we
have designed the EKF such that, for both the stochas-
tic nonlinearities and multiple missing measurements,
the upper bound of the filtering error covariance exits
and is then minimized by properly designing the filter
gain at every sampling instant. Finally, the effectiveness
and applicability of the developed algorithm has been
demonstrated by an illustrative simulation example.
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