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This paper addresses the optimal least-squares linear estimation problem for a class of discrete-
time stochastic systems with random parameter matrices and correlated additive noises. The system
presents the following main features: (1) one-step correlated and cross-correlated random parameter
matrices in the observation equation are assumed; (2) the process and measurement noises are one-
step autocorrelated and two-step cross-correlated. Using an innovation approach and these correlation
assumptions, a recursive algorithm with a simple computational procedure is derived for the optimal
linear filter. As a significant application of the proposed results, the optimal recursive filtering problem
in multi-sensor systems with missing measurements and random delays can be addressed. Numerical
simulation examples are used to demonstrate the feasibility of the proposed filtering algorithm, which
is also compared with other filters that have been proposed.
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1. Introduction

The least-squares (LS) state estimation problem in discrete-time linear systems from noise mea-
surements has been widely considered, due to its applicability in many practical situations. The
Kalman filter provides a recursive algorithm for the optimal LS estimator when the model param-
eter matrices are deterministic and the additive white noises and the initial state are Gaussian
and mutually independent. However, many real systems do not meet these requirements and
new filtering algorithms have been reported for models representing the relationship between
the unknown state and the observable variables and under different assumptions for the noise
processes.

In recent decades, the filtering problem in multi-sensor systems, where sensor networks are used
to obtain all available information on the system state, has become an issue of great interest for
researchers. In data transmission, unreliable network characteristics can produce random sensor
delays, multiple packet dropouts and uncertain observations (missing measurements). Due to
these random uncertainties, standard observation models are not appropriate and estimation
algorithms cannot be derived directly from Kalman filter theory. Accordingly, new algorithms
are needed, and many research papers have been presented concerning the state estimation
problem in multi-sensor systems with some of the aforementioned uncertainties (see Moayedi et
al. (2010); Ma and Sun (2011); Sun and Xiao (2013), among others).

In systems with uncertain observations, besides the usual additive noise, the observation equa-
tion includes a multiplicative noise; hence, these systems are a special case of random measure-
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ment matrices. Moreover, systems with random sensor delays or multiple packet dropouts are
transformed into systems with random measurement matrices in Sahebsara et al. (2007). Systems
with random state transition matrices can be used, for example, to describe randomly variant
dynamic systems with multiple models (Luo et al. 2008) or linear systems with state-dependent
multiplicative noise (Feng et al. 2013). Discrete-time systems with random state transition and
measurement parameter matrices also arise in areas such as the digital control of chemical
processes, systems with human operators, economic systems and stochastically sampled digital
control systems (De Koning 1984).

In De Koning (1984) and Luo et al. (2008), the optimal linear filtering problem in systems with
independent random state transition and measurement matrices is addressed by transforming
the original system into one with deterministic parameter matrices and state-dependent process
and measurement noises, to which the Kalman filter is applied. Although De Koning (1984)
applies the Kalman filter without providing any theoretical justification, Luo et al. (2008) shows
that under mild conditions, the transformed system satisfies the Kalman filter requirements and,
hence, optimal linear estimators are derived for systems with independent random parameter
matrices.

However, in many practical situations the random parameter matrices are not independent
but correlated; for example, when random sensor delays and/or multiple packet dropouts are
converted into observation models with random measurement matrices (Sahebsara et al. 2007),
or when a nonlinear system is linearized around the random state estimate to apply the extended
Kalman filter (for other realistic systems and backgrounds where the model parameter matrices
are random and correlated, see Luo et al. (2012) and Shen et al. (2012)). In Shen et al. (2011),
systems with deterministic transition matrices and one-step correlated measurement matrices are
considered, and the optimal recursive state estimation is derived by converting the observation
equation into one with deterministic measurement matrices and applying the optimal Kalman
filter for the case of one-step correlated measurement noise. In addition, a specific class of
systems, where both the state transition and the measurement matrices are one-step moving
average matrix sequences driven by a common independent zero-mean parameter sequence, is
considered in the latter paper.

In the above-mentioned papers, although the noises of the transformed system with determin-
istic matrices depend on the system state and therefore can be correlated, the original system
noises are assumed to be independent white processes. This assumption can be restrictive in many
real-world problems in which correlation and cross-correlation of the noises may be present. In
systems with deterministic (state transition and measurement) matrices and with correlated and
cross-correlated noises, the estimation problem has aroused significant research interest recently
(see Feng et al. (2013); Caballero-Aguila et al. (2013a) and references therein).

In view of the above considerations, this study focuses on the optimal LS linear filtering
problem in systems with random parameter matrices and autocorrelated and cross-correlated
noises, assuming independent random state transition matrices and one-step correlated and
cross-correlated random parameter matrices in the observation equation. The proposed optimal
LS linear recursive filtering algorithm can be applied to two significant classes of systems: (i)
multi-sensor systems with missing measurements when the missing measurement phenomenon
in each sensor is described by different sequences of correlated scalar random variables with
arbitrary discrete probability distribution over the interval [0,1] (see Section 4); and (7i) multi-
sensor systems with correlated random delays in the observations (see Section 5). In both cases,
correlated and cross-correlated noises are considered. This paper makes a substantial and novel
contribution in two respects: (1) Unlike most existing results with random parameter matrices, in
which a system transformation is carried out, the proposed optimal LS linear recursive filtering
algorithm is obtained by using an innovation approach, without requiring any system transfor-
mation and, moreover, in which noise correlation is considered; (2) multi-sensor systems with
missing and randomly delayed measurements can be considered as particular cases of the cur-
rent random measurement matrices model and, hence, the proposed filter can be applied to these
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kind of multi-sensor systems. Besides these advantages, the filtering algorithm described is very
sitmple computationally.

The rest of this paper is organized as follows. Section 2 describes the system model with
random state transition and measurement matrices, and autocorrelated and cross-correlated
noises. In addition, some properties of the state and noise processes derived from the correlation
assumptions are specified. In Section 3, by using an innovation approach, a recursive algorithm
for the optimal LS linear filter is obtained. In Sections 4 and 5, applications to multi-sensor
systems with missing and randomly delayed measurements, respectively, are considered. In both
sections, a numerical simulation example is presented to show the effectiveness of the proposed
recursive filtering algorithm. Finally, some conclusions are drawn in Section 6.

Notation: The notation used throughout the paper is standard. For any matrix A, the
notation symbols AT and A~! represent its transpose and inverse, respectively; R™ de-
notes the m-dimensional Euclidean space and R™*"™ is the set of m X n real matrices. The
shorthand Diag(A1,...,Ay) denotes a block diagonal matrix with matrices Aq,...,A4,,, and
[A1 | -+ | Am] denotes a partitioned matrix into sub-matrices Ay, ..., A, If a matrix dimension
is not explicitly stated, it is assumed to be compatible for algebraic operations. I and 0 represent
the identity and zero matrices of appropriate dimensions. oy s is the Kronecker delta function,
which is equal to one, if £ = s, and zero otherwise. o denotes the Hadamard product. Moreover,
for arbitrary random vectors X and Y, we denote Cov[X,Y] = E[(X — E[X]) (Y — E[Y])"] and
Cov[X] = Cov[X, X]|, where E]-| stands for the mathematical expectation operator.

2. Discrete-time system model with random parameter matrices

Our aim in this paper is to address the optimal LS linear filtering problem in a class of discrete-
time stochastic systems with random parameter matrices (independent random transition ma-
trices and one-step correlated and cross-correlated matrices in the observation equation) and
autocorrelated and cross-correlated noises. In this section, the system model is described and
the statistical properties of the initial state, the random parameter matrices and the noise pro-
cesses are identified.

Consider a class of discrete-time linear stochastic systems whose n—dimensional state process,
{zk}r>0, is perturbed by n x n random parameter matrices {Fj}r>0 and by an additive process
noise {wy, }r>0; specifically, the state evolution is given by:

Trt1 = Fraxr +wg, k>0. (1)
The measurements of the state are described by the following observation equation:
Yk = Hyxy + Biog, k>1, (2)

where {yj}r>1 is the r—dimensional observation process; the measurement matrices, { Hy }r>1,
are r x n random parameter matrices; { By }x>1 are r x m random parameter matrices and the
additive measurement noise, {vg}r>1, is an m—dimensional process.

It is known that, if the state x; and the observations yi,...,y; have finite second-order mo-
ments, then the optimal LS linear filter of x; is the orthogonal projection of the vector xy
onto L(y1,...,Yk), i.e., the space of n-dimensional random variables obtained as linear trans-
formations of yi,...,yx. The hypotheses about the processes in (1) and (2) that guarantee the
existence of the second-order moments of the vectors y1,...,yr, as well as the correlation as-
sumptions of the noise processes and the random parameter matrices in the observation equation
are as follows:

(a) The initial state xo is a random vector with E[zg] = Ty and Cov[zg] = Py, and it is
independent of the random parameter matrices and noise processes.
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(b) The random parameter matrices {Fj }x>0, {Hg}r>1 and {By}i>1 satisfy:

E|Fy] = Fy, E[Hy| = H}, FE|[By]= By,

Cov[ff5, fogl = Cy i Ors;

Covlhfy, hygl = Cp s Ok,s + Cht ps Oreis—1 + Cht ps Ot

Covlbly, b5] = Cye s Ok,s + Cot by k,5—1 + O s Okst1,

Covlhf, b5l = Ch i ks + Cht pe Tis—1 + Chi po Sss

where fi@-, hfj and bfj denote the (7, j)—th entries of matrices Fy, Hy and By, respectively.
The mean matrices F'y, Hj; and Bj are known matrices Vk, and Cfik; £ Chf_,]_ hs,» bejb;q

and Chr 4 , the covariances of the entries of the system random parameter matrices, are
also assumed to be known Vk and Vs =k — 1,k k + 1.

(¢) The process noise, {wg }r>0, and the measurement noise, {vy }x>1, are zero-mean sequences
with the following covariances and cross-covariances:

Cov|wy, ws) = Q. k0k,s + Qr,s0k,s—1 + Qr sk, 5415
Covlvg, vs] = Ry k0k,s + Ri,s0k,s—1 + Ri 50k 5415
Covlwy, vs] = Sk k0k,s + Sk,s0k,s—1 + Sk 0k s—2-

(d) Independence assumptions:

— {Fi}r>o0 is independent of ({Hy }i>1, {Bkte>1, {wk r>0, {vk}e>1)-
— ({Hi}r>1,{Br}r>1) is independent of ({F}r>0, {wk x>0, {Vk}r>1)-

Remark 1: correlation of the noise processes. The correlation hypothesis (¢) of the process noise
and the measurement noise is the same as those given in Feng et al. (2013) and Caballero—Aguila
et al. (2013a). Specifically, both noise processes are correlated at consecutive sampling times and
independent otherwise, and the measurement noise vector vy, is correlated with the noise vectors
wg, for s = k, k — 1,k — 2, and independent otherwise. Systems with only finite-step correlated
process noise or multi-step correlated process and measurement noise are considered in Song et
al. (2008), Fu et al. (2008) and Feng et al. (2011), among others.

As a consequence of the noise correlation assumptions, it is easy to see that:

e The vectors w; and y; are correlated, with
o ™ —T =T 3
Wi = E [wpyl | = Qep—1Hy, + SkpBr, k> 1. (3)
e The state vector xj is correlated with the observation noise vectors v and vi_1, with

Erp = Elapvl | = Fr_1Sk—ok + Sk—1k, k> 2; 1,1 =501,

4

Eup—1 = Elrpvf_y] = Fro1Er—1p-1 + Sk—1 41, k> 2. @

Remark 2: correlation of the random parameter matrices in the observation equation. Besides con-
sidering autocorrelated and cross-correlated noises (assumption (c¢)), the correlation assumption
(b) of the random parameter matrices { Hy}r>1 and {By}x>1 in the observation equation is the
main difference between the current model and the model in Luo et al. (2008), where { Hy};>1 is
assumed to be a sequence of independent random parameter matrices, and the observation noise
is not multiplied by random parameter matrices. The correlation of the measurement matrices
{H}j}r>1 at consecutive sampling times allows us to apply the results proposed in this paper
to multi-sensor systems with correlated missing measurements (see Section 4). In addition, the
correlation and cross-correlation of the random parameter matrices {Hj}i>1 and {By}i>1 al-
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low us to consider multi-sensor systems with correlated randomly delayed measurements as a
particular case of the current study (see Section 5).

As a consequence of the correlation assumptions of the noises and random parameter matrices,
using the conditional expectation properties, and denoting H w = H, — Hj, and By, = Bj, — By,
it can be seen that the vector Byvy is correlated with the observation vector y;_1, and

Vik—1:= E [Byogyi_1] = Bi (Hy—1Sk—2 + Ek—le—l,k)T

n QT T ) nT (5)
+E [Bksk,z’kﬂk,l} +E [BkRk,k,lBk,l} . k>2.

The matrix E [EkSﬁQ,kﬁgfl} is yielded by both the cross-correlation of the noise pro-
cesses and that of the random parameter matrices {Hj}r>1 and {Bj}r>1, while the matrix
E [EkRkyk,lékT_l} arises because of the one-step correlation of the measurement noise and also

that of the matrices {Bj}r>1. From assumption (b), the (p,¢)—th entries of these matrices are
obtained by:

m n
(E[Bksg_27kHZ 1 ) = Z Z Cb(’;Jh:"_l (Sg—Q,k)ji (p7 q= 17 27 s ,7’)7

j=11

( [BkRkk 1Bk 1) i

=1

)
—_

NE

Cbkblcl (Rp j— 1) (p,g=1,2,...,r).

q3 ~p?

1

..
I

.

Remark 3: state transition equation. Linear discrete-time systems with random state transition
matrices, {Fj }x>0, have important applications; for example, they can be used to describe ran-
domly variant dynamic systems with multiple models (Luo et al. 2008) or linear systems with
state-dependent multiplicative noise (Feng et al. 2013). Furthermore, bilinear stochastic systems
(Carravetta et al. 1997) can be reduced to models with random transition matrices.

After denoting ﬁk = Fy — F}, from the state equation (1) and the conditional expectation
properties, it is easy to deduce that Dy = F [xkﬂx% 1] is recursively calculated by:

= o~ =T ~ = = —=T
Dyi1 = FyDrFy + E[FDp ] + Qupe + FrQr-1 + Qrp—1F5, k>1; ©)
= =T ~ = _
Dy = FoDoFyy + E[FoDoFy |+ Qoo, Do = Po+ToTp ,
where, from assumption (b), the (p,q)—th entry of the matrix E [ﬁkaﬁg ] is obtained by

n n
(BIEDED) =373 Crapn (Do) (g =12.....m).
j=1 i=1

Also, from the state equation (1), it is immediately clear that Ggi1 = Elz,12]] satisfies

Git1p = FrDi + Q1. k> 1; G1.0 = FoDy. (7)

3. Optimal LS linear estimation problem

Given the observations up to time k, {y1,...,yx}, our aim is to derive a recursive algorithm
for the optimal LS linear filter, 7}y, of the state . Since 7y, is the orthogonal projection of
xy, onto the space L(y1,...,yx) of linear transformations of yi,...,yk, and these observations
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are generally non-orthogonal vectors, an innovation approach will be used. This approach con-
siderably simplifies the algorithm derivation, because the innovation process is a white noise.
The innovation approach is based on the Gram-Schmidt orthogonalization procedure by means
of which the observation process {yx}r>1 is transformed into an equivalent process (innovation
process) {pk}tr>1, equivalent in the sense that L(u1,...,ux) = L(y1,...,yx); that is, each set
{p1,..., pr} spans the same linear subspace as {y1,..., Yk}

The innovation at time k is defined as pix = yr, — Yr/x—1, where yj /1, the one-stage LS linear
predictor of yg, is the projection of y; onto L£(u1, ..., ug—1). The orthogonality property allows
us to find the projection by projecting onto each of the previous orthogonal vectors separately;
that is,

k-1

Yk /k—1 = ZE[ykM?](E[Mz‘MiT])AM, k>2 0= HiZ . (8)
=1

Similarly, by denoting Xy ; = E[zxul] and II; = E[u;ul], a general expression for the optimal
LS linear filter, 7y, /i, as a linear combination of the innovations is obtained; namely,

k
Tyyr, = Z?fk,iﬂflm, k=>1; Zgj = o,
=1

and, the following expression for the filter, 7, ;,, in terms of the predictor, Z, 1, is obvious:

Tk = Thjpo1 + Xl e, k=13 Zgp0 = To. 9)

Next, we obtain the state predictor Z, /1, the innovation yy, and its covariance matrix I, and
the matrix A}y, which together with (9) will constitute the proposed recursive linear filtering
algorithm.

3.1 State predictor Ty,

In systems with random parameter matrices and uncorrelated additive white noises (Luo et al.
2008), the one-stage state predictor is calculated as T/, = Fk_lfk_l/k_l; this is because the
uncorrelation assumption of the noises guarantees that wy_/,_; = 0. However, this is not true
for the problem at hand, where the noise estimator wj_;/,—; must be taken into account in
order to derive the one-stage state predictor. From the Orthogonal Projection Lemma (OPL),
we have

Tp/h—1 = Fr1Zp_1/p—1 + Wp—1/p—1, k> 1,

and hence, an expression for the noise filter @y, is necessary. Taking into account that wy, is
independent of p1, ..., ur—1 and yj /1, we have,

k
Wi = Y Elwgpd T s = Elwpuf 1 g, = Elwgyd 0 i, k> 1 @ogo = 0.
i=1
Therefore, the state predictor, Ty, /k—1, satisfies
Trjko1 = FroaZp_1p1 + Wl e, k220 20 = FoZo)o, (10)

where W, is given by (3).
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3.2 Prediction Py, and filtering Py, error covariance matrices

From (1) and (10), it is easy to see that the prediction error covariance matrix, Py ,_1, satisfies

— —T ~ ~ — —T
Pyji1=Fr1Py 11 Fry + E[Fy 1Dy 1 )+ Qo1 + Fro1Toer + T Fr s
W I W k> 2 (11)

Py = FOPO/OFg + E[FyDoF] + Qoy,
where, using (9), it is clear that J, = E [(z — Ev\k/k,) wi] is calculated by
Te = Qr-1) — XL WE, k> 1. (12)
Again, from (9), the filtering error covariance matrix, Py, is given by

Py = Prjr1 — Xl X, k> 1 Py = P. (13)

3.3 Innovation pr = Yk — Yr/k—1

In Luo et al. (2008), the one-stage observation predictor is calculated as yj/p—1 = H.7, Jk—15
this is because the uncorrelation assumption of the noises guarantees that vy, /,_; = 0. However,
due to the correlation assumptions of the measurement matrices, (b), and the noise processes,
(c), this is not true for the problem at hand and both the correlation of Hy_; and Hj, and the
noise estimator vy, must be taken into account in deriving the predictor yj /_1-

Therefore, to obtain the innovation jip = yx — Yp/k—1, it is necessary to find a new expression
for 4, /.1 For this purpose, taking into account (8), we first calculate

H Xy i, 1< k-2,

. 14
Hyzppl )+ Vg1, i=k—1, (14)

Bl = Bl )+ Elpad] = {

and, substituting the expectations (14) in (8), we obtain
k—1
Yr/k—1 = Hp Z KXol i + (B[Hmppg_] + V-1 — HeXgp—1) I s
i=1
Now, from the conditional expectation properties, we obtain that
E[Hywppf_y] — HpXp g1 = E[Hgrgpf_y) = E[Hyapy_)]
= E[HGrx1 HI ] + E[HyEp -1 BE_ 1],

where Gy, ;—1 and &y ;1 are given in (7) and (4), respectively.

Hence, it is concluded that the one-stage observation predictor satisfies
Ukji—1 = HiZrp—1 + eI 1, k> 1, (15)
where

Uy 51 = E[HyGr k1 HE (| + ElH Erp1 BE_ | + Vi1, k>2;  To=0. (16)
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It can be observed that the matrices E[ﬁkgk,k_lﬁ,{_l] and E[ﬁkggk_lég_l] are yielded by
the correlation of the random parameter matrices of the observation equation at consecutive
sampling times. From (b), the (p, g)—th entries of these matrices are obtained by

(E[ﬁkgk,k—lﬁkT_leq = chhgjhf;;l (Okk—1);; (Pa=12,....7),

j=1i=1

n m
(E[Hkglr{,qu/{fﬂ)pq = Z Z Chgjb’;;l (glcT,k—l)jZ- (p,g=1,2,....7).
j=1i=1

Hence, the innovation uy is obtained as a linear combination of the new observation, the state
predictor and the previous innovation:

ke = ye — HeTpppo1 — Vg IL ey, k> 1 (17)

3.4 Matrix X = E[a:kuf]

Next, an expression for the matrix Xy = Elzgul] = Elzgyl] — E[xkg/jg/kfl] is derived. From
(2) and (4), it is clear that

Elawyl] = DiHy, + ExxBr, k> 1.
From (15) and since, from the OPL, E[fﬁkff{/k,l] = Dy — Pyjp—1, We obtain:
E[Jvk@kT/k_l] = (Dr — Pyjr—1) F;;F + Xk,k—1H;;_11‘l’£k_17 k>1,
where Ay 1 = E [:Ckug_l] satisfies
Xipo1=Fr1 X151 +Wik1, k>2. (18)
By subtracting the above expectations, the following expression for X} ;. is derived

T 7 _
Xig = Pojpo1Hy, + EniBy — X IG5 V5,1, k> 1 (19)

3.5 Innovation covariance matriz Iy = E[upl]

Finally, we obtain an expression for Il = E[ugul] = Elyryl] — E[gjk/k,l@\g/k_l]. From (2) and
again using the conditional expectation properties, we have

Elyryi] =HyDyH), + E[HyDyH}') + By Ry 1By, + E[ByRy. x Bi]
+ HiE By + E[HpExx BL] + Br&l i Hy + E[BrELLH],

where Dy, and &y, are given in (6) and (4), respectively.

Using (15) and since E[Zy,/,_1p7_,] = Elzgpg_,] = X p—1, the following identity holds:

SO — 7 _
ElGjk—1Uk 1) = Hi(Dr = Poje—1)Hy, + Wpp 1 T

_ B _ —T
+ Hka7k_1HkE1\If%:k_1 + \I’k,k—lnkilxlz:k—lHk :
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From the above expectations, using (19) and after some manipulations, the following expression
for the innovation covariance matrix II; is obtained:

11, :E[ﬁkpkﬁg] + E[EkRngég] + E[Ekggjkﬁg] + E[ﬁkghkég] + EkRk,kEZ (20)
— S — —=T _
+ Hy X + XL H), — HyPyyp 1 Hy — Ve I U1y, k> 1

It can be observed that the matrices E[ﬁ[kpkﬁg], E[EkRkkég] and E[Eké'gkflg] are yielded
by the correlation of the random matrices of the observation equation at the same time instant.
From (b), the (p,q)—th entries of these matrices are obtained by

(E[ﬁkaHT> chhk h’“ Dk (pvq:1727"'7r)7

Jj= l 1= l

(B(BuRixB]]) 3 G, Ry (g = L2,
7j=1 =1

<E[Bk5k WA ) chbf”h’;, 5kk (pg=1,2,...,7).
7j=11i=1

3.6 Filtering algorithm: computational procedure and advantages

The optimal LS linear filtering algorithm is constituted by equations (9)-(13) and (17)-(20), and
the computational procedure can be summarized as follows:

i) The matrices Wy, &k, Ekk—1 and Vi x—1 are computed by expressions (3)-(5). We then
recursively compute Dy, by (6) and thus Gy y—1 by (7); with the matrices & x—1, Vi k-1
and G, —1, we can compute W, ;1 by (16). The matrices E[Bkc‘flzkHZ], E[HkaHg] and

E [E;@Rkvkgg] are also computed in order to obtain the innovation covariance matrix ITg.
Note that all these matrices depend only on the system model information and can be
obtained before the observations are available.

it) At the sampling time k, when the (k — 1)th iteration is finished and the new observation
Y is available, the proposed filtering algorithm operates as follows (Figure 1):

1) By (18), we compute Xy 1 = F_1X—1 -1 + Wi—1 and, from this, Xy, by (19):

—T —T _
Xieg = Pijp—1Hy, + Enp By — X1 I 1 V.

2) The innovation pj and its covariance matrix II; are computed by (17) and (20),
respectively:

Mk =Yk — kak/k—l - \Ijk,kflngz_llﬂkfla
7 7T 3 BT 5 T 77T 7 YA BT
— —T —T _
+ Hp Xy i + X;:kak — HpPyjp1Hy — ‘1’k7k—1ﬂkilq’£k_1-

3) The filter 7}, /4, and the filtering error covariance matrix Py, are computed by (9) and
(13), respectively:

Th/k = Th/po1 + Xl s
Py = Prji—1 — X I 00
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4) To implement the above steps at time k + 1, we must:
— Compute the state predictor by (10): 1/, = kak/k + Wkﬂgluk.
— Compute J = Qr—1,1 — Xk,kn,glwg by (12), and from this, the prediction error
covariance matrix Py 1/ by (11):

_ —T ~ ~ — —=T _
Poy1jk = FrPopFy, + EIFDEFL + Qi + Frdi + TEF, — Wil 'WE

Innovation at k — 1: pr—1
Innovation covariance at k — 1: TI;_;

lMeaaurement Yk

h 4
Undate stat Update innovation Hie o N
State filter at k — 1: Zx_1/8—1 pdate state Thjke—1 by eq. (17) ”| Update state | State filter at k: Ty
» predictor by
filter by eq. (9)
eq. (10) >
¥ A
1 SRR 4 Update Xy x—1 by eq. (18) |
Akt k1114
mmmm e >| Update J,_1 by eq. (12) |
A 4 X
. —D| Update g by eq. (19) uid
- ) Update prediction | p - ; -
Filtering error covariance erTor covariance k-1 ‘ Filter gain matrix
at k— 1t Pe_ijk—1 4 at ke X ll;"
! by eq. (11) Update innovation 11, i
covariance by eq. (20)
v
Prediction error covariance at k: Py/p_1 _| Update filtering error | Filtering error covariance _
covariance by eq. (13) [at k: P v

Figure 1. Optimal LS linear filtering algorithm.

The proposed algorithm has the following advantages: 1) the filter is globally optimal in the
linear LS sense; 2) the filter structure is recursive, very simple computationally and suitable for
online applications; 3) the algorithm takes into account both the influence of the correlation
of the random parameter matrices and that of the noises; 4) the algorithm, obtained by an
innovation approach, does not require any transformation of the original system into one with
deterministic parameter matrices; 5) the proposed filter can be applied to multi-sensor systems
with correlated missing measurements considering at each sensor the possibility of observations
containing only partial information about the state (Section 4); 6) the proposed filter can be
applied to multi-sensor systems with randomly delayed measurements correlated at consecutive
sampling times (Section 5).

4. Application to multi-sensor systems with missing measurements

Over the past few decades, considerable research has been carried out into multi-sensor sys-
tems with missing measurements, due to the importance of this question and its applicability to
modelling a broad class of real-world problems. Most papers concerning systems with missing
measurements transmitted by multiple sensors assume that the missing probabilities in all the
sensors are identical (see Wang et al. (2006); Nakamori et al. (2005)). In recent years, however,
this situation has been generalized to address missing measurements whose statistical properties
are not assumed to be the same for all the sensors (see Hounkpevi and Yaz (2007a); Qu and Zhou
(2013))). Different missing probabilities have also been considered for some classes of nonlinear
systems in Wang et al. (2012) and Hu et al. (2013), where quantized Ho, control and filtering
problems are addressed, respectively. This is a realistic assumption in several application fields,
for instance, in networked communication systems involving heterogeneous measurement devices.
In Hounkpevi and Yaz (2007a), different sequences of independent Bernoulli random variables

10
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are used to describe the missing measurement phenomenon at each sensor. Caballero—Aguila et
al. (2011) subsequently generalized these results, by weakening the independence restriction and
considering sequences of Bernoulli random variables correlated at consecutive sampling times.
This form of correlation covers practical situations where the state cannot be missing in two suc-
cessive observations (for example, transmission models with stand-by sensors in which any failure
in the transmission is detected immediately and the old sensor is then replaced). In all of the
above papers, it is assumed that the state measurement is either completely lost or successfully
transferred, and Bernoulli random variables are used to model the missing measurement phe-
nomenon. In a more recent study, this missing measurement model was generalized to consider
an arbitrary discrete distribution in the interval [0, 1], thus covering some practical applications
where only partial information is missing (see Hu et al. (2012); Caballero-Aguila et al. (2013a)
and references therein).

Our aim in this section is to show that the observation model in multi-sensor systems with
missing measurements can be considered a special case of the observation model with random
measurement matrices (2). Hence, the proposed optimal LS linear filtering algorithm can be
applied to multiple missing measurement systems with correlated and cross-correlated noises,
when the missing measurement phenomenon at each sensor is described by different sequences
of correlated (at consecutive sampling times) scalar random variables with arbitrary discrete
probability distribution over the interval [0,1]. In particular, the proposed optimal LS linear
filtering algorithm extends the results in Luo et al. (2008), Caballero-Aguila et al. (2011) and
Caballero-Aguila et al. (2013a), among others.

Accordingly, consider the state equation given by (1), with {Fj}r>0 and {wg}r>o verifying
the hypotheses (b) and (¢), and r sensors which, at any time k, provide scalar measurements of
the state, perturbed by additive and multiplicative noises according to the following observation
model:

yllczelkcllgxk‘kvlzm k>1, «=1,2,...,r, (21)

where {y}};>1 are the measured data from the i—th sensor, {C} }>1, are known time-varying
matrices with compatible dimensions, {v} }r>1 are zero-mean measurement noises, and {6} }r>1
are different sequences of scalar discrete-time random variables over the interval [0,1], with

E [92] = @2, For i,5 =1,...,r, the following noise correlation assumptions are made:

Covlt, 03] = K{ 0 + K} Oksm1 + KY Okt

COU[UIZW U]] = Rkj,k(sk,s + R]is(sk,s—l + Rk{sék’,s-‘rla

S

Cov[wk, ’Ué] = S};,kék,s + Slif,s&k,s—l + 5};755]975_2.
The observation model (21) can be rewritten as follows:

yr = Hyxp +v, k2>1,

where y, = (y,ﬁ7 . ,yz)T is the r—dimensional observation vector, Hp = ©,C}, with O =
T

Diag(6}, ...,0;) and C, = |CT | -~ | CfT'| | are r x n random parameter matrices, and

vg = (v,...,vp)T is the r—dimensional noise vector. Hence, the observation model (21) is a

particular case of (2) with By = I, and clearly verifies that:

11
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e the additive noise {vy}r>1 is autocorrelated and cross-correlated with {wy}i>1, with

Cov[vg, vs] = Ry k0k.s + Ri 50k s—1 + Rk 50k 541,
Cov[wg, vs| = Sk kk,s + Sk,s0k,s—1 + Sk.s0k,s—2,

where Ry, s = (Rg;s)z,jzl,m,r and Sk s = [S]%,S | -] 5278].
e the random parameter matrices { Hy };>1 satisfy:
— E[Hy] = Hj, = ©;,C) where O = E[©] = Diag (@,16, e ,52)
— Denoting 0, = (Gi, .. ,QE)T, we have Covl[by, 0,] = Klikék,s + K,f,’scsk’s_l + KZ78(5;€73+1,
where ngs = (K]f?;)

ij=1,
— For any matrix A € R™™"™ we have

E[H,AH!] = E[(©f — ©;)CrACY (0, — ©,)] = K{ ;0 (CLACT), s=k, k—1.
e since By = I, we have §k = 0, Vk, and consequently all the expectations in which Ek or

Bj,_1 appears, are zero.

Thus, the proposed optimal filtering algorithm in this case of multi-sensor systems with missing
measurements is the following:

Tl = Tpppor + Xl pn, k> 15 Zgp0 = To,
Tr/h1 = FroZp—1p-1 + Wea Il o1, k> 2 T1/0 = FoZo o,
X = Pk/k—lcg@k + &k — (Fro1 X151 + We—1) H,;ll‘lf;f,k_l, E>1,
te = Y — OkCry 1 — Uit I 1, k> 1,
I, = K}, o (CkDrCY) + Rk + OrCri e + XL.CL Oy,

— ©4CkPr/k—1CL O — Wy A I LW,y k>,

where & 1, Dy, and Py, are given by (4), (6) and (11), respectively, and

Wi = Qr—1CL Ok + Sk, k> 1,
Uy 1 = KZ,k,l o (Ck (Fr—1Dp—1 + Qr—16-2) CI_1) + Vi1, k>2; Wy0=0,
Vik—1= Sf_zkaE_l@k_l + Rpgp-1, k=2

4.1 Numerical simulation example

Consider the following system with state-dependent multiplicative noise, and missing measure-
ments from two sensors, with different missing characteristics and noise correlation:

T = (0.95 + 0'25k71)$k71 + w1, k>1,
yi =0z, +oi, k>1, i=1,2

The initial state x( is a zero-mean Gaussian variable with Py = 1. The multiplicative state noise
{€r}x>0 1s a zero-mean Gaussian white process with unit variance. The additive noise processes

{wi k>0 and {v} }x>1, i = 1,2, are the same as those in Caballero-Aguila et al. (2013a), i.e.,

12
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wg = 0.6(ng + nr+1) and v}C = Ci(ﬁk—l + k), @ = 1,2, where c,lC =1, ci = 0.5, and {7y }x>0 is a
zero-mean Gaussian white process with variance 0.5.

Two different independent sequences of random variables with a probability distribution over
the interval [0, 1] are used to model the missing phenomenon:

e In the first sensor, the missing phenomenon is modelled by a sequence {9,}/,} x>1 of Bernoulli
random variables correlated at consecutive sampling times; specifically, 9,% =1-0Fr1(1—
Br), where {fBk}r>0 is a sequence of independent Bernoulli random variables with P8}, =
1] = (. Since the variables §; and (5 are independent, it is clear that 0% and 0} are
also independent for |k — s| > 2. Moreover, if 0,}; = 0, then Br_1 = 1 and B = 0, and
consequently 0,}: 41 = 1; hence, in the first sensor the state cannot be missing in two
successive observations.

e In the second sensor, the missing phenomenon is modelled by a sequence {02}@1 of inde-
pendent and identically distributed random variables with the following probability distri-
bution: P[#7 =0] =0.1, P[#?2 =0.5]=0.5, P[h:=1]=04.

Under these assumptions, for all k, the mean ©;, and the covariances K,f o s=k, k—1, are

given by
5 _ |7 o|_[1-80a-p) o
o 2 0 0.65 |’
-1 =1 =1
_|6@a-0) o o _ | —-(1-6)* 0
Kf, = K = .
kb [ 0 0.1025 } and - K [ 0 0

To analyze the effectiveness of the proposed estimator, one hundred iterations of the proposed
filtering algorithm were performed and the filtering error variances were calculated for different

values of the probability 8, which provide different values of the probability ' that the state
is not missing from the observations of the first sensor. Since 9" is the same if the value 1 — 8

is considered instead of 3, it is sufficient to consider 8 < 0.5 (note that, in this case, g is
a decreasing function of ). Specifically, the values 8 = 0.1, 0.2, 0.3, 0.4 and 0.5 (leading to

[ 0.91, 0.84, 0.78, 0.76 and 0.75, respectively) are examined here.
Figure 2 shows that the filtering error variances become greater as 3 increases or, equivalently,

-1 . . .
as 0 decreases. This means that, as the probability of only noise measurements (false alarm
probability) increases in the first sensor, worse estimations are obtained; note that for § =

0.3, 0.4, 0.5 the difference is smaller since the corresponding values of g are very close to each
other.

Finally, we present a comparative analysis of four filters: the Kalman filter in systems with
independent random parameter matrices and uncorrelated white noises (Luo et al. 2008); the
linear filter in systems with uncertain observations with correlated uncertainty and uncorrelated
white noises (Caballero—Aguﬂa et al. 2011); the centralized filter in systems with missing mea-
surements and correlated and cross-correlated noises (Caballero—Aguila et al. 2013a); and the
filter proposed here. Using one thousand independent simulations of the mentioned algorithms,
the different filtering estimates were compared using the mean square error (MSE) criterion. The

1000
(@) — 7)

filtering MSE at time k is calculated by MSE; = x; — xk/k)Q, where {x;gs)}lgkgloo

1000 &~

denote the s-th set of artificially simulated data and ft\]gs/)k is the filter at the sampling time k

in the s-th simulation run. These values are shown in Figure 3, where it can be seen that: 1)
the performance of the filters with correlated uncertainty or with correlated and cross-correlated
noises is better than that of the Kalman filter with independent random parameter matrices

13
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and uncorrelated white noises, since this filter ignores any correlation assumption; 2) the pro-
posed filtering algorithm provides better estimations than other filtering algorithms reported
previously.

0.7

—%— Filtering error variances, p=0.1
— — — Filtering error variances, f=0.2
0.1 Filtering error variances, 3=0.3|-
— = Filtering error variances, f=0.4

-+ Filtering error variances, p=0.5

0 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Iteration k

Figure 2. Filtering error variances for § = 0.1, 0.2, 0.3, 0.4 and 0.5.

0.8

i
0.2 ’l:l _,'5/' — — —Luoetal. (2’008) filter
S Caballero-Aguila et al. (2011) filter
! ; — — - Caballero-Aguila et al. (2013a) filter|
\ - Proposed filter
0.1 L L L L L
0 10 20 30 40 50 60 70 80 90 100

Iteration k

Figure 3. Comparison of MSE, for different filters.

5. Application to multi-sensor systems with randomly delayed measurements
The estimation problem in multi-sensor systems with randomly delayed measurements is arous-

ing increasing interest due to its broad scope of application. In networked systems, time delays
are usually unavoidable, due to numerous causes including network congestion, random failures

14
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in the transmission mechanism or data inaccessibility at certain times. Since delays in mea-
surement arrivals often occur randomly, the standard estimation algorithms are not applicable
and several modifications have been proposed to incorporate the effects of randomly delayed
measurements (see Matveev and Savkin (2003); Sinopoli et al. (2004); Wang et al. (2004)).

Most papers on estimation in multi-sensor systems with randomly delayed observations assume
that all the sensors have the same delay characteristics. Nevertheless, such an assumption is
not realistic in many practical situations, where the information is gathered by an array of
heterogeneous sensors, and the delay probability at each individual sensor can be different from
the others. In recent years, this approach has been generalized in Hounkpevi and Yaz (2007b)
and Caballero—Aguila et al. (2010) considering multiple delayed sensors with different delay
characteristics and assuming that the delays are mutually independent. Caballero—Aguila et al.
(2013b), recently weakened this assumption of independence by considering different sequences of
Bernoulli variables correlated at consecutive sampling times to model the delays at each sensor.
Similarly to the case of missing measurements, this correlation model avoids the possibility of
two successive delayed observations, and so it can be applied to networked systems with stand-by
sensors for the immediate replacement of a failed unit.

In this section we show that the current observation model with random measurement matrices
(2) includes the observation model in multi-sensor systems with correlated random delays as a
particular case; thus the current study generalizes the above results (Hounkpevi and Yaz (2007b);
Caballero-Aguila et al. (2010, 2013b)).

Assume that the state equation is given by (1), with { Fj }x>0 and {wy }x>0 verifying hypotheses
(b) and (c), and consider that 2%, i = 1,...,r, are scalar sensor outputs perturbed by zero-mean
additive noises v} ; namely,

Zp =chap+ul, k>1, i=1,...,7 (22)

Fori,j=1,...,r, it is assumed that Cov[vl,vl] = R} 6y, and Covlwy, vl] = S,i’kék’s—i—s,i’sékys,l.

Consider that, at the initial time k = 1, the ith sensor outputs, 2!, are always available for
the estimation but, at time k£ > 2, the ¢th sensor measurement, y,i, may be randomly delayed by
one sampling time according to different delay characteristics, due to possible failures in data
transmission. Therefore, the measurement model is described by

v = (1 =)zt +yizt y, E>20 yi=2 i=1,...,r (23)
where {*y,i}k>2, 1 =1,...,r, denote sequences of Bernoulli variables with P [7}{ = 1] = p}‘C and
Cov[yh, ] = K 0k,s + K}l 0p o1 + K}, Opsr1

T
By denoting z, = (zi,,zg)jz Cr = [C}CT | | ar } , U = (v,}:,...,v,’;)jj and 'y =

Diag (v, ---+7}), (22) and (23) can be rewritten as:

2 = Crop +v, k>1,

(24)
ye = —Tr)zp +Trzio1, kK22 y1 =2,
and, from the correlation assumptions of the noises, it is clear that Covlvy,vs] = Rydy s and
Cov[wy, vs] = Sk k0k,s+Sk,s0k,s—1, where Ry, = (RZ) - and Sy, s = [S,i 1 SE S} . More-
1,)=1, 7 ’ ’

. T
over, by denoting vx = (74, ...,7;) » we have Covlyy,vs] = K,Z’kék,s + K&Sék’s_l + KZ785k73+1,

v v
where Kk,s_ (K,“S)' - .
27]_17"'7T

Now, as in Hounkpevi and Yaz (2007b), equations (1) and (24) are rewritten as follows, with
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random parameter matrices:

X1 = Frp Xi + W, k>1,
yp = Hp Xy + BV, k>2,

where

| Tk _ | wk v | Fx |0
Xk’_ |:xk—1:|7 Wk_ |: 0 :|7 Vk_ |:/Uk—1:|’ fk_ l: T 0 :|7
Hk:[(l—rk)ckwkck_l], Bk:[f—rmrk}.

It is clear that the random parameter matrices and noise processes of system (25) verify the
hypotheses to apply the algorithm proposed in this paper. Specifically, we have:

Fr |0
I |0
where 'y, = Diag (pllﬁ, e ,p’,;).
e The process noise, { W, }>1, and the measurement noise, {Vj }x>2, are zero-mean sequences
with covariances and cross-covariances:

° E[./Tk] :?k: |: :|, sz [(I—fk)Ck ]kak_l] and?k: [I*fk|fk},

Cov[Wi,, Wy| = Qi 10k.s + Qi 50,51 + Qk, 50k, 541,
Cov[Vi, V] = Ry 46k s + Rig 50k, 5—1 + R 50k 5415
Cov[Wy, V] = S 10k.s + Sk,s0k.s—1 + Sk s0k,s—2,

where

_ | Qe 0 _ | Qrg-1] 0 _[Re| O [ oo
kak - |: O O ? Qk,kfl - O 0 Y Rk,k - 0 Rk;—l bl Rk,k*l - Rk;—l O 9

S 0 Sk_ Sk_1— 0|Sk_2x_
Sk,k:[ gk O}’ Sk—l,k:[ kol’ki kék 1]7 Sp—ok = [O i Sk 1]

Then, it is clear that

Dy | G- = = E|RDy ] 0
~ Dy = BIX,X]] = [gg:li D’f;f_ll}, B[R] = [ i k]l 0| and Gronp =
i
E[ X1 X = [g’%’:’fl gkg:kl_l] , where Dy, and Gy, 1 are given by (6) and (7), respec-
tively. ’

— Analogously to (3) and (4), we have

—T —T
Wy, = EWiyl] = Qr—1Hy, +SpxBy, k> 1,
Eri = BE[Xiv} ] = Fro1Sk—ok + Sk—1k, k> 2; Ei1=So,,

)

Erg-1 = E[Xev{_1] = Fro1Br1 k-1 + Skmr -1, k> 2.
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— For arbitrary matrices A; € R?"*?" Ay € R?™*?" and Az € R %" we have
E[HAH! = K] o ([—ck | o] Ar [-C | C’S_l]T> L os=k k-1,
B[BuAoBY) = K] o (=1 | 1] Ay (=1 [ 1]7), s=k, k-1,

E[BAHY) = K}l o ([_1 | 1] A5[-C, | cs,l]T) L os=k k-1

By applying the above expressions, we obtain E[ﬁkaﬁg], E[EkRkkég] and E[EkEfkﬁZ],
which are necessary to calculate the innovation covariance matrices. We also have

Vik-1 =T, (Ch18k o1+ Rr1)" (I —Th1) — Ky po1 0 (Cr—1Sk—24-1 + Ri )",

W1 =K}l 0 ([—Ck | Cr—1] (Gk,k—l [~Cho1 | Croa)” +Eppor [ | I ]T)> + Vi k—1-

Hence, the proposed optimal filtering algorithm for multi-sensor systems with randomly de-
layed measurements is:

Xk/k = Xk/kq + X I g, k> 1,

S = o _ S Foz
Xijko1 = Fro1 Xp1/p1 + Wed I ey, k> 2 X1j0 = [ > 0]

Zo
X = Pk/k—lﬁz + Ek,kﬁf — (Fro1 X1 po—1 + Wi_q) H,;_ll\If};”,k,l, k>1,
Mk = Yk — Fk)?k/k—l = Up g I 1, k>1,
Ty, = E[HDyHY) + E[ByRy,, BT| + E[ByE]  HE] + E[HyEy, 4 BY | + ByRy, 1By,
+ HyXyp + XL H), — Hy Py Hy, — g T 0T,
Py = Piji—1 — X I 50, k> 1,
Py = ?k—lpk—1/k—1fz_1 + E[Fp D1 FE ] + Quoret + Frordio1 + I Fe
— Wy I Wi, k> 2

J— 7T ~ ~ J—
FoPyFy + E[FyDoFY] + Qoo | FoPy
=T
DRF, | P

)

Py =

T = Qpo1p — Xkl 'WE, k> 1.

5.1 Numerical stimulation example

In this example, it is assumed that the state {xj}r>0 is generated by the same model as that
in Section 4.1, and we consider measured outputs coming from two sensors, zi =z + vz, k>
1, ¢ =1, 2, where the additive noises are defined by v,i =1 and v,% = 0.57.

According to the proposed observation model, it is assumed that, at any sampling time k > 2,
the measured output from the ith sensor, z,i, can be randomly delayed by one sampling period
during network transmission; thus, the measurement model is described by

e ==z sk, k22 yi=4, i=12
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(a) Proposed filter vs. Hounkpevi and Yaz (2007b) filter.  (b) Proposed filter vs. Caballero-Aguila et al. (2013b) filter.

Figure 4. Comparison of MSE,, for different filters.

As in Caballero-Aguila et al. (2013b), it is assumed that the delays are correlated at consecutive
sampling times, which guarantees that two successive observations cannot be delayed; specifically,
the variables v are defined by 7}, = o}, (1= o), where {a} }x>1, i = 1,2, are two independent
sequences of independent Bernoulli variables with probabilities Pla}, = 1] = 0.5 and Plaj =
1] = 0.1, respectively.

To illustrate the accuracy of the proposed algorithm in comparison with other estimation
methods that have been proposed, one thousand independent simulations were considered and
one hundred iterations of each algorithm performed to compute the filtering MSE at each time
instant k. A comparative analysis was carried out between the suboptimal Kalman-type filter for
systems with independent random delays (Hounkpevi and Yaz 2007b), the optimal linear filter
using covariance information for systems with one-step correlated random delays (Caballero-
Aguila et al. 2013b), and the current filter for multi-sensor systems with randomly delayed
measurements. The results of this comparison are shown in Figure 4, where it can be seen that
the proposed filter performs better than the other two. The difference with respect to Hounkpevi
and Yaz (2007b) is greater since the correlation assumption on the delays and the noises is not
taken into account and moreover the estimator in Hounkpevi and Yaz (2007b) is suboptimal.

6. Conclusions

This paper reports a study of the optimal LS linear filtering problem for discrete-time linear
systems with random parameter matrices and correlated additive noise. The main contributions
of this approach are:

(1) The current system model includes independent random state transition matrices and
one-step correlated and cross-correlated random parameter matrices in the observation
equation. The process and measurement noises are assumed to be one-step autocorrelated
and two-step cross-correlated.

(2) An optimal LS linear recursive filtering algorithm with a simple computational procedure
is derived by an innovation approach.

(3) The proposed optimal LS linear filtering algorithm was applied to systems with multiple
missing measurements with correlated and cross-correlated noises, when the missing mea-
surement phenomenon in each sensor is described by different sequences of scalar random
variables with arbitrary discrete probability distribution over the interval [0,1] correlated
at consecutive sampling times. This kind of multi-sensor system is found in various real-
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world problems, such as transmission models with stand-by sensors or situations involving
the partial loss of measurements.

(4) Multi-sensor systems with randomly delayed measurements, correlated at consecutive sam-
pling times, with correlated and cross-correlated noises are also treated as a particular case
of the model described in this paper. These models cover the situations in which two suc-
cessive observations cannot be delayed. This kind of delay frequently occurs, in situations
such as network congestion, random failures in the transmission mechanism or data inac-
cessibility at certain times.

(5) For both particular cases, the feasibility of the proposed filtering algorithm is analyzed by
two numerical simulation examples, which show that the proposed filter performs better
than others that have been reported.

(6) A similar study to that performed in this paper would allow us to generalize the current
results by considering correlation between random state transition matrices and the random
matrices in the observation equation. This extension would cover systems with multiple
packet dropouts as a particular case, and would constitute an interesting research topic.

(7) Another interesting future direction would be to complement the current study with a
detailed analysis of the convergence and computational complexity of the proposed filtering
algorithm.

(8) The filtering methodology proposed in this paper can be applied to other, related problems,
such as fault detection or control systems, which constitute interesting and challenging
topics for future research (Dong et al. (2012a), Dong et al. (2012b), Wang et al. (2012)).
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