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Abstract In this paper, the robust filter design problem is studied for a class of uncer-
tain dynamical systems with finite-step correlated process noises and missing mea-
surements. The dynamical system under consideration is subject to both deterministic
norm-bounded uncertainties in the measurement output and stochastic uncertainties
on the system states. The process noises are assumed to be finite-step correlated. The
missing measurement phenomenon is modeled as a binary switching sequence. Based
on the min-max game theory, a recursive robust filter is designed that is suitable for
online application. A particular feature is that, as the proposed robust filters work in
a recursive fashion, there is no need to investigate the existence issue of the filters.
A simulation example is presented to illustrate the usefulness of the proposed filter.
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1 Introduction

The renowned Kalman filter is the optimal linear state-space filter in the least mean
squares sense. As is well recognized now, the performance of the Kalman filter
is highly sensitive to the model uncertainties since one of the key assumptions in
Kalman filter theory is that a dynamical model has to be exactly known. However,
such a key assumption does not always hold in practical applications due to a variety
of reasons such as model reduction, parameter variation, and unmodeled dynamics.
In order to cope with this problem, over the past decades, considerable research at-
tention has been devoted to develop robust state-space filters including the Hy, filters
[2,7, 8,10, 24, 29], mixed H,/Ho robust filters [2, 6, 10, 29], set-valued filters [1],
and robust mean-square filters [23]. It is worth mentioning that, in [18], a regularized
robust filter was proposed. Compared with other robust filters, the regularized robust
filter developed in [18] has a nice property of circumventing existence conditions for
the filters and is therefore convenient for online operation. Later, an extended version
of the regularized robust filter was designed in [5] where an iterative strategy was
included.

Multiplicative noise, also called state-dependent noise or stochastic uncertainty,
has already received significant research attention in recent years [26, 27]. The main
reason is that models with multiplicative noise are commonly encountered in many
areas of application, such as aerospace systems [14], communication systems [22],
and image processing systems [12, 13, 21], etc. So far, several approaches have been
proposed to deal with the analysis and synthesis problems for systems with multi-
plicative noise, such as the linear matrix inequality approach [9], the game theoretic
method [3, 17], the Riccati equation approach [11, 28], and B-spline expansion [15],
etc. On the other hand, in most of the literature concerning filtering algorithms, the
process noises have been assumed to be uncorrelated across time, which is fairly
unrealistic, as pointed out in [20]. For example, if the system under consideration
is a discretized version of a continuous dynamical system, then the process noises
with discretization errors are inherently correlated across time. Up to now, much at-
tention has been focused on dynamical systems with time-correlated process noises;
see, e.g., [19, 20].

In many practical applications, the phenomenon of missing measurements widely
exists. A typical example is the network control system where, due to the probabilis-
tic network transmission delay or packet loss, the measurement outputs may contain
noises only. Another example is that of the ground target tracking problem. In this
case, if the range rate of the target drops below a special threshold in magnitude, the
measurements will be deliberately suppressed [4]. Due to the practical significance,
both filtering and control problems with missing measurements have been extensively
investigated in the past decade; see [16, 25] for some representative publications.
Summarizing the above discussion, despite its clear engineering importance, the re-
cursive robust filter design problem has not been fully studied for uncertain dynamical
systems with finite-step correlated process noises and/or missing measurements. It is,
therefore, the purpose of this paper to shorten this gap.

In this paper, we aim to study the recursive robust filter design problem for un-
certain dynamical system with time-correlated process noises and missing measure-
ments. The process noises are assumed to be finite-step correlated. The dynamical
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system under consideration is subjected to both deterministic norm-bounded un-
certainties and stochastic uncertainties, where the latter are actually multiplicative
noises. Similar to [16, 25], the missing measurements phenomenon is characterized as
a binary switching sequence satisfying a conditional probability distribution. Based
on the min-max game theory, a recursive robust filter is proposed. Compared with
most of the existing robust filters, the proposed robust filter is not required to have
the existence conditions because of its recursive nature and is therefore very conve-
nient for online operation. The main contribution of this paper is twofold: (1) a new
filtering problem is formulated that takes into account the multiplicative perturbations
on the system states, the missing measurements, and the parameter uncertainties with
finite-step correlated process noises; and (2) a new recursive algorithm is developed
to solve the addressed problem completely. We present a simulation example to illus-
trate the usefulness of the proposed filter.

The remainder of the paper is organized as follows. In Sect. 2, the recursive robust
filter design problem is formulated for a class of uncertain dynamical systems with
finite-correlated process noises and missing measurements. The main results of the
paper are derived in Sect. 3. In Sect. 4, a simulation example is presented to illustrate
the proposed method. We end the paper with some concluding remarks in Sect. 5.

2 Problem Formulation

Consider the following uncertain dynamical system with finite-step correlated pro-
cess noises and missing measurements.

m
System model: x;41 = (Ak + Z A,-,ks,-,k)xk + Bywy, (@))

i=1
Measurement model:  yy = A (Hy + A Hy)xy + vk, 2)
where x; € R” is the state of the system to be estimated, y; € R™ is the measured out-
put, wi € RY is the finite-step correlated process noise, vy € R™ is the measurement
noise, &; x € R is the multiplicative noise, A, A; r, Bx and Hy are known real time-

varying matrices with appropriate dimensions, and A Hy, is a norm-bounded uncertain
term of the structure

AH, = Er A M. 3)

Here, My, E; are known real time-varying matrices of appropriate dimensions and
Ay is a time-varying unknown contraction bounded by || Ax|| < 1. Ax € R is a binary
switching sequence with the known conditional probability distribution given below:

Prob{i; =1} = E{Ai} = Br, 4
Prob{i; =0} =1—E{M) =1 — By. 3)

The initial state xo and the noise signals wy, vk and €; x are uncorrelated with each
other while having the following statistical properties:
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E(w) =0,  E) =0, &) =0, & (x0) = Xo,
E(einel ) =8i—jo1.  Erv)) = Ridij,

E[(xo — o) (xo — %0)" | = Pojo, (©6)

ek S
5(wk0)]r) = Qibp—j + Z Ok, jbk—j+t + Z Ok, jOk—j—1,

=1 t=1

where £ stands for the mathematical expectation operator, and ex and fj are, respec-
tively, the numbers of steps forward and backward correlated with Qy ; = QZ j Si—j
is the Kronecker delta function, which is equal to unity for i = j and zero for i # j.

Remark I From the last equality in (6), one can see that the process noise at time k
is correlated with the process noises at time steps k — 1, k — 2, ..., k — fi as well as
k+1,k+2,..., k+ e with covariance Qg x—1, Qk k-2 ---» Ok k—f and Qg k1,
Ok k+25 - - -» Ok k+e; > TESPECtively.

Most optimal filter recursive algorithms can be generally described in two stages,
that is, time update and measurement update. In the time update stage, the optimal
state prediction at k + 1 is obtained using the system dynamics and the optimal state
estimate at time k. In the measurement update stage, the newly obtained measure-
ments are used to improve the accuracy of the state prediction. We follow the same
method to develop a filter that is robust against the system uncertainties, correlated
process noise, and missing measurements. In particular, the min-max game theory
is intensively utilized to design the desired robust filters ensuring the recursion and
optimality for the benefits of online operation. For convenience of later development,
it can be calculated that

mi
E(mawf) = 5|:(Ak—m<—1 + ) Ak 1Eik-1xko1 + Bk—la)k—l)wkTi|

i=1

mi
= Ap1E (k10 ) + ZAi,k715(8i,k71)5(x;<71wkT) + Bi—1Qk—1.k

i=1

my
= Ak—15|:<Ak—2xk—2 + Z Ajk—28ik—2Xk—2 + Bk—za)k—2>wkT:|

i=1
+ Bk—1Qk—1.k
= Ap—1Ar—2& (xk—2w] ) + Ak—1 Bk—2 Qx—2,k + Bi—1Qk—1.k

Je [t
=B 1Qk-1k+ ) (l_[ Ak+l—j> Bi—1 Qk—1.k- N

=2 \j=2
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Remark 2 In the classical Kalman filtering, a standard assumption is that the process
noise sequence is uncorrelated across time and, therefore, Qy ; is equal to zero and
the states xg, Xk—1, ..., Xk— f,+1 are uncorrelated with the process noise wy. Unfor-
tunately, in many practical applications, such a standard assumption does not hold.
As can be seen in (7), the states xi, xXg—1, ..., Xk— f,+1 are correlated with the pro-
cess noise wyi and Oy, ; is no longer zero. In our later filter performance analysis, the
relationship (7) will be widely used in our computation.

3 Main Results
3.1 Time Update Stage

Noticing that the multiplicative noise &; x and process noise wy are both zero-mean
random process sequences, the state prediction can be obtained as follows:

X1/ = AkXic/ks (8)
where Xy« is the state estimate and X1« is the state prediction. Thus, the prediction

error covariance Py 1/, can be described as follows:

P/ = E[ (k1 — 170 Ckgr — T/

m
= 5{ [Ak(Xk — S+ Y Aikeigxi + Bkwk]

i=1

m T
X |:Ak(xk — R/ + D Ai ik + Bkwk:| }

i=1

m
= AcPiskAL + BeQiBl + > AjiXkAl, + AcLiBY + B LT AL, (9)

I,
i=1

where Py is the state estimate error covariance at time k, Xy =& (xkka ),and Ly =
E[(xx — Xk /k)wkT]. Note that, when deriving the last equality in (9), we have used the
facts that (i) x; and X /k are correlated with wy; and (ii) &; x and wy are zero-mean
random processes uncorrelated with each other.

It follows from (1) and (7) that

Xir1 = E(xeg1x)4 )

mi mi r
= 5|:<Aka + Z A k&ik Xk + Bkwk> (Aka + Z A k&ikXr + Bkwk> i|

i=1 i=1

mi
= AXi AL + ) Ak Xk ATy + BiOiBY + AvE (v ) B + Bi€ (anx| ) Af
i=1
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mi
= M Xk AL + ) Aik Xy Al + B Ok B

i=1

Ji
+ Ak |:Bk—1 Qk—1.k + Z(

t=2

[

t
Jj=2

Ak+1—j>Bk—t Qk—t,k:| Bl

fe [/t T
+ By Bk—le—l,k+Z( Ak+1—j>Bk—tQk—t,k Al (10)

=2 \j=2

with initial value
Xo = XoXg + Pojo. (11)

Remark 3 The last three terms in (9) result from the inclusion of multiplicative noises
and finite-step correlated process noises in the filter design. Indeed, these three terms
make the difference between the prediction error covariance in this paper and that in
the standard Kalman filtering algorithm. Furthermore, the summation (third) term in
(9) caused by multiplicative noises constitutes the main difference of the prediction
error covariance between our work and the work of [20].

3.2 Measurement Update Stage

At this stage, let us use the min-max game theory, the aim of which is to minimize
the estimate error under maximum uncertainties, to design the measurement update
equations. For the addressed system and measurement model, by using the min-max
game theory, the problem of measurement update can be described as follows:

~ . ~ 2
Xk+1/k+1 = argmin  max lxk+1 — Xk+1/k P,
Xk41 ||"1k+l“§ak+l{ kt1/k

+ k1 = Berr S omee) |5, ) (12)

where Yri1(mi41) = Hir1Xk+1/k + Ex1mi41, Pryiyx is the prediction error co-
variance, o4 is a known time-varying scalar, Sy is a weighting matrix that will
be defined later, and my has the following form:

Miq1 = At M1 X1k (13)
with the special norm function being defined as
112 =0TPO. (14)

Remark 4 In [5], the parameter uncertainties in the measurement model have been
considered. In our work, we have taken one step further to consider both the multi-
plicative noises and the probabilistic missing measurements phenomenon.
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The solution of (12) relies on solving the constrained maximization problem of
the form

u* =arg max ||x — Bu||%,, (15)
lull<a

where P is a positive definite weighting matrix and « is a known scalar.
The following two lemmas are useful in deriving our main results.

Lemma 1 [5] When x £ 0, the solution to (15) is
w=a(*1+aB”P'B) ' BT Py, (16)

where B* € M £ (B4, —B_} and B* satisfies

B* = arg max P<P+gBBT)1x ’ (17)
peM p P
The maximum value of the objective function is
o -1 2
max lx — Bul|% = ||x — Bu*||% = HP<P+§BBT) x , (18)
In the above equations, B and B_ satisfy, respectively,
|(B+1+aBTP~'B)"'BTP~'x| =1, (19)
det(B+1 +aB" P7'B) #0 (20)
and
|(B-1 —aB"P~'B) "' BT P x| =1, @1)
det(B_1 —aB" P7'B) #£0. (22)

Lemma 2 [5] When x =0, u* is simply an eigenvector of BT P! B which generates
the maximum error.

Now, we are in a position to complete the measurement update. Based on Lem-
mas 1 and 2, it can be seen that

m, P~ Bl

lmpsrll <otk+1
~ - 2
= max ||yey1 = Exprmiqlly
[l g1 1 <otk k+1
-1 2
P = Qp+1 ~ =T -
:‘Sk+l(5k+l+—Ek+1Ek+1> Vitl| (23)
B Sk+1
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where B,, is defined and calculated as in Lemma 1, k41 = Y41 — Bet1 Hir1Xk+1/k
is the nominal predicted output without considering the uncertainty in the model,
Ext1 = Br+1Er+1, and Sg41 is defined as follows:

Skt = Hept Pest/k HE 4 Rt + (1= B ) Hierrt S HY |, (24)

where Xy, | = Akg()ek/k)e{/k)A,{.

Substituting (23) into (12), taking the derivative of (12) with respect to xx1, and
then letting the derivative be zero, we can obtain the following measurement update
equations:

Xk 1/k41 = X1k + Wig1 k41, (25)
where
Wig1 = Pk+1/kaT+1S;:+11 (26)
with
o2,
Sk+1 = Sk+1+2ﬂ_Ek+1Ek+1+ ,3 Ek+1Ek+ISk+1Ek+1Ek+l 27
m m

Also, the estimation error covariance is calculated as
Pry1/k+1 = Pryijk — Wk+ISk+1WkT+1- (28)
Next, let us determine L. According to (25), we have
Xk/k = Xi—1/k + Widk = Xije—1 + Wik — B HiXiyk—1)
= GXi/k—1+ Wik, (29)
where Gy = I — B Wy Hg. Then, Lj can be determined as follows:
Ly = E[(xx — Sy |
= E[(xx — Gifayr—1 — Wiy o} |
= E[(xx — Gifayp—1 — Wi Hixi — Wiy |
= (I = WeH)E (k] ) — GrAg—i
xE[(Gr—1%k—1/k—2 + Wk—1 Hy—1Xk—1 + Wi_1v4—1) o} |
= (I — Wi H)E (xkw] ) — GrAk—1 Wi—1 Hi—1 € (xk—100f )

— G Ak-1G k-1 (Re—1/5-200] )

t
(I_Wka)|:Bk 19k~ 1k+Z(H k+1—j>Bk—z,ka—t,k:|

t=2
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BT —

j=2

Si Ji
X |:Bthkt,k+ Z ( H Ak+1j2)Bkj1 ijl,k:“~ (30)

Ji=t+1 \jp=t+1

To this end, we have finished the design of the desired recursive robust filters for
the addressed system and measurement models.

The algorithm of the recursive robust filtering can be outlined as follows.

1. The time update stage

When k = 0, ignoring the correlation between the process noises and using the
given initial values, we have

X170 = AoXo/0,
m

Pijo = AoPojoAl + BoQoB{ + ZAi,oXOAiT,o. (3D
i=1

When k > 0, the time update is given by
Xiet1/k = AkXk/ks

mi
Xi+1 = AkaAZ + ZAi,kaAiT’k + BkaB{
i=l1

Je [t
+ Ak [Bk—le—l,k + Z(l_[ Ak+l—j>Bk—t Qk—t,k:| Bl (32)

t=2 \j

fe [t T
+ B |:Bk—1 OQr1x+ ) (l_[ Ak+1—j> By Qk—t,ki| AL,

=2 \j=2
mi
Piyijk = Ak PijkA{ + BrQiB{ + ) Aix Xk Al + AcLi B + By L{ Af,
i=1

where Ly is determined by (30).
2. Measurement update stage
Xk 1/k+1 =Xk 1/k + W1 Dkt 1,

T ol
Wit = Piti/kHi o Siq s

) (33)
Ek+1 Ek+1 Sk+1 Ek+1 Ek+1 E

Sk+1 = Sk+1+2ﬂ g EL + S 5

Piy1/k+1 = Pry1/k — Wk+1S/<+1WkT+1.
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Remark 5 When k = 0, for the time update stage, it is reasonable to ignore the corre-
lation between the process noises simply because the process noises w_1, w_3, ...,
w_y, do not exist, and thus the process noise wy is not correlated with xo and Xo,o.
When k > 0, also for the time update stage, if k < f;, we can set f; = k because
W—1, W2, ..., O—(f—k) do not exist.

4 An Illustrative Example

As an illustrative example, let us apply the developed new recursive robust filter to
the following target tracking system:

098 T 0.005 0 0.8
x"“_([ 0 0.98}+8k|: 0 0.01])x"+[0.6]‘”"’ (34)
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1 0
y"_k"[o 1+0.1sin(k)]xk+vk’ (35)

W = Nk + k-1, (36)

where T is the sampling period, the first component of x; is the position of the target,
and the second component of xi is the velocity of the target. v € R2, & e Rand Nk €
R are zero-mean Gaussian noises with variance I, 1 and 0.5, respectively. Without
loss of generality, the process noise wy is assumed to obey (36); that is, the process
noise is one-step correlated with statistic properties as follows:

E) =0,  E(w])=8j+0.585j1+0.585 j41. (37)

In the simulation, we set the initial value as Xo/0 = o = £(xp) = [100 — 2]
and Py,o = diag(3, 1). The sampling period is chosen as 0.1 and «y is chosen as
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0.005. The stochastic variable 1 € R is a binary switching sequence taking the value
of 0 and 1 with Prob{i; = 1} = E{r} = B € {1,0.9,0.85}. The classical Kalman
filter and the recursive robust filter developed in this paper are compared in the
simulation. Let MSE1 denote the mean square error for the estimate of the posi-
tion, i.e., (1/K) Zle{[l 0](xx — )Ek/k)}z, where K is the number of the samples.
Similarly, MSE2 is the mean square error for the estimation of the velocity, i.e.,
(1/K) Y0 {10 1(ek — Fx/00)2

When g =1, i.e., there is no missing measurement phenomenon, the simulation
results are given as Figs. 1 and 2. It can be seen that our method has better estimation
accuracy than the classical Kalman filter. This is due to the fact that efforts have been
made to compensate the uncertainties and correlated process noises.

When g =0.9 and 8 = 0.85, that is, when the missing measurement phenomenon
does exist, it can be seen from Figs. 3—6 that our method performs much better than
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the classical Kalman filter. This is not surprising, as our method has the mechanism
to compensate the missing measurement phenomenon, uncertainties, as well as corre-
lated process noises. Nevertheless, as can be observed from Figs. 3—6, our method is
slightly worse than the classical Kalman filter in the initial period because our method
is a bit more conservative in order to tolerate the possible missing measurement phe-
nomenon, which causes a trade-off between the robustness and the accuracy.

5 Conclusions

In this paper, we have designed a novel recursive robust filter for uncertain dynamical
systems with finite-step correlated process noise and missing measurements. The dy-
namical system under consideration is subjected to both deterministic norm-bounded
uncertainties and stochastic uncertainties. The process noise is assumed to be finite-
step correlated, and the missing measurements phenomenon is assumed to be a bi-
nary switching sequence satisfying a conditional probability distribution. Based on
the min-max game theory, we have derived a recursive robust filter for the addressed
uncertain dynamical system. Compared with most of the existing robust filters, the
proposed recursive robust filter does not require existence conditions and is therefore
convenient for online operation. An illustrative example has been presented to show
the effectiveness of the proposed recursive robust filter.
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