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Abstract: This paper is concerned with the least-squares linear centralized estimation problem
in multi-sensor network systems from measured outputs with uncertainties modeled by random
parameter matrices. These measurements are transmitted to a central processor over different
communication channels, and owing to the unreliability of the network, random one-step delays and
packet dropouts are assumed to occur during the transmissions. In order to avoid network congestion,
at each sampling time, each sensor’s data packet is transmitted just once, but due to the uncertainty
of the transmissions, the processing center may receive either one packet, two packets, or nothing.
Different white sequences of Bernoulli random variables are introduced to describe the observations
used to update the estimators at each sampling time. To address the centralized estimation problem,
augmented observation vectors are defined by accumulating the raw measurements from the different
sensors, and when the current measurement of a sensor does not arrive on time, the corresponding
component of the augmented measured output predictor is used as compensation in the estimator
design. Through an innovation approach, centralized fusion estimators, including predictors, filters,
and smoothers are obtained by recursive algorithms without requiring the signal evolution model.
A numerical example is presented to show how uncertain systems with state-dependent multiplicative
noise can be covered by the proposed model and how the estimation accuracy is influenced by both
sensor uncertainties and transmission failures.

Keywords: least-squares filtering; least-squares smoothing; networked systems; random parameter
matrices; random delays; packet dropouts

1. Introduction

1.1. Background and Motivation

With the active development of computer and communication technologies, the estimation
problem in multi-sensor network stochastic systems has become an important research topic in the
last few years. The significant advantages of multi-sensor systems in practical situations (low cost,
remote operation, simple installation, and maintenance) are obvious, and have triggered wide
use of these systems in many areas, such as target tracking, communications, the manufacturing
industry, etc. Moreover, they usually provide more information than traditional communication
systems with a single sensor alone. In spite of these advantages, a sensor network is not generally a
reliable communication medium, and together with the communication capacity limitations (network
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bandwidths or service capabilities, among others), may yield different uncertainties during data
transmission, such as missing measurements, random delays, and packet dropouts.

The development of sensor networks motivates the necessity to desig fusion estimation
algorithms which integrate the information from the different sensors and take these network-induced
uncertainties into account to achieve a satisfactory performance. Depending on the way the information
fusion is performed, there are two fundamental fusion techniques: the centralized fusion approach,
in which the measurements from all sensors are sent to a central processor where the fusion is
performed, and the distributed fusion approach, in which the measurements from each sensor are
processed independently to obtain local estimators before being sent to the fusion center. The survey
papers [1-3] can be examined for a wide view of these and other multi-sensor data fusion techniques.

As already indicated, centralized fusion architecture is based on a fusion centre that is able to
receive, fuse, and process the data coming from every sensor; hence, centralized fusion estimation
algorithms provide optimal signal estimators based on the measured outputs from all sensors and,
consequently, when all of the sensors work correctly and the connections are perfect, they have the
optimal estimation accuracy. In light of these concerns, it is not surprising that the study of the
centralized and distributed fusion estimation problems in multi-sensor systems with network-induced
uncertainties (in both the sensor measured outputs and the data transmission) has become an
active research area in recent years. The estimation problem in systems with uncertainties in the
sensor outputs (such as missing measurements, stochastic sensor gain degradation and fading
measurements) is addressed in refs. [4-6], among others. In refs. [7-10], systems with failures
during transmission (such as uncertain observations, random delays, and packet dropouts) are
considered. Also, recent advances in the estimation, filtering, and fusion of networked systems
with network-induced phenomena can be reviewed in refs. [11,12], where detailed overviews on this
field are presented.

Since our aim in this paper is the design of centralized fusion estimators in multi-sensor network
systems with measurements perturbed by random parameter matrices subject to random transmission
failures (delays and packet dropouts), and multi-packet processing is considered, we discuss the
research status of the estimation problem in networked systems with some of these characteristics.

1.2. Multi-Sensor Measured Outputs with Random Parameter Matrices

It is well known that in sensor-network environments, the measured outputs can be subject not
only to additive noises, but also to multiplicative noise uncertainties due to several reasons, such as
the presence of an intermittent sensor or hardware failure, natural or human-made interference,
etc. For example, measurement equations that model the above-mentioned situations involving
degradation of the sensor gain, or missing or fading measurements must include multiplicative
noises described by random variables with values of [0,1]. So, random measurement parameter
matrices provide a unified framework to address different simultaneous network-induced phenomena,
and networked systems with random parameter matrices are used in different areas of science (see,
e.g., refs. [13,14]). Also, systems with random sensor delays and/or multiple packet dropouts are
transformed into equivalent observation models with random measurement matrices (see, e.g., ref. [15]).
Hence, the estimation problem for systems with random parameter matrices has experienced increasing
interest due to its diverse applications, and many estimation algorithms for such systems have been
proposed over the last few years (see, e.g., refs. [16-24], and references therein).

1.3. Transmission Random Delays and Losses: Observation Predictor Compensation

Random delays and packet dropouts in the measurement transmissions are usually unavoidable
and clearly deteriorate the performance of the estimators. For this reason, much effort has been
made towards the study of the estimation problem to incorporate the effects of these transmission
uncertainties, and several modifications of the standard estimation algorithms have been proposed
(see, e.g., refs. [25-27], and references therein). In the estimation problem from measurements subject to
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transmission losses, when a packet drops out, the processor does not recieve a valid measurement and
the most common compensation procedure is the hold-input mechanism which consists of processing
the last measurement that was successfully transmitted. Unlike the approach to deal with losses,
in ref. [28] the estimator of the lost measurement based on the information received previously is
proposed as the compensator; this methodology significantly improves the estimations, since in cases
of loss, all the previously received measurements are considered, instead of using only the last one.
In view of this clear improvement of the estimators, the compensation strategy developed in ref. [28]
has been adopted in some other recent investigations (see, e.g., refs. [29,30], and references therein).

1.4. Multi-Packet Processing

Another concern at the forefront of research in networked systems subject to random delays and
packet dropouts is the number of packets that are processed to update the estimator at each moment,
and different observation models have been proposed to deal with this issue. For example, to avoid
losses as much as possible, in ref. [16] it is assumed that each packet is transmitted several times.
In contrast, to avoid the network congestion that may be caused by multiple transmissions, ref. [31]
the packets are sent just once. These papers also assume that each packet is either received on time,
delayed for, at most, one sampling time, or lost, and only one packet or no packets are processed to
update the estimator at each moment. However, in refs. [32-34] two packets were able to arrive at
each sampling time, in which case, both were used to update the estimators, thus improving their
performance. In these papers, different packet dropout compensation procedures have been employed.
The last available measurement was used as compensation in refs. [32,34], while the observation
predictor was considered in ref. [34].

1.5. Addressed Problem and Paper Contributions

Based on the considerations made above, we were motivated to address the study of
the centralized fusion estimation problem for multi-sensor networked systems perturbed by
random parameter matrices. This problem is discussed under the following assumptions:
(a) Each sensor transmits their measured outputs to a central processor over different communication
channels and random delays, and packet dropouts are assumed to occur during the transmission;
(b) in order to avoid the network congestion, at each time instant, the different sensors send their
packets only once, but due to the transmission random failures, the processing center can receive more
than one packet; specifically, either one packet, two packets, or nothing; and (c) the measurement
output predictor is used as a loss compensation strategy.

The main contributions and advantages of the current work are summarized as follows:
(1) A unified framework to deal with different network-induced phenomena in the measured outputs,
such as missing measurements or sensor gain degradation, is provided by the use of random
measurement matrices. (2) Besides the uncertainties in the measured outputs, random one-step
delays and packet dropouts are assumed to occur during the transmission at different rates at each
sensor. Unlike previous authors’ papers concerning random measurement matrices and random
transmission delays and losses where only one packet is processed to update the estimator at each
moment, in this paper, the estimation algorithms are obtained under the assumption that either one
packet, two packets, or nothing may arrive at each sampling time. (3) Concerning the compensation
strategy, the use of the measurement predictor as the loss compensator combined with the simultaneous
processing of delayed packets provides better estimators in comparison to other approaches where the
last measurement successfully received is used to compensate the data packets and only one packet is
processed to update the estimator at each moment. (4) The centralized fusion estimation problem is
addressed using covariance information, without requiring full knowledge of the state-space model
generating the signal process, thus providing a general approach to deal with different kinds of signal
processes. (5) The innovation approach is used to obtain recursive prediction, filtering, and fixed-point
smoothing algorithms which are recursive and computationally simple, and thus aresuitable for
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online implementation. In contrast to the approaches where the state augmentation technique is used,
the proposed algorithms are deduced without making use of augmented systems; therefore, they have
lower computational costs than those based on the augmentation method.

1.6. Paper Structure and Notation

The remaining sections of the paper are organized as follows. Section 2 presents the assumptions
for the signal process, the mathematical models of the multi-sensor measured outputs with random
parameter matrices, and the measurements received by the central processor with random delays and
packet losses. Section 3 provides the main results of the research, namely, the covariance-based
centralized least-squares linear prediction and filtering algorithm (Theorem 1) and fixed-point
smoothing algorithm (Theorem 2). A numerical example is presented in Section 4 to show the
performance of the proposed centralized estimators, and some concluding remarks are drawn in Section
5. The proofs of Theorems 1 and 2 are presented in the Appendix A and Appendix B, respectively.

The notations used throughout the paper are standard. R" and R™*" denote the n-dimensional
Euclidean space and the set of all m x 1 real matrices, respectively. AT and A~! denote the transpose
and inverse of a matrix (A), respectively. I, and 0, denote the n x n identity matrix and zero matrix,
respectively. 1, denotes the all-ones vector. Finally, ® and o are the Kronecker and Hadamard products,
respectively, and ¢y ; is the Kronecker delta function.

2. Observation Model and Preliminaries

The aim of this section is to design a mathematical model to allow the observations to be processed
in the least-squares (LS) linear estimation problem of discrete-time signal processes from multi-sensor
noisy measurements transmitted through imperfect communication channels where random one-step
delay and packet dropouts may arise in the transmission process. More specifically, in order to avoid
the network congestion, at every sampling time, it is assumed that the measured outputs from each
sensor, which are perturbed by random parameter matrices, are transmitted just once to a central
processor, and due to random delays and losses, the processing center (PC) may receive, from each
sensor, either one packet, two packets, or nothing at each time instant.

In this context, our goal is to find recursive algorithms for the LS linear prediction, filtering, and
fixed-point smoothing problems using the centralized fusion method. We assume that only information
about the mean and covariance functions of the signal process is available, and this information is
specified in the following hypothesis:

(H1) The ny-dimensional signal process, {xx} k>1, has a zero-mean, and its autocovariance function
is expressed in a separable form, E [xixI] = AgBI, s < k, where Ay, Bs € R™M are
known matrices.

2.1. Multi-Sensor Measured Outputs with Random Parameter Matrices

We assume that there are m sensors which provide measured outputs of the signal process that
are affected by random parameter matrices according to the following model:

z;(ci) = H]Ei)xk + v;(ci), k=1, i=1,...,m, @

(i)

where z, € R": is the signal measurement in the i-th sensor at time k, H ,EZ) are random parameter

(i)

matrices, and v, * are the measurement noises. We assume the following hypotheses for these proceses:

(H2) {H,Ei) be>1, for i = 1,...,m, are independent sequences of independent random parameter
matrices. Forp = 1,...,n;and q = 1,...,ny,, we denote h;(?;) (k) as the (p, q)-th entry of H(Z),

which has known first and second order moments, and H,(Ci) =E [H]Ei)}.
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(H3) The measurement noises {vl(f) }e>1,1=1,...,m, are zero-mean second-order white processes
with E[v](;)v(])T} = R,El])ék,s.

2.2. Observation Model. Properties

To address the estimation problem with the centralized fusion method, the observations coming
from the different sensors are gathered and jointly processed at each sampling time to yield the
optimal signal estimator. So, the problem is addressed by considering, at each time (k > 1), the vector
constituted by the measurements received from all sensors and for this purpose, Equations (1) were
combined to yield the following stacked measured output equation:

zp = Hpxp + v, k>1, (2)

where z;, = (Z](<1)T/‘ ) .,z,((m)T)T, H, = (Hlil)T,...,H,Em)T)T, U = (U,El)T,...,U,Sm)T)T.

As already indicated, random one-step delays and packet dropouts occur during the transmissions
to the PC. To model these failures, we introduced the following sequences of random variables:

. {7](<i)}k21, i=1,...,m, are sequences of Bernoulli random variables. Eachi =1,...,m, 'y,((i) =0

means that the output at the current sampling time, zl((i), arrives on time to be processed for the

estimation, while %Ei) = 1 means that this output is either delayed or dropped out; and

. {IPIEi)}kzzr i =1,...,m, are sequences of Bernoulli random variables. For eachi = 1,...,m,
1/),51) = 1 means that 21(21 is processed at sampling time k (because it was one-step delayed) and
gblgl) = 0 means that 21(21 is not processed at sampling time k (because it was either received at
time k — 1 or dropped ogt). Since ’y]((lzl = 0 implies 1/;,9) = 0, it is clear that the value of I[J]Ei) is
conditioned by that of 7,(21.
For the previous sequences of Bernoulli variables, we assume the following hypothesis:

(H4) { (’Y,Ei), ¢,§21) T}kzl , i =1,...,m, are independent sequences of independent random vectors,

such that

° {’Y]Ei) be>1, i = 1,...,m, are sequences of Bernoulli random variables with known
probabilities, P('ylgl) =1)= 71((1), k> 1;and

° {lplgi)}kzz, i =1,...,m, are sequences of Bernoulli random variables such that the

conditional probabilities (P (lngi) =1/ 7,(21 = 1)) are known. Thus,

Py =1) =Pyl =1/, =1)7, k>2.

Y
Yk
Moreover, the mutual independence hypothesis of the involved processes is also necessary:

(H5) Fori = 1,...,m, the signal process {xy}(>1, the random matrices {H,Ei)}kzl, and the noises

{v,((i) He>1 and { (’y,ﬁi), gb,&)rl) T}k>1 are mutually independent.

Remark 1. From hypothesis (H4), for i,j = 1,...,m, the following correlations are clear:

N =) . _ N =) .
Eln ) = { Sog 1, Eww)1= { Yy 1,
e W, i 4] £ 59, i A @
. . 0, i=1j,
Efpl), (-2 =4

gl a-70), i#]
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In order to write jointly the sensor measurements to be processed at each sampling time, we efined
the matrices I, = Diag('y,((l),...,'ylgm)) ® I,. and ¥y = Diag(tplgl),...,tpl((m)) ® Iy, k > 1. From the
definition of variables 'y,((i), i=1,...,m,,itis clear that the non-zero components of vector (I, — I'r)zx
are those of zj that arrive on time at the PC and, consequently, those processed at time k. The other
components of zj are delayed or lost, and as compensation, the corresponding components of the
predictor Zy k1, specified in T'yZ/i_1, are processed. Similarly, the non-zero components of ¥jz;_1
are those of z;_; that are affected by one-step delay, and consequently, they are also processed at time
k. Hence, the processed observations at each time are expressed by the following model:

vy = (Inn, — Ti)zk + TiZsx1 k> - (Dnn. —T1)z1 ) )
‘Ykzk_l 0

or equivalently,
Yk = Co(Lmn, — Tx)zk + ColZksk—1 + C1¥hzk1, k2 2;
y1 = Co(Imn, — T1)z1,

where Co = ( Lun, , Omn, )T and C; = ( Opn, , Lun, )T.

©)

Remark 2. For a better understanding of Model (4) for the measurements processed after the possible
transmission one-step delays and losses, a single sensor is considered in the following comments. On the
one hand, note that 7y, = 0 means that the output at the current sampling time (zy) arrives on time to be
processed. Then, if Yy = 1, the measurement processed at time k is yy = ( zf z} )T, while if Y = 0,

then y, = (z1 0 )T. On the other hand, if v, = 1, the output z is either delayed or dropped out,
and its predictor Zy sk is processed at time k. Then, if = 1, the measurement processed at time k is
vi = (Zhpq Zi, )T, while if Y = 0, then yy = ( Zf 4 O )T. Table 1 displays ten iterations of a
specific simulation of packet transmission.

From Table 1, it can be observed that z1, z3, z¢, z7, and zg arrive on time to be processed; z;, z4 and zg are
one-step delayed; and zs and z1o are lost. So, Model (4) describes possible one-step random transmission delays
and packet dropouts in networked systems, where one or two packets can be processed for the estimation. Finally,
note that the predictors Zy 1, k = 2,4,5,8,10 are used to compensate for the measurements that do not arrive
on time.

Table 1. Measurements processed to update the estimators.

Time k 1 2 3 4 5 6 7 8 9 10

Yk 0 1 0 1 1 0 0 1 0 1
0 1 0 1 0 0 0 1 0

f )G B E) B @6 &) e )

The problem is then formulated as that of obtaining the LS linear estimator of the signal, x; based
on the observations {y1, ...,y } given in (5). Next, some statistical properties of the processes involved
in observation models (2) and (5), which are necessary to address the LS linear estimation problem,
are specified:

(P1) {Hj}x>1 is a sequence of independent random matrices with known means: Hy = E[Hy] =
@O, EMY k>
(P2) The sequence {v;}i>; is a zero-mean second-order process with E[vxvl] = Ridys,
(if)
R

where R = ( k )z‘,j:l,‘..,m'
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(P3) The random matrices { (I, ¥x41) },~, are independent, and their means are given by

Ty = E[T] = Diag(7\", ..., 7" @ I,., ¥ = E[¥,] = Diag(¥",..., ") @ I..

(P4) The signal process, {x;}r>1 and the processes {Hy}r>1 {0x}k=1 and {(Tx, ¥it1)},o, are
mutually independent.
(P5) {zr}r>1 is a zero-mean process with covariance matrices Yo = Elzzl], for s < k which,
from (P4), are given by
%f, = E[HeAeB HY | + Ribes, s <k,

with E[H A BT HT] = HyABTH!  for s < k, and

i )T
E[H A Bl HI ] = (E[H;El)Aszszg]) ])ijzl o’

where the (p, q)-th entries of the matrices E [H]Ei)AkBkT ngj >T] are given by

(E[H()A BkTH ) ZZE ,,a )](AkBk) , pg=1,...,n;

a=1b=

Remark 3. By denoting vy = ('ylgl), .. .,'ylgm))T® 1,, and ¢ = (gb]El),. . .,gb]((m))T ® 1y, it is clear that
K" = E[(Lmn. — i) Lo, — i) 7] and K;f = E [yxyp]| are known matrices whose entries are given in
(3). Now, by defining

&k = Co (Imn, — T) zk + C1¥kzk—1, k>2; &1 = Co (Inn, — 1) 21, (6)

and taking the Hadamard product properties into account, it is easy to check that the covariance matrices
(Zg = E(gx&l]) are given by

28 = Co(K} "o x2)CT 4 Cy(KY oxz_,)CT
+ Co(Inn, — TR)Zf 1 ¥4 Cl + Cr¥Z5)_y (I, —T)Cj, k> 2; 7)

1—
28 = Co(K} "o )Tl

3. Centralized Fusion Estimators

This section is concerned with the problem of obtaining recursive algorithms for the LS linear
centralized fusion prediction, filtering, and fixed-point smoothing estimators. For this purpose,
we used an innovation approach. Also the estimation error covariance matrices, which are used to
measure the accuracy of the proposed estimators when the LS optimality criterion is used, were derived.

The centralized fusion structure for the considered networked systems with random uncertainties
in the measured outputs and transmission is illustrated in Figure 1.
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Filtering estimator ;.

Figure 1. Centralized fusion filtering estimation with random uncertainties in measured outputs
and transmission.

3.1. Innovation Technique

As indicated above, our aim was to obtain the optimal LS linear estimators, Xy, of the signal
x based on the measurements {y;, ...,y }, given in (5), by recursive algorithms. Since the estimator
X) /1 is the orthogonal projection of the signal x; onto the linear space spanned by the nonorthogonal
vectors {y1, ...,y }, we used an innovation approach in which the observation process {yy }r>1 was
transformed into an equivalent one (innovation process) of orthogonal vectors { }x>1; the equivalence
means that each set {1, ..., } spans the same linear subspace as {y1, ...,y }.

The innovation at time k is defined as yy = yx — Y x—1, where i3 /0 = E[y1] = 0 and, for k > 2,
Vk/k—1, the one-stage linear predictor of yy is the projection of y; onto the linear space generated by
{#1,..., ux_1}- Due to the orthogonality property of the innovations and since the innovation process
is uniquely determined by the observations, by replacing the observation process by the innovation
one, the following general expression for the LS linear estimators of any vector wy based on the
observations {y, ...,y } was obtained
L
W/ = hZ Ewigeh ) (Emanf]) ™y ®)
=1

This expression is derived from the uncorrelation property of the estimation error with all of the
innovations, which is guaranteed by the Orthogonal Projection Lemma (OPL). As shown by (8), the first
step to obtain the signal estimators is to find an explicit formula for the innovation or, equivalently,
for the one-stage linear predictor of the observation.

One-Stage Observation Predictor

To obtain ¥y /x—1, the projection of yj onto the linear space generated by {1, ..., jx_1}, we used
(5) and we note that ¥y and Hj_q are correlated with the innovation ;1. So, to simplify the derivation
of ¥ /x_1, the observations (5) were rewritten as follows:

Yk = Co (Inn. — Tx) zx + Cr¥xHi—1xx—1 + ColiZy k-1 + Vi1, k > 2,

v, T ©)
Vk = Cllkarle - Cllfk+1Hkxk, k > 1.
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Taking into account that ¥}, and Hj are independent of i, for h < k — 1, it is easy to see that
E[Viuf] = 0for h < k — 1. So, from the general expression (8), we obtained Vj; = VIIL Yy, k> 1,
where Vi = E[Viul| = E[Viyl']. Hence, according to the projection theory, i1 satisfies

Tesk—1 = CoHxXisp1 + Cr¥He 1%k 1761 + VeIl 1, k> 2. (10)

This expression for the one-stage observation predictor along with (8) for the LS linear estimators
are the starting points to get the recursive prediction, filtering, and fixed-point smoothing algorithms.

3.2. Centralized Fusion Prediction, Filtering, and Smoothing Algorithms

The following theorem presents a recursive algorithm for the LS linear centralized fusion
prediction and filtering estimators Xy, L < k, of the signal x; based on the observations {y,...,y.}
given in (5) or equivalently, in (9).

Theorem 1. Under hypotheses (H1)-(H5), the LS linear centralized predictors and filter Xy;;, L < k and the
corresponding error covariance matrices £y ;. = E[(xx — %x /1) (X — X} )] are obtained by

BesL = Arer,  Ti = Ax(Bo— AT, L<Kk, (11)
where the vectors ef, and the matrices ©¢ = E[ere] | are recursively obtained from
e =e1+EI u, L>1; e =0, (12)
=3¢+ EIE, L>1; =0, (13)
and the matrices £ = E[e 1| satisfy
5T e a7l —1 T 5T
& = HBL - ZL—lHAL - 5L—1HL,1VL_17 L>2 &= HBl/ (14)
where Hp, , for D = A, B, is defined by
Hp, = Co (Iun, —T1) HL D + C1¥ Hy 1Dy -1, L >2; Hp, = Co(Lyn, —T1)H1Ds. (15)
The innovations py =y, — Y /L1 are given by
ur=yr— (Ha, +CoT HLAp)ep—1 — VoIl Y ypp1, L>2 pp =y, (16)
and the coefficients Vi, = E[V uT], are obtained by

1- s T
YV =C4 (Kﬂrlﬂ) o (X3 —HLAX¢ ATH)

S o \T—=T, = T 17)
~¥, 4 H AL (B — AzS ) THL(I- FL))(CO, L>1,
where Kfffg) = E [Y1+1(Ln, — v)T], whose entries are given in (3).
The innovation covariance matrices I1;, = E[p Ly{] satisfy
M, =3¢ — Co[K] o (HLALES ATH,)|CT + O 1ATH,T,CT as)

_ T L or . o
_HALOL,L—l - VL—1HL_13)L,L_1, L>2; II}=2%],



Sensors 2018, 18, 2697 10 of 19

where the matrices Z% are given in (7), Kz =E ['yL'yﬂ , whose entries are obtained by (3), and the matrices
Opr-1 = E[yLe{_l] and Yy 1 = E[yLy{_l] are given by

Opi—1= (Ha, + ColLHLAL)ZS |+ Vil L R, L>2.

" g 19
Vii-1=(Ha, +Col L HLAL)EL 1+ Vi1, L>2. 19)

Proof. See Appendix A. [

Next, a recursive algorithm for the LS linear centralized fusion smoothers Xj /i, at the fixed point
k for any h > 1 is established in the following theorem.

Theorem 2. Under hypotheses (H1)-(H5), the LS linear centralized fixed-point smoothers Xy iij are
calculated by

R/krh = Sksken1 + Xpsn I e, k=1, h>1, (20)

whose initial condition is given by the centralized filter Xy /i, and the matrices Xiyrp = E[xepl,,] are
obtained by
=T _
Xiepsn = (B — Exgrn—1) My, — Xekrn110 Vi1 B> 1 1)
X = Al

The matrices Ey jy, = E [xke,{ | satisfy the following recursive formula:
Etken = Exgsn—t + Xgsnl LW Epapy B> 1 Exp = AlZg (22)

The fixed-point smoothing error covariance matrices, Sy ke = E[(xx — Xk/ksn) (xk — Tksprn) '],
are calculated by
$ S 1 T
L skrn = Zksern-1 — Xkl Ly X k=1, h>1,

with the initial condition given by the filtering error covariance matrix Ly /y.
The filter Xy sk, the innovations pyy, their covariance matrices Ly s and Iy, and the matrices E y and
3¢ were obtained from Theorem 1.

Proof. See Appendix B. [J

4. Numerical Simulation Example

The performance of the proposed centralized filtering and fixed-point smoothing algorithms was
analyzed in a numerical simulation example which also shows how some of the sensor uncertainties
covered by the current measurement model (1) with random parameter matrices influence the accuracy
of the estimators. Also, the effect of the random transmission delays and packet losses on the
performance of the estimators was analyzed.

4.1. Signal Process

Consider a discrete-time scalar signal process generated by the following model with the
state-dependent multiplicative noise

X1 = (0.9 +0.01ex) xp +wy, k>0,

where x is a standard Gaussian variable, and {wy}i>0, {ex}r>0 are zero-mean Gaussian white
processes with unit variance. Assuming that xo, {wy}r>0 and {ex},>( are mutually independent,
the signal covariance is given by E[x;xs] = 0.957°D;, s < k, where Dy = E[x2] is obtained by

Ds = (0.9 40.012)D,_1 +1, s > 1; Dy = 1.
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Hence, the hypothesis (H1) is satisfied with, for example, Ay = 0.9% y Bs =0.97° D;.

This signal process has been considered in the current authors’ previous papers and shows that
hypothesis (H1) regarding the signal autocovariance function is satisfied for uncertain systems with
state-dependent multiplicative noise. Also, situations where the system matrix in the state-space model
is singular are covered by hypothesis (H1) (see, e.g., ref. [9]). Hence, this hypothesis provides a unified
general context to deal with different situations, thus avoiding the derivation of specific algorithms for
each of them.

4.2. Sensor Measured Outputs

As in ref. [20], let us consider four sensors that provide scalar measurements with different
random failures, which are described using random parameters according to the theoretical model (1).
Namely, sensor 1 has continuous gain degradation, sensor 2 has discrete gain degradation, sensor 3
has missing measurements and sensor 4 has both missing measurements and multiplicative noise.
Specifically, the scalar measured outputs are described according to the model

zz(ci) = H]Ei)xk + vz(ci), k>1, i=1234

where the additive noises are defined as U}Ei) = cifg, with¢g = 1, ¢ = 05, ¢c3 = ¢4 = 075,
and {1k },>1 is a Gaussian white sequence with a mean of 0 and variance of 0.5. The additive
noises are correlated with R,(cij ) — 0.5¢ic;, k>1;ij=1,2,3,4. The random measurement matrices
are defined by H\) = 0{'Cl”, for i = 1,2,3, where C{") = 082, ¢ = 075, ¢ = 074,
and H,E4) = 9,54) (0.75 + 0.95¢y ), where the sequence { @y }¢>1 is a standard Gaussian white process,
and {9,9) } k>1, 1 =1,2,3,4, are also white processes with time-invariant probability distributions that
are given as follows:

o {9151) }e>1 are uniformly distributed over [0.2,0.7].
o PO =0)=03 P(6? =05)=03 PO =1)=04, k>1.
e TFori=234, {Gp }k>1 are Bernoulli random variables with P(Glgi) =1) = é(i), k>1.

4.3. Model for the Measurements Processed

Now, according to the theoretical study, we assume that the sensor measurements, yy, that are
processed to update the estimators are modeled by

(14 — Fk)zk + kak/k—l (14 — 1"1)21
- 7 k > 2/ - 7
Yk ( Y21 Z 1 0

where T}, = Diag('ylgl), 7]({2), 'y,(f), 7154)) and Y, = Diag (1/),((1), I,UIEZ), l[J]EB'), 1,[7154)), and for i = 1,2,3,4,
{7,51) }e>1 and {gblgl) }e>2 are sequences of independent Bernoulli random variables whose distributions
are determined by the following probabilities:

()

(i) _ 1), k > 1: probability that the measurement z;’ is not received at time k because

e 7= P(v,
it is delayed or lost.

. E,(y') = P(tpl(ci) =1/ 7](21 = ), k > 1: probability that the measurement 21(21 is received at the
current time (k), conditioned to the fact that it is not received on time.

o E(i) = P(tplgi) =1) = Emi(i), k > 1: probability that the measurement 21(21 is received and

7
processed at the current time k.

Finally, in order to apply the proposed algorithms, it was assumed that all the processes involved
in the observation equations satisfy the independence hypotheses imposed on the theoretical model.
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To illustrate the feasibility and effectiveness of the proposed algorithms, they were implemented
in MATLAB, and fifty iterations of the filtering and fixed-point smoothing algorithms were performed.
The estimation accuracy was examined by analyzing the error variances for different probabilities

of the Bernoulli variables modeling the random failures in sensors 3 and 4 (5(1), i = 3,4). Also,
different values of the probabilities 70, corresponding to the transmission uncertainties, and different
conditional probabilities @,(; ), i = 1,2,3,4, were considered in order to analyze the effect of these
failures on the estimation accuracy.

In the study of the performance of the centralized estimators, they were compared with local ones,
which were computed using only the measurements received from each single sensor. In that case,
the measurements processed at each local processor can be described by

. _ A0 (i) 2(0) . (i), (i)

1 —

yl({l> _ < (1-7 )Zk)w“rk Zk k-1 ) k2 ygz) _ ( (1 'yol )z, ) i=1234
Yr Zk—1

where El(ci/)k—l is the one-stage predictor of z,(f) based on ygi),. .oy y,((ill, and the corresponding local

estimators are obtained via recursive algorithms similar to those in Theorems 1 and 2.

4.4. Performance of the Centralized Fusion Filtering and Smoothing Estimators

Fori = 1,2,3,4, we assumed that 7)) = @g) = 0.1i, and that the missing probabilities 1 — gt

@ = 0.5,i = 3,4. The error variances of the local

filtering estimators and both the centralized filtering and smoothing error variances are displayed in
Figure 2. This figure shows, on the one hand, that the error variances of the centralized fusion filtering
estimators are significantly smaller than those of every local estimator. Consequently, agreeing with
what is theoretically expected, the centralized fusion filter has better accuracy than the local ones, as
it is the optimal one based on the information from all the contributing sensors. On the other hand,
Figure 2 also shows that as more observations are considered in the estimation, the error variances are
lower and consequently, the performance of the centralized estimators becomes better. In other words,
the smoothing estimators are more accuracy than the filtering ones, and the accuracy of the smoothers
at each fixed-point k is better as the number of available observations k + h increases, although this
improvement is practically imperceptible for & > 3. Similar results were obtained for other values of

the probabilities 7% 70 and @g)

had the same value in sensors i = 3,4, namely, [}
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351 B

R PP Local filter (sensor 1)

4 —-—-Local filter (sensor 2)

, Local filter (sensor 3)

3r / — — Local filter (sensor 4) H
Centralized fusion filter

/ Centralized fusion smoother (h=1)

Centralized fusion smoother (h=2)

o250 | Centralized fusion smoother (h=3)|]

Centralized fusion smoother (h=4)

Error variances

5 10 15 20 25 30 35 40 45 50
Time k

Figure 2. Error variance comparison of the local filters and centralized fusion filter and smoothers.

4.5. Influence of the Missing Measurement Phenomenon in Sensors 3 and 4

Considering W(i) = @E; ) — 0.1i, i = 1,2,3,4, again, in order to show the effect of the missing
probabilities in sensors i = 3,4, the centralized filtering error variances are displayed in Figure 3 for

50 50 _ g

different values of these probabilities 1 — Specifically, in Figure 3a, it is assumed that 0

with a range of values from 0.5 to 0.9, and in Figure 3b, 7% = 0.5 and 8 varies from 0.6 to 0.9.
From these figures, it is clear that the performance of the centralized fusion filter is indeed influenced
by the probabilities 5(1), i = 3,4. Specifically, the performance of the centralized filter is poorer as
i decreases, which means that, as expected, the lower the probability of missing measurements is,
the better performance the filter has. Analogous results were obtained for the centralized smoothers
and for other values of the probabilities.

Considering that the behavior of the error variances was analogous in all of the iterations, only

the results at a specific iteration (k = 50) are displayed in the following figures.

4.6. Influence of the Probabilities 7" and 1/;7

Considering g = 0.5,i = 3,4, as in Figure 2, we analyze the influences of the random delays
and packet dropouts on the performance of the centralized filtering estimators. We assume that the
four sensors have the same probability of measurements not arriving on time Y =7,i=1,2,3,4)
and also the same conditional probability (lp,y = 1,[17, i =1,2,3,4). Figure 4 displays the centralized
filtering error variances at k = 50 versus ¢, for 7y varying from 0.1 to 0.9. This figure shows that for
each value of 7, the error variances decrease when the conditional probability increases. This result
was expected since, for a fixed arbitrary value of 7, the increase in ¥, entails that of i, which is the
probability of processing the delayed measurement at the previous time at the current time. Also,
we observed that a decrease in the error variances was more evident for higher values of 7, which was
also expected since i = , 7 and hence, 7y specifies the increasing rate of i with respect to i,

Similar results to the previous ones and consequently, analogous Conclusions, were deduced
for the smoothing estimators and for different values of the probabilities 7! ) and 1,0 ) at each sensor.
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By way of example, the smoothing error variances ¥50 /51 are displayed in Figure 5 for some of the

situations considered above.

9 _79 _os
—— Y=Y =06
___,§(3) _ g(“i) —07
7Y =08
=Y =09

5 10 15 20 25 30 35 40 45 50
Time k

Figure 3. Centralized fusion filtering error variances for different values of 5(3) and 5(4): (a) 5(3) = 5(

from 0.5 to 0.9; (b) 5(3) = 0.5and 5(4> from 0.6 to 0.9.

2.8 T

26

24

222 2 2 2 2 222
| Il
o
ot

Il Il
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Conditional probability 1,

4)

Figure 4. Centralized filtering error variances at k = 50 versus @7, for 7, varying from 0.1 to 0.9

when 8" = 05,7 = 3,4.
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Figure 5. Centralized smoothing error variances Eso /51) when 0 D _05i= 3,4, for different values
of the probabilities 7(") and @,(;), i=1,2,3,4: (a) versus @7, for W(i) = 0.14, 0.15i, 0.2i; (b) versus 7%,
for @g’) = 0.1i, 0.15i, 0.2i; (c) versus 7)) = 7@ for ﬁ(;) = 0.1i and different values of 73 and 7%);

and (d) versus @Ef) = EE;L), for 7)) = 0.1/ and different values of @gl) and Es)‘

5. Concluding Remarks

In this paper, recursive algorithms were designed for the LS linear centralized fusion prediction,
filtering, and smoothing problems in networked systems with random parameter matrices in the
measured outputs. At each sampling time, every sensor sends its measured output to the fusion centre
where the data packets coming from all the sensors are gathered. Every data packet is assumed to be
transmitted just once, but random delays and packet dropouts can occur during this transmission, so
the estimator may receive either one packet, two packets, or nothing. When the current measurement
of a sensor does not arrive punctually, the corresponding component of the stacked measured output
predictor is used as the compensator in the design of the estimators.

Some of the main advantages of the current approach are the following ones:

e The consideration of random measurement matrices provides a general framework to address
different uncertainties, such as missing measurements, multiplicative noise, or sensor gain
degradation, as has been illustrated by a simulation example.

o The covariance-based approach used to design the estimation algorithms does not require the
knowledge of the state-space model, even though it is also applicable to the classical formulation
using this model.

e In contrast to most estimation algorithms dealing with random delays and packet dropouts in the
literature, the proposed ones do not require any state vector augmentation technique, and thus are
computationally more simple.

o  The current estimation algorithms were designed using the LS optimality criterion by a innovation
approach and no particular structure of the estimators is required.
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Appendix A

Proof of Theorem 1. Based on the general expression (8), to obtain the LS linear estimators Xy, L < k,
it is necessary to calculate the coefficients

Xien = E[xipy ] = E[xy] — E[xejna], h < k.

Using (5) for vy, the independence hypotheses and the factorization of the signal covariance (H1)
lead to E[xyy}] = Akﬁgh + E[xka?,{/h_l]ﬁgthg, 2 <h <k and E[xyl] = Akﬂ;, with Hp, given
in (15). Now, using expression (10) for ¥/}, /,_1, together with (8) for X}, /;,_1 and Xj,_1 /5,1, the coefficients
X, 1 < h < k, are expressed as follows:

= = =T = _
Xy = AkHB, ZXk] Xh]Hh (Lnn, — Ty)C§ + Xth,th—l‘YhQT) — XA IL VL, 2<h <K
X1 = Akﬂsl,
which guarantees that Xy, = A&y, 1 < h <k, with &), given by

h—1
& =Hp, — LENIEH, —& IV, h>2; & =H,
j=1

1

L
Then, by defining e; = ZEhHh pp and X = E[eLeL = 25},1—[,;18,1, for L > 1, and taking into
h=1 h=1
account that E[ey yh] = &y, for h < L, itis easy to obtain expressions (11)—(16).

Next, the expression (17) for V;, = E[Vyul] = E[Viyl] is derived. Using (9) for V;, we write
Vi = Cq (E[¥r4121yf] — ¥r41HLE[x1y]]), and we calculate each of these expectations:

e From (5), we write yL = Co (Imnz — FL) (ZL - EL/Lfl) + Ci1¥Yz11 + (COEL/Lflr and from the
independence properties, it is clear that

E[¥14121y]) = E[¥k1ze(ze — Z/0-1)" (Inn, = T1)]C
+ TL+1E[ZLZ{71]TL(C{ + TL+1E[ZL/Z\{/L71](C$.

Now, from the Hadamard product properties, we obtain E[Y 11z (21 — Z1 /1 - 1) (Lun, — T1)] =
(KL+1 Lﬂ o (2% — E[z;21,11]7); from property (P5), E[zpz] ] = HLALBL 1HL 1, and using the

OPL and (2), E[ZLE{/L_l] = E[EL/L_ﬁ{/L_l] = HLE[xL/L_le/L_l]HL. Then, using (11) and the
definition of ZeL, the following expression is obtained:

— —T
E[¥rnziyf] = (KZ(H L o o (X —HLALZ] A[HL))C]
—T = —T
+ ‘IIL+1HLAL (B{,lHLfl‘PL(C{ + ZiilA{HLC(?) .
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e Using (2), (5) again and the OPL, together with Hypothesis (H1) and (15) for ﬁBL, we have

¥, HiE[yT] =¥ 1 HL AL (HBL + zi_lA{HLrch) .

From the above items and using (15), B{,lﬁz_lﬂcf — QZ;L = —B{ﬁ{(lmnz —T1)CJ, expression
(17) is deduced with no difficulty.

To obtain expression (18) for I, = E[uu}], we apply the OPL to write IT;, = E[yy}] —
E[JL/L19/14]-

On the one hand, using the OPL again, we express E[y1,.-1J] ;1] = E[yr/.-1y] which,
takes (16) into account for 1,11, and the definitions of O ;1 and Y} 11, clearly satisfy

E[fi/1-1yL] = (Ha, + ColLtHLAL)OL | 4+ VeI LV 4, L>2.

On the other hand, to obtain E[yy]], we use (9) and (6) to write y, = &, + Col'1Z1 /11,
and since z;,;_1 = H;Ape;_q, the following expression is obtained from the definition of X
after some manipulations:

Elyryl] = zi —Co[K] o (HLALZS ATH)|CT + <c0rLHLAL(91THL71 + O 1ATH T Cl, L>2.

From the above expectations, again, after some manipulations, expression (18) for I1}, is obtained.

To complete the proof, expression (19) for Op ;1 = E[yrel ;]and Yy 1—1 = E[y u]_,]is derived.
Using the OPL, we have E[yrel ] = E[j.,1_1el ;] and E[ypul ;] = E[§1/._1p]_,], and from (16)
for i1 s —1, expression (19) is straightforward. Then, the proof of Theorem 1 is complete. []

Appendix B
k+h

Proof of Theorem 2. Using (8), the signal estimators are written as Xj/x+, = ZXk,lel;q, h>1,
I=1

from which it is immediately deduced that the smoothers are recursively obtained by (20) from the
filter X k-

Taking into account that X k1 = E[xxy{,,] — E[XkJL, ), ksn_1), B = 1, the recursive relation (21)
is derived by just calculating each of these expectations as follows:

e Hypothesis (H1) together with (15), leads to
E[xyiyn] = BcHa,,, +E[veegn 1] AL nHen TG, > 1.
e  From (16) for Yyyp/k+n—1, it is clear that

=T _ T 77 T T -1 T
E[ i pykan1) = Elxef oy 1] (Hag, + ColernHenArin) + XgganaIL ., Vi, B> 1

From the above items, (21) is proven simply by denoting Ej ;. = E [xke,z +h] , whose recursive
expression (22) is also obvious by using (12) for ey .

Finally, using (20) for the smoothers X /i, the recursive formula for the fixed-point smoothing
error covariance matrices fk /k+n is immediately deduced. [
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