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Abstract

Estimation fusion, or data fusion for estimation, is the problem of how to best utilize
useful information contained in multiple data sets for the purpose of estimating an unknown
quantity — a parameter or a process. Estimation fusion with constraints gives rise to
challenging theoretical problems given the observations from multiple geometrically dispersed

SENSOors:

e Under dimensionality constraints, how to preprocess data at each local sensor to achieve

the best estimation accuracy at the fusion center?

e Under communication bandwidth constraints, how to quantize local sensor data to

minimize the estimation error at the fusion center?

e Under constraints on storage, how to optimally update state estimates at the fusion

center with out-of-sequence measurements?

e Under constraints on storage, how to apply the out-of-sequence measurements (OOSM)

update algorithm to multi-sensor multi-target tracking in clutter?

The present work is devoted to the above topics by applying the best linear unbiased
estimation (BLUE) fusion. We propose optimal data compression by reducing sensor data
from a higher dimension to a lower dimension with minimal or no performance loss at the
fusion center. For single-sensor and some particular multiple-sensor systems, we obtain the
explicit optimal compression rule. For a multisensor system with a general dimensionality
requirement, we propose the Gauss-Seidel iterative algorithm to search for the optimal com-
pression rule. Another way to accomplish sensor data compression is to find an optimal

vil



sensor quantizer. Using BLUE fusion rules, we develop optimal sensor data quantization
schemes according to the bit rate constraints in communication between each sensor and the
fusion center. For a dynamic system, how to perform the state estimation and sensor quan-
tization update simultaneously is also established, along with a closed form of a recursion
for a linear system with additive white Gaussian noise. A globally optimal OOSM update
algorithm and a constrained optimal update algorithm are derived to solve one-lag as well
as multi-lag OOSM update problems. In order to extend the OOSM update algorithms to
multisensor multitarget tracking in clutter, we also study the performance of OOSM update

associated with the Probabilistic Data Association (PDA) algorithm.

viii



Chapter 1

Introduction and Preliminaries

Data fusion is the collective name given to techniques that are used to combine the mea-
surements from more than one sensor into a single quantity. The motivation behind using
multiple sensors is often two-fold: either to reduce error and uncertainty in the measurement,
or to obtain the estimate using the measured quantity from multiple sensors that would not
be accessible using a single sensor. Data fusion builds on many years of experiences in the
established techniques. These techniques are incorporated into a framework by transforming
the data into a common format, producing verdicts on the correctness of the various sources,
and allowing reliable estimation of the parameters or states of a problem. Data fusion is
an emerging technology. Numerous techniques have been promoted and adopted. In recent
years, the applications of data fusion or information fusion techniques have significantly
increased, such as in target tracking, image processing, economic data analysis.

Roughly, data fusion studies the optimal information processing in distributed environ-
ments through intelligent integration of the data from multiple sensors. As a specialized

branch of data fusion, estimation fusion focuses on estimating the parameters or states from



the multisource measurements. The task is to improve the estimation accuracy. Estimation
fusion is an exciting area of endeavor in the field of estimation theory. There are numerous

publications and conferences devoted to this area.

1.1 Estimation Fusion

Estimation fusion, or data fusion for estimation, is the problem of how to best utilize useful
information contained in multiple sets of data for the purpose of estimating an unknown
quantity — a parameter or process. These observations may be of different types or include
conflicting information. The multiple sets of observations are usually but not necessarily
obtained from multiple sources (e.g., multiple sensors). Even if the observations coming from
single source, we can artificially treat these observations coming from different locations and
view it as the fusion problem. In this sense, estimation itself is fusion by fusing the prior and
posterior information, and filtering is fusion by fusing the prediction and current observation.
Estimation fusion is important in many application areas, such as target tracking, sensor

informatics, etc.

1.1.1 Basic Estimation Fusion Architectures

There are two basic estimation fusion architectures: centralized and decentralized / dis-
tributed (also referred to as measurement fusion and track fusion in target tracking, respec-
tively), depending on whether the raw measurements are sent to the fusion center or not.
For centralized fusion, all raw measurements are sent to the fusion center. For distributed

fusion, each sensor only sends the processed data to the fusion center. These two approaches
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have pros and cons in terms of survivability, autonomy, communication requirements, etc.
Centralized fusion is nothing but a conventional estimation problem with distributed data.
Distributed fusion is more challenging and has been a focal point of fusion research for many

years.
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1.1.2 Estimation Fusion Rules

Estimation fusion is to perform estimation by satisfying certain optimality criterion at the
fusion center based on information available from multiple sensors. There are two basic
classes of estimation fusion rules: linear and nonlinear rules. For the class of nonlinear fusion
rules, we generally focus on the minimum mean square error estimation (MMSE) fusion
rule, maximum posterior estimation (MAP) fusion rule, maximum likelihood estimation
(MLE) fusion rules. For linear rules, we mainly focus on optimal (linear) weighted least
squares (WLS) fusion rules and the best linear unbiased estimation (BLUE) fusion rules. The
latter is also known as the linear minimum mean-square error estimation (LMMSE) fusion
rules, linear minimum variance (LMS) fusion rules, or linear unbiased minimum variance
(LUMS) estimation fusion rules. Among all these estimation fusion rules, the commonly
used optimality criterion is to minimize the mean square errors (MSE). Within the unbiased
estimation fusion, MMSE fusion rule is to minimize the MSE over all estimators, and the
BLUE fusion rule is to minimize MSE within the linear class.

This dissertation is based largely on the best linear unbiased estimation fusion. In the
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following, we present the BLUE fusion in a general, systematic, and unified setting, largely

following [40].

1.2 BLUE Fusion

Under the Gaussian case, the BLUE fusion is identical to the MMSE fusion. Under a non-
Gaussian case, BLUE fusion is optimal within the linear class. This framework is flexible.
There is no additional assumption made on the correlation of sensor observation errors or
local estimation errors. It does not require a common local observation model and synchro-
nization of sensor observations. The BLUE fusion rule does not impose any constraint on
the network topology or information pattern.

Denote by y the available information at the fusion center and x the estimatee (i.e.,
quantity to be estimated). For the observation model, by prior information, we mean the
first and second order moments related to the estimatee: x — z = E(x), C, =var(z) and
Cyy =cov(z,y); with complete prior information we mean that z, C, and C,, are known

exactly; without prior information we mean none of z, C, and C,, are known or exist.



1.2.1 Fusion by BLUE with Prior

The BLUE with prior is given by

# = argminE[(z — &)(z — 2)'|y] = E*(zly) = T + Coy C;  (y — 1)
z=A+By

P=cov(z—2)=C, — CmyC’y_lC';y

where A and B are matrices to be chosen such that the MSE of 2 is minimized. If the inverse
C, ! does not exist, it can be simply replaced with the unique Moore-Penrose pseudoinverse
(MP inverse in short) C,7. The BLUE fusion is the linear estimation fusion rule that only

requires the knowledge of the first two order of statistics related to the estimatee.

1.2.2 Fusion by BLUE without Prior

For a linear observation model

y=Hzx+v (1.1)

where for the centralized fusion, y, H, and v are the stacked observations, the measure-
ment matrix, and observation noise, respectively; for (standard) distributed fusion, they
are the stacked local estimates [#,..., 2], [I,...,I]', and stacked local estimation errors,
respectively from all sensors.

Without knowledge of the prior mean z and covariance C), of the estimatee z, the linear
unbiased estimator based on the available information y exists if and only if H has full

column rank (i.e., Ht = (H'H)"'H ). If exists, it is unique (almost surely) and called the



BLUE without prior which is given by [53]

&= K(y—0)

P = cov(x — &) = KRK'

where R =cov(v), K = H*[[ — R(TRT)*], T =1 —- HH".

1.2.3 Effect of Prior Information

What is the relationship between BLUE fusion with and without prior? Can one be converted
to the other one? These two questions are answered in [49].

For the linear data model (1) with known v and R, the BLUE with complete prior
information z, C,, and C,, can always be converted to the BLUE without prior information
by treating the prior mean Z as extra data in the linear model: z = = + (z — z). More
specifically, BLUE with complete prior information (z, C,, and C,,) for the linear data
model (1) with known ¢ and R always coincides (almost surely) with BLUE without prior

information for the linear data model § = Hz + © with

T N I
g —= s H g
Y H
O ~ Cx _va
E[p] = . R=
v -, R

which is given by
i=K({—E[#)), P=KRK, K=[I-KH K]

where K is the gain matrix of the BLUE fuser with complete prior.



It shows that the prior information can always be completely embedded into the linear
data model with prior mean as data. This is the foundation of the optimal linear update with
out-of-sequence measurements. In the following, we will also show that the BLUE without
prior can be converted to BLUE with complete prior.

For the same linear data model, the BLUE fuser without prior clearly can never have a
smaller MSE matrix than the BLUE fuser with complete prior information. The questions
left to be answered are: (a) how much worse? (b) can the MSE be the same? Clearly, the
MSESs of the two fusers are the same if and only if the prior information is redundant given
the data for the problem. The following results answer these questions.

Lemma 1: (Redundancy Condition of Prior for BLUE) [49] Let &, and T2 = Ky(y — 0)
be BLUE with complete prior and without prior information, respectively, using the same
data y with known mean of error v. Then a necessary and sufficient condition for &, = I
almost surely is K,C, = C,,,, where C, =cov(y) and Cy, =cov(z,y). O

Note that this theorem is valid regardless if y is linear or nonlinear in the estimatee x
provided the BLUE without prior has the form 2o = Ky(y — v). For linear data, we have
the following stronger results.

Theorem 1: (Redundancy Conditions of Prior for BLUE) [49] Consider the linear
data model (1) with known v and C. Let &, and & be BLUE with complete prior and
without prior information, respectively, using the same datay. Then the following statements
are equivalent. (a) 1 = Iy almost surely (i.e., prior information is redundant for the
BLUE) (b) The gain matrix K, of @5 satisfies K2Cy = Cy,,. (c¢) The gain matrix Ky of Z,
satisfies KCyy = 0. (d) (I — C,,Cy,)H has full column rank; that is, [(I — C,,C )H]|"[(I —

Coy O )H] = I where CJ is the MP inverse of C,, =cov(v,y). (e) The following condition



holds
[ — CoyCFHI[I — Co C HIT[I — Coy O H] = [I — Coy C; H
O

Note that the BLUE without prior exists if and only if H has full column rank. The
redundancy conditions are general — they hold whenever the BLUE without prior exists for
the model (1) with known v and R. With additional assumptions, we have stronger results,
as stated by the following corollaries.

Corollary 1: (Sufficient Condition for Redundancy of Prior for BLUE) [49] Consider
linear data model (1) with known v and R. Then prior information is redundant for BLUE
if rank[Cy, H]=rank(C,) and I — C,,C;fH = 0. O

Corollary 2: (Contribution of Prior to BLUE) [49] Consider the linear data model (1)
with known v and R. Then the contribution of the prior information (z, C,, and Cy,) to

BLUE fusion in the sense of Fisher information matrix is given by
Pt —P'=(I+CuwR'H)(C, - C,C*C. ) I+ CpC ™ H)

where P, and P, are the MSE matrices of BLUE fusers with complete and without prior
information, respectively. In particular, the prior information is redundant for BLUFE fusion
- BLUE fuser with complete prior information is (almost surely) identical to BLUE fuser

without prior information - if and only if
I+CR'H=0

U
Corollary 3: Consider the linear data model (1.1) with known v and R. Assume

R >0, C, >0, and Cp, = 0. Then the prior information (z, C,) is useful for BLUE
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fusion - BLUE fuser with complete prior information has a smaller MSE matrix than the
BLUE fuser without prior information - and the contribution of the prior information is
Pt-pPt =0 O

This corollary indicates that in the usual case (C' > 0, C, > 0, and C,,, = 0), the optimal
use of the prior mean and covariance does improve the performance of the BLUE fusion; the

prior information and the data information are additive because they are uncorrelated.

1.2.4 Recursive BLUE Estimation

Recursive forms of the BLUE estimation are of major importance in practice for their com-
putational efficiency. The BLUE estimator using y = [y], y4]" with two observations y; and

y2 always has the following quasi-recursive forms [53]:

E*[zly1,ye] = E*[2|th] + E¥ [z — Z[Gop] = &1 + ngzllofr Ya|1

Y2|1

P; = Cs, — Cyy, C C

Y211~ Yo11 Y21

where ¥ = ¢ — 2; = © — E*[x|y1] has zero mean and the innovation §o1 = y2 — E*[y2|t1],

and Cz, =cov(Z1) = Cp — Oy, G, C,

" Cioy =cov(fiz1) = Cy, — Cypy,, CF O

Yy2y1?

2]1 C’IZJ2|1 =

_ +
Oxl/? nyl Oy1 Cy2y1 :

When

E*[x|21, o) = E*[z]1,y2)

the quasi-recursive BLUE becomes truly recursive. We call it the BLUE filter. The famous
Kalman filter is a special case of the recursive BLUE filtering under the corresponding

assumption.
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1.3 Optimality and Efficiency of the Optimal Distributed

Fusion

Distributed fusion has certain advantages over centralized fusion in terms of survivability,
autonomy, communication requirements, etc.

An important issue in distributed fusion is its performance relative to that of the cen-
tralized fusion using the same data. It is well known that under linear-Gaussian assumption
(i.e., linear measurements with additive white Gaussian noise), optimal distributed fusion
is equivalent to the centralized fusion. However, in many applications, this is not the case.
When there exists some correlation across sensors, what is the performance of the distributed
fusion? In general, distributed fusion can never outperform the optimal measurement fusion.

So, two natural questions arise:

e Under what conditions do they perform the same?

e How much performance degradation does the distributed fusion suffer?

Centralized and distributed estimation fusion architectures can be considered as a general
framework. As a basis, the BLUE, optimal WLS, and optimal generalized WLS fusion rules
for an arbitrary number of sensors have been presented.

The optimal centralized and distributed fusers are algebraically equivalent when the ob-
servation noises are uncorrelated across sensors. When the observation noises are correlated
across sensors, they have different performance in general. Thus there should exist necessary
and sufficient conditions for the optimal centralized and distributed fusers to have the same

performance. In my master thesis [48], several necessary and sufficient conditions for the
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optimal distributed and centralized BLUE (or WLS) fusion and the optimal WLS fusion to
have identical performance were obtained, which can be easily verified. Several measures of
efficiency of distributed fusion relative to centralized fusion were proposed, which include the
ratio of the mean-square errors (MSER) and generalized error variance ratio (GEVR) of cen-
tralized fusion and distributed fusion. These measures quantify the performance degradation

of the distributed fusion to the optimal centralized fusion.

1.4 Background and Motivation

Since there is information loss in terms of MSE for most general distributed fusion systems,
without any constraints, all raw measurements from each local sensor may directly be sent
to the fusion center for a multisensor fusion system in order to achieve the best performance.
However, for multisensor systems, measurements are conveyed through the communication
with limited capacity, and the processing power at the fusion center is also limited. Thus,
certain constraints need to be considered.

The work is motivated by the applications of practical target tracking and sensor fusion
systems. The discussion in this dissertation deals with multi-sensor distributed estimation
fusion under various constraints. How do we optimally utilize local information at the
sensor level in order to have the best estimation accuracy at the fusion center? The problem
can be formulated in terms of constrained optimization. For different constrains, we try
to find the corresponding optimal solutions. Under the dimensionality constraint, we will
address the problem of how to compress the local sensor data in order to achieve the optimal

BLUE fusion at the center. Under communication bandwidth constraint, we try to build the
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BLUE estimation scheme based on the limited sensor data quantization levels. Under the
information storage constraint, we will present the optimal out-of-sequence update, together
with its applications to multi-sensor multi-target tracking under the measurement origin
uncertainty.

The main topics in the dissertation are estimation fusion under different constraints,
such as the dimensionality constraint, the communication bandwidth constraint, and the
information storage constraint. These constraints have been studied in some other areas. In
the next chapter, we will give a brief survey of previous works related with the dissertation
to show that our problems in estimation fusion need special treatments.

The dissertation is organized as follows. We start in Chapter 1 with an introduction to the
basic structure of estimation fusion, several fusion rules, and properties of the BLUE fusion
rule. Chapter 2 gives a concise description of the previous works on data compression and
estimation fusion related to the dissertation. Optimal sensor data dimension reduction for
linear estimation fusion is described in Chapter 3. Specific issues in the optimal estimation
fusion with limited communication bandwidth, resulting in an estimation fusion scheme
based on sensor data quantization accuracy, and both estimation and quantization update
in a dynamic system along with a closed form of a recursion for a linear dynamic system
with white Gaussian noise, are studied in some detail in Chapter 4. Optimal update with
out-of-sequence measurements and its application to multi-sensor multi-target tracking in
clutter are described in Chapters 5 and 6 respectively, along with numerical results obtained
using target tracking scenarios. Finally, Chapter 7 summarizes the work and presents a few

future directions.
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Chapter 2

Previous Works

Estimation fusion has been investigated for more than two decades. Target Tracking and
Motion Analysis demand practical fusion systems for both military and non-military ap-
plications. Most of research efforts on estimation fusion focus on the optimal fusion rule
[4, 16, 54, 53, 50, 48, 49, 85] at the fusion center. With the advances of modern sensor
technology such as the wireless network connecting the MEMS microsensors, a lot of new
issues in estimation fusion area arise. In general, estimation fusion can occur at any level
when the data processor has access to measurements from multiple sensors regarding the
same target state. Therefore it is very natural to consider communication, computation
and power constraints in the fusion system. In a real situation, both the optimal sensor
data processing and the optimal fusion rule need to be taken into consideration since the
information is shared by the whole fusion system with various constraints.

With the communication constraints between each sensor and the fusion center, in this
dissertation, we will mainly consider how to compress data at the sensor level to achieve the

best estimation accuracy at the fusion center. Out-of-sequence measurement update problem
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is a special topic in target tracking area. Recently, a lot of research effort is focused on how
to build optimal update algorithms. Many approaches have been proposed. In the following,
we give a survey for the existing data compression and OOSM update techniques. In Chapter

3, 4, 5 and 6, we consider each problems in more detail in the data fusion framework.

2.1 Data Compression

Data compression is an old and important problem, which has been the subject of a large
volume of literature ranging from estimation, detection, information theory to statistical pat-
tern recognition and data mining. Most methods proposed only concern the data compres-
sion within each local sensor. There is little research on data compression with distributed
estimation fusion. The popular techniques in these areas do not capture the relationship
between the local sensors and the fusion center. That is why we need to investigate new
data compression techniques particularly useful for fusion systems. Dimension reduction and
quantization are two popular techniques to perform data compression in the pattern recog-
nition and communication areas. Sensor data compression for estimation fusion can also be
formulated as sensor data dimension reduction and the sensor quantization problems. In the

following, we give a brief description on the existing data compression methods.

2.1.1 Dimension Reduction

In pattern recognition, the input data is usually represented by a set of d features or measure-
ments, called a d-dimensional feature vector. In most intelligent data analysis, the dimension

of the measurement space is usually very large in order for the measurements to carry as
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much information as possible about the physical objects of interest. This high-dimensionality
is a major cause of the practical limitations of many sophisticated techniques because the
complexity of many algorithms increases very fast with the dimension.

Besides, it has been observed that using a large number of features may actually degrade
the performance of classifiers if the number of the input data is small relative to the number
of features [30, 69, 70]. This fact, referred to as the “peaking phenomenon”, is caused by
the “curse of dimensionality” [7]. Actually, the number of parameters in a d-dimensional
distribution usually grows much faster than O(d) unless one makes a strong assumption that
the features are independent [10]. For instance, given that the features are not independent,
the normal distributions have O(d?) parameters and the binary distributions have O(2¢)
parameters. In other words, the complexity of a distribution increases rapidly when the
dimension increases.

Therefore, dimension reduction is essential to many engineering applications. In the
past several decades, many dimension reduction techniques have been proposed, see [31] for
a complete survey. There is a tradeoff between the complexity of classifiers and that of
dimension reduction techniques. Thus, linear dimension reduction methods are usually used
in most practical applications. The most well-known linear dimension reduction methods are

probably Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA).

Principal Component Analysis

PCA (also known as the Karhunen-Loeve transformation in communication theory) [20, 32]
is possibly the dimension reduction technique most widely used in practice, perhaps due

to its conceptual simplicity and to the fact that relatively efficient algorithms exist for its
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computation. PCA is a linear dimension reduction technique based on the mean squared

error (MSE) criterion:

W = argV[I/ninE [(z = Wz%) (z = W2")] (2.1)

where z denotes a D -dimensional pattern represented by a lower d-dimensional random
vector z* = W'z, The PCA method computes the largest eigenvectors of the covariance
matrix S = E{(z — Z)(z — 2)'} (or correlation matrix R) of n samples. The eigenvectors
are called the principal components. These first d largest principal components contain the
most of the variance of data. By expanding data on these orthogonal principal components,
we have the minimal reconstruction error on the original data z.

Geometrically, the hyperplane spanned by the first d principal components is the regres-
sion hyperplane that minimizes the orthogonal distances to the data. In this sense, PCA is
a symmetric regression approach, as opposed to standard linear regression, which points one
component as response variable and the rest as predictors.

The key property of principal component analysis is that it attains the best linear map

z € RP — 2* € R% in the senses of:

e Least squared sum of errors of the reconstructed data.

e Maximum mutual information (assuming the data vector z distributed normally) be-
tween the original vector z and its projection z*: I(z;2*) = 3 In((2me)?\y, ..., Aq) are

the first d largest eigenvalues of the covariance matrix.

Certainly, for estimation fusion, we can still rely on PCA to perform sensor data di-

mension deduction. At the fusion center, the optimal estimation fusion rule can be applied
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based on the compressed measurements and certain accuracy can be achieved. But the
decorrelation and high measure of statistical significance provided by the first few principal
components of the sensor observation cannot guarantee to reveal the necessary information
for the estimation at the fusion center. The estimation accuracy could suffer significantly.
That is why we need to consider a more fundamental formulation for the problem. The

sensor data dimension reduction in linear estimation fusion can be formulated as
W =argminE{(z — 2(W'2))(z — 2(W'2))'} (2.2)
w

where x is the state to be estimated; with BLUE fusion rule, the linear estimator is (W'z) =
KW'z . Although the optimality criteria for (2.1) and (2.2) are both MSE, they have different
bases: PCA is in the observation space while the optimal sensor data dimension reduction
for linear estimation fusion is in the parameter (state) space. The major differences between
our problem with PCA are: The goal of sensor data dimension reduction in a fusion system
is to provide a good estimate of the state or process at the fusion center, rather than to use a
lower dimensional data to represent the sensor measurements; even if we use linear dimension
reduction technique, the transformation matrix W for all measurements at the fusion system
is a block diagonal matrix with each block corresponding to the transformation at each local
sensor. How to get the optimal W with this structural constraint is much harder than solving
the full unconstrained matrix W in the pattern recognition area. With our research results,
for state estimation fusion in static case, we achieved the optimal linear sensor data dimension
reduction based on BLUE fusion rule [80], and its generalization to state estimation fusion

in dynamic system [17] .
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Linear Discriminant Analysis

Linear discriminant analysis (also called Fisher’s Linear Discriminant) is another popular
linear dimension reduction method. In many applications, LDA has proven to be very
powerful. Fisher originally introduced LDA for two classes [22], and Rao generalized LDA
to handle multi-class cases [68]. LDA is given by a linear transformation matrix W € RP*4

maximizing the so-called Fisher criterion (a kind of Rayleigh coefficient)
J(W) = tr[W'S,W (W'S, W)™ ] (2.3)

where S, = 327, pi(m; — m)(m,—m)” is the between-class scatter matrix; S, = 3¢, p;S;
is the within-class scatter matrix; ¢ is the number of classes; m; and p; are the mean vector
and a priori probability of class ¢, respectively; m =7  p;m; is the overall mean vector;
S, is the scatter matrix of class 7; D and d are the dimensions of the data before and after
the transformation, respectively. To maximize (2.3), the transformation matrix W must
be constituted by the largest eigenvectors of S;'S,. The purpose of LDA is to maximize
the between-class scatter while simultaneously minimizing the within-class scatter. The
two-class LDA has a close connection to optimal linear Bayes classifiers. In the two-class
case, the transformation matrix W is just a vector, which is in the same direction as the
discriminant in the corresponding optimal Bayes classifier. However, it has been shown that
LDA is suboptimal for multi-class problems [57].

A major drawback of LDA is that it cannot be applied when S, is singular due to the
small sample size problem [24]. The small sample size problem arises whenever the number
of samples is smaller than the dimension of samples. For example, a 64 x 64 image in a face

recognition system has 4096 dimensions, which requires more than 4096 training data to
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ensure that S,, is nonsingular. So, LDA is not a stable method in practice when the training
data are scarce. In recent years, many researchers have noticed this problem and tried to
overcome the computational difficulty with LDA. Tian et al. [77] used the pseudo-inverse
matrix S} instead of the inverse matrix S,'. For the same purpose, Hong and Yang [29]
tried to add a singular value perturbation to S, to make it nonsingular. Neither of these
methods are theoretically sound because Fisher’s criterion is not valid when S,, is singular.
When S, is singular, any positive S, makes Fisher’s criterion infinitely large. Thus, these
naive attempts to calculate the (pseudo or approximate) inverse of S,, may lead to arbitrary
(meaningless) results. Besides, it is also known that an eigenvector could be very sensitive
to small perturbation if its corresponding eigenvalue is close to another eigenvalue of the
same matrix [75]. In 1992, Liu et al. [55] modified Fisher’s criterion by using the total
scatter matrix S; = S, + S,, as the denominator instead of S,,. It has been proven that the
modified criterion is exactly equivalent to Fisher’s criterion. However, when S,, is singular,
the modified criterion reaches the maximum value (i.e., 1) no matter what the transformation
W is. Such an arbitrary transformation cannot guarantee the maximum class separability
unless WIS, W is maximized. In 2000, Chen et al. [18] proposed the LDA+PCA method.
When S, is of full rank, the LDA4+PCA method just calculates the maximum eigenvectors
of S; 'S, to form the transformation matrix. Otherwise, a two-stage procedure is employed.
First, the data are transformed into the null space V, of S,,. Second, it tries to maximize
the between-class scatter in V), which is accomplished by performing principal component
analysis (PCA) on the between-class scatter matrix in V. Although this method solves the
small sample size problem, it is obviously suboptimal because it maximizes the between-class

scatter in the null space of S,, instead of the original input space.
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While solving the optimal sensor data dimension reduction problem under BLUE fusion

rule, (2.2) can be written as

W = argmin{C, — C,, W(W'C.W)"'W'C"_} (2.4)

— arg max{W'C"_C,. W (W'C.W)™ '}

If we treat C!,C,. = Sy and C, = S,,, when C, is nonsingular, the optimal W without block
diagonal structure constraint can be directly borrow the solution from LDA. However, we
derived a more general solution for (2.4) which can handle the case that C, is singular, also
W could be block diagonal. Our results provide a direct solution for the small sample size
problem in pattern recognition area by applying LDA with singular S,,. The full analysis

and results are submitted for publication.

2.1.2 Vector Quantization

Vector quantization (VQ) (or block or multidimensional quantization) is a technique that
exploits the underlying structure of input vectors for the purpose of data compression. Specif-
ically, an input space is divided into a number of distinct subsets, and for each subset, a
reconstruction vector is defined. When the quantizer is presented as a new input vector, the
region in which the vector lies is first determined, and then represented by the reproduction
vector for that subset. Thus, by using an encoded version of this reproduction vector for
storage or transmission in place of the original input vector, considerable savings in storage
or transmission bandwidth can be realized, at the expense of some distortion. The collection
of possible reproduction vectors is called the code book of the quantizer, and its members

are called code words.
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Measurement Quantization

More generally, we can define a quantizer as consisting of a set of cells S = {S;; ¢ € I},
where the index set [ is ordinarily a collection of consecutive integers beginning with 0 or
1, together with a set of reproduction values or points or levels C' = {y;; i € I}, so that the

overall quantizer ¢ is defined by ¢(z) = y; for z € S;, which can be expressed concisely as

(2) = 3" 0l

where the indicator function 14(z) is 1 if z € S and 0 otherwise.

The quality of a quantizer can be measured by the goodness of the resulting reproduction
in comparison to the original. One way of accomplishing this is to define a distortion measure
d(z, 2) that quantifies cost or distortion resulting from reproducing z as Z and to consider the
average distortion as a measure of the quality of a system, with smaller average distortion
meaning higher quality. The most common distortion measure is the squared error d(z, 2) =
||z — 2]|?. In practice, the average will be a sample average when the quantizer is applied
to a sequence of real data, but the theory views the data as sharing a common probability
density function (pdf) f(z) corresponding to a generic random variable z and the average

distortion becomes an expectation

D(o) = Bldza)] = ¥ [ o))

If a distortion is measured by squared error, D(q) becomes the MSE.
It is desirable to have the average distortion as small as possible. There is a cost in terms
of the number of bits required to describe the quantizer output to a decoder, however, and

arbitrarily reliable reproduction will not be possible for digital storage and communication
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media with finite capacity. A simple method for quantifying the cost for communications or
storage is to assume that the quantizer “codes” an input z into a binary representation. If
there are N possible levels and all of the binary representations or binary codewords have
equal length, the binary vectors will need log N components or bits. Thus one definition of

the rate of the code in bits per input sample is

R(q) =log N

In summary, the goal of quantization is to encode the data from a source, characterized
by its probability density function, into as few bits as possible (i.e., with low rate) in such
a way that a reproduction may be recovered from the bits with as high quality as possible
(i.e., with small average distortion). Clearly, there is a tradeoff between the two primary
performance measures: average distortion and rate. There are also many alternative quan-
tization techniques that permit a better tradeoff of distortion and rate; e.g., less distortion
for the same rate, or vice versa.

The history of the theory and practice of quantization dates back to 1948. Two comple-
mentary approaches dominate the history and present state of the theory: Rate-distortion
theory — Shannon’s information - theoretic approach to source coding providing the founda-
tions of information theory [72, 73]; high resolution (or high-rate or asymptotic) quantization
theory [65, 8, 67]. In contrast to these two asymptotic theories, there is also a small but
important collection of results that are not asymptotic in nature. The most important
nonasymptotic results, however, are the basic optimality conditions and iterative-descent

algorithms for quantizer design, by considering the problem with a squared-error distortion
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measure:

S [ mle)ls =Pz 2.5)

where m(z) is a density function defined on Euclidean space. What partition S and collection
of vector C' minimizes (2.5), the sum of the moments of inertia of the cells about the asso-
ciated vectors? The solution is first derived by Steinhaus (1956) [74], then by Lloyd (1957),
and later popularized by Max (1960) [56]. What we now consider to be the Lloyd-Max
optimality conditions (centroid and nearest neighbor mapping) from fundamental principles
(without variational techniques), proved the existence of a solution, and described the it-
erative descent algorithm for finding a good partition and vector collection. A complete
survey [26] provides a historical tour of the development of the theory and practice of quan-
tization over the past fifty year, a period encompassing almost the entire literature on the
subject. Many of the efforts are described in a general way as “data-compression”, “redun-
dancy reduction”; and “bandwidth-compression”, and most of them rely on quantization

and subsequent reconstruction of data.

Estimation with Quantized Measurement

Estimation with quantized measurements is of prime interest to designers of digital commu-
nication systems. In most problems in estimation theory, the implicit assumption is that the
estimator has direct access to a sequence of possibly noise-corrupted measurements. How-
ever, in certain situations there is a constraint on the amount of information available to the
estimator. In particular, if the estimator is not at the same location as the measurement
sensor and receives information via a digital communication channel with finite capacity,

then the measurement must be mapped to a finite set of symbols before transmission to the
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estimator, i.e., the vector quantization is performed for the sensor measurements. The task
is to have the efficient estimation on quantizated measurements. The results from classical
estimation theory need to be extended to this case.

Given two random variables, x as the state to be estimated, and z as the measurement,

the joint probability-density function is p, (&, (). Given that z lies in a region denoted by

A, then
0, (¢4
pm,z\z€A<€7 C) =
T,z £»C
pP(z(EA)) C €A

where P(z € A) = [, dC [ d&p,.(€, (). The classical estimation is based on the probability-
density function p, (€, (), while the estimation with quantized measurement will be based

on pm,z\zGA (57 C) .

For Bayesian estimation, Curry [19] derived the result that for some function f(z)
E[f(x)|z € A] = E{E[f(x)|z]|z € A}

This indicates that the estimation problem with quantized measurements may now be con-
sidered to consist of two operations: finding E[f(x)|z], the conditional mean of f(x) given a
measurement (this function of z is the usual goal of the estimation problem without quan-
tized measurements), and averaging this function of z conditioned on z € A. This solution
to the estimation problem is most beneficial in the sense that E[z|z] is the MMSE estima-
tor which has been computed for a wide variety of problems. All that remains, then, is to
average this function over z € A when the measurements are quantized.

The natural questions to ask for estimation with quantized measurement are, what is the

best way to perform the quantization so as to minimize the estimation error, and how much
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capacity is needed to achieve a specified estimation accuracy. The goal of quantization in this
case is to provide a good estimation accuracy, rather than to reconstruct the measurements.

There are some existing results solving the state estimation problem with the quantized
measurements, such as Curry’s MMSE estimator with quantized measurement [19], Zhang’s
research on how the unbiased estimator depends on the communication rates [83] and Wong’s
analysis on the performance of estimation algorithms with the data rate [78]. Also, for
quantizer design, there are some works given by Ephraim and Gray [21], by Ayanoglu [1],

and by Nair [64] on coding and estimating scheme for a Gauss-Markov process, etc.

Estimation Fusion with Communication Constraints

Mutlisensor estimation fusion is more complicated than classical estimation theory. It in-
volves choosing the optimal estimation criteria at the fusion center, considering data process-
ing at each local sensor and characterizing communication. Estimation fusion with commu-
nication constraints can be considered the case where the communication from each sensor to

the fusion center is constrained to within certain bits. There are major research directions:

e Determine an optimal estimation fusion scheme which can achieve a pre-set estimation

accuracy with the smallest number of sensors;

e Determine the sensor quantization and center estimation fusion scheme given a fixed

fusion system structure.

The most recent research work given by Luo [58] belongs to the first direction which ad-

dresses the decentralized estimation in a bandwidth constrained sensor network. He studied
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the parameter estimation problem with a linear sensor observation model
=x4+v, k=1,....N

where noise terms are i.i.d., zero mean, and bounded to, say, [—U,U] with a probability
density function f(z). Consider the case where the communication from each sensor to the
fusion center is constrained to one binary bit. A linear estimator was considered
N
T = Z arls(zk)
k=1

His main results show that whether the noise pdf is known or unknown, O(U;) Sensors are
necessary and sufficient in order for the sensors and the fusion center to jointly estimate the
unknown parameter with MSE(Z)< e. This asymptotic result provides a good theoretical
foundation for fusion system design.

Following the second research direction, multi-sensor quantization for estimation fusion
has been studied by Lam and Reibman [33] and Gubner [27]. In [33], the MMSE and
the maximum-a-posteriori probability (MAP) were considered as theoretical foundation for
design of quantizers. Given h(qi(z1),...,qn(2x)) as the estimation function at the fusion
center, where qi(zx) = Y Yrils,, (2x), the distortion function corresponding to the MMSE

i

criterion is given by

dlz, h(qi (1), av(2w))] = [ = hqi(21), -, an (2n)))?
And the distortion function corresponding to the MAP criterion is given by

0 ifx= h( 1(2’1), ey N(ZN))
dlz, M@ (1), - - an(zn))] = q q

1 ifx#h(qi(z1),...,qn(2N))
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Comparing the optimal designs using the MMSE and MAP criterion, the computation for
the MAP fusion center is more difficult than computing the optimal MSE fusion center. On
the other hand, computing the optimal partition regions for the local quantizers is simpler for
the MAP criterion than the MMSE criterion. Therefore, it claimed that the choice of the two
criteria depends mainly on the nature of the problem. Lam’s quantizer design and estimation
requires the knowledge of the entire joint distribution of state and all sensor observations.
However, [27] proposed an linear estimation fusion, i.e., h(qi(z1),...,qn(2n)) = % ar(zk),

k=1
where sensor quantization uses only bivariate probability distributions. But the algorithm
itself involves solving several multi-variable equations to get ;.

All of above results are mainly confined to the estimation in a scalar case. In our research,
based on BLUE fusion rule, we build the general state estimation fusion scheme by optimal

quantizing the local sensor observations (Chapter 4).

2.2 Out-of-Sequence Measurement Update

In multisensor target tracking systems, measurements from the same target can arrive out
of sequence. Such “out-of-sequence” measurement (OOSM) arrivals can occur even in the
absence of communication time delays. The resulting problem — how to update the current
state estimate with an “older” measurement — is a nonstandard estimation problem. Al-
though OOSM update is a small problem from theoretical point of view, solving this problem
has a significant impact in target tracking and many other engineering applications.
Suppose there is no constraint. Then the OOSM update problem can be simply solved

by rerun the Kalman filter with all data from the OOSM occurrence time to its arrival time.



29

But we do have limited storage, how do we perform an efficient OOSM update with limited
storage?

Many OOSM update algorithms have been proposed. They can be classified into two
classes in terms of the delayed time of this OOSM: single-lag and multi-lag. Suppose the
delayed measurement is zg4, where the sampling time is t4 (tx—; < tq < tx). When I =1, z4
is a one-step delayed (single-lag) OOSM; when [ > 1, z; is a multi-step delayed (multi-lag)

OOSM.

2.2.1 Single-Lag OOSM Update

For the one-step delayed OOSM update problem, the initial work of [28, 9] presented an
approximate solution to the OOSM problem. The proposed update algorithm only uses the
information with the current state estimate 2y, = E*(xx|2;) and the delayed measurement

zq. According to the BLUE fusion theory, this solution for OOSM update is

Tppa = B (0| Tk, 2a)

An optimal OOSM update algorithm for one-step delay problem is first derived in [2]
where the information used includes Zy, z¢ and the state prediction Zyx—;. This a global
optimal algorithm in the sense that the state estimation update can achieve the same per-
formance as that of using all measurements from beginning up to now. Also, according to

BLUE fusion theory, this update can be viewed as
Eipa = E*(z1]2F, 20)

where 2% = [z1, 20, ..., zi].
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2.2.2 Multi-Lag OOSM Update

The OOSM update for multi-step delayed problem is much harder than the one-step delay
case. The main reason is that we have limited information storage. For one step globally
optimal update, the information of 2, can be characterized through ), and 24—, so we can
have an OOSM update algorithm having equivalent performance with in-sequence update
using the information Zyx—1, z4, 2x. By generalizing to the multi-step delayed OOSM update
problem, we can not based only on current information such as &y, and %y, to characterize
all observations from OOSM occurrence time to its arrival time. There is a tradeoff in terms
of optimality and storage requirement. Several techniques have been proposed. “Algorithm
Al1” and “Algorithm BI1” proposed in [2] give up optimality by doing certain approximation
in the algorithm and try to show that the performance does not suffer a lot for tracking
scenarios. [14, 15, 12] presented multi-step OOSM update using augmented state smoothing.

This is, let

L—I1+1

Tk

be the new state vector. Then the OOSM z; in terms of this new state X}, becomes the in-
sequence measurement. The update can be handled directly by the state augmented Kalman
filter. The idea has merit, but the computation and storage are intensive which limited the
implementation of the algorithms. The suboptimal OOSM update of [59] gives an algorithm

that can achieve

i"k|k,d = E*(ﬂik\iﬁmk, Zd)
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2.2.3 OOSM Update in Clutter

The previous results for OOSM update are formulated for a Kalman filter to update the
state. In this problem, the measurement at each sampling time is assumed to be target
originated and no clutter or interference from other targets is considered. However, in real
world multi-sensor multi-target tracking problem, measurements received at the fusion center
can originate from targets or clutter, i.e., false alarms. The filter handles the measurement
origin uncertainty via the so-called data association.

Considering solving the multi-sensor OOSM update problem in a cluttered environment,
[60, 66, 14, 13] discussed several issues by applying their OOSM update algorithms in the case
of measurement origin uncertainty. The existing optimality criterion for the OOSM update
within the Kalman filter framework is no longer valid for the target tracking problem with
measurement origin uncertainty. So, the optimality criterion for OOSM update in clutter
is complicated. Most existing works are to study the performance of their OOSM update
algorithm combined with certain data association algorithms.

Filtering is a special case of fusion. So our research for this OOSM update problem is
based on the theoretical foundation of BLUE fusion with and without prior information. We
formulate the OOSM update problem as a constrained estimation fusion problem. Based
on different storage constraints, we develop a optimal OOSM updates [81, 61]. We also
extend our results for OOSM update in a cluttered environment [79] and mainly study the

performance of our algorithms combined with data association algorithms.
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Chapter 3

Optimal Sensor Data Dimension

Reduction for BLUE Fusion

Estimation fusion has been investigated for more than two decades. Most of existing results
focus on building the optimal fusion rules for distributed fusion. In target tracking, the
most commonly used distributed architecture, standard distributed fusion [53], only allows
local estimates to be available at the fusion center. However, for much wider applications,
distributed fusion has more general architecture than this configuration. In most standard
distributed fusion, each local sensor provides linearly or nonlinearly processed measurements
to the fusion center. How to define these local mappings is still an open problem. The reason
is that in the fusion center, the fusion rule can be easily defined by optimizing certain crite-
rion. For example, MMSE, BLUE, and WLS fusion rules are to minimize MSE covariance
matrix, MSE covariance within the class of linear rules, and the weighted data fitting error,
respectively. However, within a single local sensor, there is no concrete criterion to define

the best mapping for processing the sensor observations because our final goal is to achieve
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the optimal estimation at the fusion center rather than at the local sensor. For the standard
estimation fusion architecture, local sensor uses the same optimality criterion as the fusion
center and obtains the rule that maps local observations to the optimal local estimate. The
benefit of this fusion structure is that local sensor can also have their own local optimal
estimate. Limitations of this local sensor rule are obvious. The local sensor measurement

mapping does not

e optimize estimates at the fusion center.

e consider the communication capacity between the local sensors and the fusion center.

e consider the processing ability at the fusion center.

An optimal sensor compression rule should yield the optimal fusion at the center with
the constraint on the communication bandwidth between the fusion center and the local
sensors, and the processing capability of the fusion center. The problem of data compression
is thus a constrained optimization problem. Without constraints, the problem is trivial: the
local sensors’ observations can be directly sent to the fusion center, and then in the fusion
center, a globally optimal solution is guaranteed. Note that the size of the raw data is often
large, which has a high demand on communication bandwidth and the fusion center must
have good computation capability and large memory. For example, if we consider a uniform
quantization for every dimension of the data, the larger the data size, the more bits we
need to send. Thus it is crucial to consider data compression when creating the local sensor
rule. In this paper, we consider the BLUE fusion as the fusion rule. In the Gaussian case,

BLUE is equivalent with MMSE. Without loss of generality, we assume the dimension of
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each single observation is fixed. We consider compressing the local raw measurement to a
lower dimension. Since it is very difficult to discuss general nonlinear transformations, our
discussion is limited to linear rules. A linear rule is optimal if the fusion center achieves the

optimal estimation under the constraints.

3.1 Problem Formulation

Consider a distributed system with a fusion center and n sensors (local stations), each

connected to the fusion center.

Source 1

estimate Z

fusion cente

Source 2

Source n

Figure 3.1: framework of estimation fusion

Denote by z; (an n; - dimensional vector) the observations of the ith sensor of the estima-
tee (i.e., the quantity to be estimated) x. For a distributed fusion system, only data-processed
observations are sent to the fusion center, that is, a non-trivial mapping ¢; (i = 1,...,n) is

applied on local sensor measurements:

gi -z —Y;

After sensor data processing, the available data at the fusion center is y = {y1,...,yn}. If
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y; = z;, it is known as the centralized fusion, central-level fusion, or measurement fusion. If
y; = Iy, that is, only local estimates (based on z;) and its MSE matrix P, are available at
the fusion center, it is the standard distributed fusion. In general, the sensor rule g;(.) could

be any linear or nonlinear mapping. In this chapter, only linear rules are considered, that is,
gi - 9i(z) = Alzi : R™ — R%

where d; < n; and d; is less than or equal to the dimensional requirement for the ith sensor
due to communication or processing constraints of the system. After data processing, sensor
1 sends y; to the fusion center, which has a reduced dimension. Since the original data size is
reduced with the local processing, in the sequel, we call this linear transformation the local
sensor data compression.

At the fusion center, only linear unbiased estimation fusion is considered; that is, we con-
sider the most commonly used linear estimation method. With our sensor data compression,

estimation fusion in center can only base on the compressed data y = {y1,...,yn}, which is
y=Az
where

A = diag[Ay, ..., A,

2=z, 2
Note that C,, = C;.A and Cy, = A'C, A, and then

=7+ Cp A(A'CLA) A (2 — 2) (3.1)

MSE(2) = C, — Co, A(A'/CLA)TA'C’,
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where

Cp. = cov(z,2) = [Cpzyy -, Caz, |

Czl CZlZQ T Czlzn
02221 OZQ Cz2zn

C, = cov(z) =
Cznzl Czn

Then optimal sensor data compression, i.e., finding the optimal matrix A which satisfies

the dimensional requirement, is to solve the following constrained optimization problem:

A = argmin{MSE(z)}
= argmin{C, — C,, A(AC,A)TAC' }
= argmin{tr[C, — C,. A(A'C,A)'A'C’ |} (3.2)

= arg max.J(A)
A

st. A= diag[Al, e ,An] and dlm(Az) =n; X dz

where

J(A) = tr[CL A(A'C,A)TA'C! ] (3.3)

The last two equality of (3.2) holds because of the uniqueness of optimal estimation z
corresponding to the optimal A (We will clearly see this in the following section). If A =1,
y ={z1,22,...,2,}, raw data are sent to the fusion center. This is the centralized fusion and
the estimation is globally optimal based on all measurements observed from local sensors.
Generally

J(A) < J(I) = w[C,.CFCL] (3.4)
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The equality (3.4) holds when the sensor data compression has no performance loss for BLUE

fusion.

3.2 Optimal Compression of a Single-Sensor Data for

Estimation

Assume that estimation is only based on the compressed data from a single sensor. In this
system, the local sensor collects the observations and processes the data. The compressed
data are sent to the center for estimation. We first discuss this case because it is a good
starting point to derive the optimal solution.

In this case, n = 1, z = 2z; and A’ = A and thus y = y; = A}z, compresses the data from
dimension n; to dy (d; < my). According to (3.2), the optimal compression is the solution

of the following constrained optimization problem

A = argmaxJ(A) = argmaxtr[C,, A(A'C,A)TA'C’ ] (3.5)
A A

s.t. dlm(Al) =n71 X d1

As before, (A'C,A)~! can be replaced with the MP inverse (A'C,A)*" if the inverse does
not exist. In general, however, we can always find some A such that A'C,A is nonsingular.
Because when A’C, A is not invertible, we can always find a new A with a lower dimension
such that A’C,A becomes nonsingular as show next.

Lemma 2: If A'C,A is singular, we can find a lower dimensional matrix A such that
A'C,, A is invertible and satisfies

J(A) = J(A)
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O
Proof. Because A'C,A is a positive semi-definite matrix, suppose the rank of A'C, A is

N. There exists a unitary matrix S (S’ = S™') such that

A O
S'AC,AS =
0 0
where A =diag[Ay,...,\u], A (@ = 1,..., N) are the non-zero eigenvalues of A'C,A. Now
with D = [Iy, 0],

D'S’A'C,ASD = A

Let A= ASD. Then A has a lower dimension and A’C,A = A is nonsingular. Also,

J(A) = tr[C,. A(AC.A)TA'C! )

= tr[C,, ANTTA'C! ]

= tr[A'C! O, AN

= tr[D'S'A'C C,, ASDA™]

= tr[(S’A'C.,C,. AS) (DA D')]
A=t 0

= tr[(S'A'C!,C,. AS) ]

0 0

According to the property of the MP inverse: (PAQ)t = Q'A* P’ for unitary matrices P



and @),

J(SA) = tr[C,, AS(S'A'CLAS) TS A'C.]

= t1[C,, ASS'(A'C,LA)TSS'A'C"]

= t1[C,, A(A'C,LA)TA'CL ]
= J(A)
On the other hand,
A O
J(SA) = t1[C,. AS( )TSAC]
0 0
A7t 0
= tr[CIZAS S,A/Co/cz]
0 O
A1 0
= tr[(S'A'C!C,. AS) ]
0O O
Thus
J(A) = J(SA) = J(A)
| ]

Lemma 3: For any nonsingular matrix D, we have

J(A) = J(AD)

Proof. Based on Lemma 2, since A'C, A is invertible,

(D'AC,AD) ' = DY (AC. A (D)™

39
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and thus
J(AD) = tr[C..AD(D'A'C.AD) ' D' A'C:, ]
= tr[C,. ADD Y (A'C.A)"Y(D')"'D'A'C!,
= tr[C A(A'CLA)TA'CL ]
= J(4)
| |

According to Lemma 2, in the following, we only consider the case that A’C, A is invert-

ible.

Theorem 2: The optimal solution A of (3.5) is

A=CHK (3.6)

z

where the column vectors of K are the eigenvectors corresponding to the d, largest eigen-
values of (C!_C,,CT), and J is the sum of these d; eigenvalues. O
Proof. This proof follows from the one in [24]. Since J(A) is a continuous function, the

maximum point of J(A) should satisfy

1.e.
—tI‘[C A(A/C A) 1A/C/ ]
I ] Tz z Tz

d Yall / -1
= rACLCA(AC.A) ]

= —2CLA(AC.A) HAC! Co A)(A'CLA) Y + 20" .Cpu A(A'CLA) !

=0
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So

O CpA = CLAACLA) " (ATC!C,. A)

Two symmetric matrices (A'CT.C,,A) and (A'C,A > 0) can be diagonalize simultaneously

into A, =diag[\y,..., \,] and I,

B/(A'C!.C.,A)B = A,

B (AC,A)B =1,
where B is an m x m nonsingular square matrix and B~! exists. It can be shown that

CLA(A'CLA)H(ACT.C,. A)
= CA(BT) BT (BT AnB™

= C,ABA,, B!
So

C! C,.A=C.ABA,, B~

C! C..,AB = C,ABA,,
and because of the identity C,,CSC, = C,,, we have
C! C,.CFC,AB = C,ABA,, (3.7)

Let

K =C.AB

Then (3.7) can be expressed as

(C! C.CNK = KA,,
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This is the eigen equations for (C,C,.C;). Thus the components of A, and the column

vectors of K are the m eigenvalues and eigenvectors of (C!_C,.CS). Note that

J(A) = J(AB)
= tr[B'A'C!_C,.AB(B'A'C,AB)™"|
= tr[A, 1]

=AM+ At o+ Ay

where \; are also the eigenvalues of C C,.C]. Thus, we can maximize J(A) by selecting
the largest m eigenvalues. The transformation is by projecting z onto these m eigenvector.
We can form an m- dimensional subspace which is spanned by these m eigenvectors. Then,
J is the summation of the corresponding m eigenvalues. Further application of any m x m
nonsingular linear transformation could not change the value of J, i.e. J(A) = J(AD) for

any nonsingular matrix D. Also J(CFC,A) = J(A), because

J(C;“CZA)
= tr[C’zZCjCZA(A'C’ZC’jC’ZC';C'ZA)J“A’CZC;“C;Z]
= tr[C’mA(A'CZA)JFA'C;Z] = J(A)
Since
ij( = C’jC’ZAB

The optimal solution of A is
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From Lemma 3, the optimal solution of (3.5) is not unique [24], because if A is an optimal
solution, AD is another optimal solution for any nonsingular matrix D. However different

optimal solutions A and AD correspond to the same estimator (3.5):
E*(z|Az) = E*(x|ADz) (3.8)

This can be shown easily from the definition of BLUE estimator (3.1). As shown in the
proof of Theorem 2, the optimal solution set ) contains all elements A € ) with the relation
A = AB for any nonsingular matrix B. So (3.8) verifies the uniqueness of the optimal
estimator Z corresponding to ).

Suppose rank(C”,_ C,.CF) = m, m <min{n,n,}, where n is the dimension of observation
z and n, is the dimension of the estimatee x. So C!,C,,C has only m nonzero eigenvalues.
This means that if the sensor is allowed to send a vector of a dimension larger than m, we
can always project the observation into a subspace of the lower dimension m, in that we can
choose the optimal A such that d; = m. It should be realized that there is no information
loss with this data compression. Also, m = n; means the observation dimension is low, not
larger than the dimension of the estimatee. Since J(A) is the sum of d-largest eigenvalues,
and J(I) is the sum of all nonzero n eigenvalues of (C. C,,C}). It indicates that if we
compress the observations with d < n, then J(A) < J(I). In this situation, we can not get
the data compressed observation without information loss (performance deterioration). If
d < m, there is information loss even for the optimal compression y = A’z, that is, the fusion

center can not achieve the globally optimal estimation using the optimally compressed data:

J(A) < J(I)
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With the optimal sensor data compression, we compress the raw measurements and

extract the most important information for estimating x at the fusion center.

3.3 Optimal Data Compression for Estimation Fusion

For multiple-sensor estimation fusion (n > 1), z = [21, 29, ..., 2, and A =diag[A4, ..., A,]
which build the linear mapping y = A’z compressing each local sensor measurement from
higher dimension n; to d; (d; < n;), i = 1,...,n. In this section, we first discuss three special
cases which have simple optimal solutions for multiple sensor data compression. The most

general and difficult case is discussed last.

3.3.1 Uncorrelated sensors

In this case, C,,.; = 0 for any i # j where i,j = 1,...,n. Since C, and A are all block
diagonal matrices,

A'C.A = diag[4,C,, Ay, ..., ALC,, A

SO
(A'C,A) = diag[(A,C., A) 7, ... (ALC., A
also _ -
AL Co Ay oo AL Con A,
A'C,.CoA =
A C, Co A - AC, Cos Ay
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according to the property of trace, the objective function (3.3) can be rewritten as

J(A) = tr[A'C!_C, A(A'C,A)

— Z tr[AC!, Cp Ai(ALC,, A) 7
i=1

= Z Ji(A)

where

1Tz

Now the constrained optimization problem (3.2) concerning J(A) can be divided into the

following n individual constrained optimization problems

A; = argmaxJ;(4;),1=1,2,...,n (3.9)
A;

For each A;, the optimization problem is the same as the single sensor case, so we have
the optimal solution fll = C;g K;, where the column vectors of K, are the eigenvectors
corresponding to the d; largest eigenvalues of C, C,..,C or AD with any nonsingular matrix

D, and J; is the sum of the d; eigenvalues.

3.3.2 Linear sensor observation model with uncoupled noises

All sensor observation model are linear, that is

z=Hax+v, 1=1,...,n
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where C,, = R; and C,,,;, = 0 for any ¢ # j where ¢,j =1,...,n. Let

H=[H,H, .. H]

v=[v],vy,...,0]

then
z=Hx+v

and

C,=HC,H+R

Cp. = C,H'

With sensor data compression, the available information at fusion center is y = A’z, the

estimation error covariance at fusion center will be

MSE(2) = C, — Co, A(A'C,A)TA'CY,
=C,— C,HAAHC,HA+ ARA)AHC,
=[C;'+ H A(ARA) A H|™!
So the optimal A is the solution of following problem
A = argmin{MSE(z)}
= argmin{[C, ' + H'A(A'RA)'AH]™'}
= argmax{C, ' + H'A(A'RA) ' A'H}

= argmax{tr[H'A(A'RA) "' A'H|}
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since

tr[H'A(ARA)A'H) = Y " [ AJH H]Ai(A[R; A) ™ =) Ji(Ay)

i=1 =1

thus

A; = argmaxJ;(A;),i=1,2,...,n (3.10)

A;

Now for each A;, the optimization problem is the same as the single sensor case, so we have
the optimal solution A;, where the column vectors of A; are the eigenvectors corresponding
to the d; largest eigenvalues of R; ' H;H! or A;D with any nonsingular matrix D, and J; is

the sum of the d; eigenvalues.

3.3.3 Sensor dimensional requirement larger than rank of C! C,,Cf

When the dimensional requirement for each sensor is larger than m =rank(C’_ C,.C), we
can simply create the sensor data compression y; = A’z; such that d; =m (i =1,...,n). By
concerning the estimation in fusion center, we will see there is no information loss for the
estimation fusion in center with this local sensor data compression.

Since all A; have the same number of columns, we can define
Ape = [AL, AL, AT
Then the objective function (3.3) is equivalent to
J(Anew) = tr[A}, O Coe Anens (A} Ce Anenr) ']

new —xrz new

Now the constrained optimization problem for this case is the same as that of the single
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sensor case, that is,

Apew = argmaxJ (Apew)
A

s.t. dim(Apew) = (zn: n;) X m
i=1

Then the optimal solution is flnew =Cf K, where the m column vectors of K are the
eigenvectors corresponding to the m nonzero eigenvalues of C,C,,C or AD with any non-
singular matrix D, and J is the sum of the m eigenvalues. Obviously J(Apew) =tr(C..C,.CF) =
J(I), so there is no information loss with this sensor data compression.

Observations may have a higher dimension than that of the estimatee. So there is no
estimation accuracy degradation if all sensors compress their observations to the same di-
mension as estimatee. However this data compression needs to consider correlation between
sensors. This means that if a sensor compresses its observations by only considering its local
information, generally, there is information loss. This is related to the fact that the standard

distributed fusion can not achieve the same performance as the centralized fusion in many

cases.

3.3.4 Arbitrary sensor dimensional requirement

An arbitrary sensor dimensional requirement for a distributed system is the general case.
Each sensor has different dimensional requirement according to the system restriction, and
some of sensors have a demanding dimensional requirement of d; < m =rank(C’,C,,CT).
So we can not construct the same sensor data compression as above, and data compression
generally has information loss.

According to (3.2), the optimal sensor compression is the solution of the following con-
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strained optimization problem:

A= argmaxJ(A)
A

A= diag[Al, R ,An] and dlm(AZ) =n; X dz

where
J(A) = tr[C, A(A'CLA)TA'C! ]

Although the objective function J(A) has the same form as the single-sensor case, we can
not directly borrow the solution there, because there is one more constraint for the matrix
A which requires A to be block diagonal. In the single-sensor case, if we treat the objective
function J(A;) as a single variable function of A;, the objective function J(A, As, ..., Ay)
for the n-sensor case should be a function of multiple variables. Now the problem become
a multivariable optimization problem. It is almost impossible to directly get an explicit
solution of this particular problem . In the following, we present an algorithm based on the
Gauss-Seidel iteration to search for the optimal solution.

For each i = 1,...,n, we denote

i) = (Y1 Y1y Yirts s Yl
20y = [#1, s Zic1s Zig 1, - - - 2]

Ay = diag[Ay, ... A1, Ay AL
At the fusion center, based on the BLUE fusion and the recursive BLUE, we have

4#BLUE _ E*(:E|y) = E*(fl?|y(i)>yi>

* —1
= B (@ly) + Capy, O, it

MSE(&""F) = Cupy,) — Cagy,, Cyt C

gily(i) ?71‘|y(1-> xﬂﬂy(i)
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where with g = yu) — Yu) and Zg) = 24y — 2@
Gily, = Yi — B (yilye))
=Yi—Yi— Cyiy(i) C’;(})gj(i)

= Aj(z — Z) — AlC..2, A (Al Co Aw) ™ Aty 20

z ZiZ(i) (1)

So
MSE(#7) = Capyg,, — Ciy, AilAiCs,, Al 1A;C;zz,y<)
where
Calyey = Cr = Crzy Ay (Al Oy Ai)) ™ LAY, C’;z()
Crzyy = Cazy = Oz Ay (Al Coy Aiy) T Ay Cls
Zilyy Coi = Oz Ay (A Oz A) lA/ C//m()
Denote
Ji(A;) = tr[ngi‘y(i) A (ALC: iy, )Ai)_lA;C;Z”y( )}
Then
J(A) = J(Ag, A)
— 2[Clagy Ay (Al Cry i) " Al Cl | + Ji(A)
The objective function J is a multivariable function of Ay, ..., A,. According to the nec-

essary condition for multi-variable extreme point, A; should be the optimal solution of the

following optimization problem

A; = argmaxJ;(4;)
A;
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Now it becomes the same problem as optimal sensor data compression for the single-sensor

case. Then the optimal solution is

A, =CF

VA z. A
Fily

where the column vector of K; is the d; eigenvectors corresponding to the d; largest eigen-

+

values of C’. 5 ;
Zily(i) xzz‘y(z') Zi\y(i)

" . Note, however, that the optimal solution A; depends on the

value of Ay through Zilyy- 1t is not easy to give an explicit solution for each A;. In the
following, we give an iterative algorithm to search for the optimal A.

Define the operator I' = (I'y,...,I,), fori=1,...,n

FZ<A177A1717A1+177ATL) :C; Kz

ily(s)

Then we can construct a Gauss-Seidel iteration to search for the optimal solution (Ay, ..., A,).

Suppose the nonzero initial value is (Ago), e ,A,(lo)), at each iteration k =1,2,...

AR =1 AP APy

n

A = Ty(AFY AP A (3-11)

n

AP =T (AP AT

n

After each iteration (3.11), we have

AW = diag[Agk), ., AW

n

The iteration stops once the objective function J(A) satisfies

J(AFD) — J(A®) < ¢
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where € is some predetermined small number.
As shown in Theorem 2, in the Gauss-Seidel iteration, for each ¢ =1,...,n, it is obvious

that

J(AFTD o ARED A ARy

+1

> JAFY AR AR 4R

n

ie.,

J(A(k)) > J(A(kfl))
The equality holds if and only if Agkﬂ) = Agk)Di, where D; is any nonsingular matrix. Thus
the series {J(A®)} is monotonically nondecreasing.

Theorem 3: Function J(A) has an upper bound. O

Proof. Because

Co. A(A'CLA)TAC
_ O CYCECEA(NCECE A ACECECH O,

Tz~ Z

= [(A'CH)(C2CHCL ) [(ACE(ACE Y| (AC(CE CC,)
according to Cauchy-Schwarz inequality:

Co AAC,A) T AC! . < (C2CHC,. Y (CECECL.)

=C!.CHC,,

Tz~ Z

SO

J(A) = tr[Co A(A'CLA)TTA'C! | < tr[Cl.CHC,)

rz — z

therefore the theory holds. m
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According to Theorem 3, series {J(A®)} is the monotonically increasing and has an

upper bound, and so it has a limit (:

lim J(A®) = ¢

k—oo

Combined with the continuity of function J(A®)), there exists A such that

lim J(A®) = J(A)

k—o0

So A is a limit of series {A®}.

Theorem 4: The limit point A in Theorem 3 is a stationary point of the objective

function, i.e., aiAiJ(AﬂA:A =0fori=1,...,n. O
Proof.
J(A(k)) J(A(kfl))
means
J(Agk)v s 7Az(k)7 Agizl)a s 7A7(1k_1))
= JAW AW AWY=D)y =
ie.

Thus Agk) and Agkfl) should be in the same eigen-space, and there exists a nonsingular

matrix B; such that

AP _ g AK-D

Also because

J (AW AR AR ARy —

v 0t
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fori=1,...n, we have

Ty (B A B AR AR ARD) = g

It is easy to get that

B BAYD B AL A

:JAi(A(kfl)) =0 i=1,...n

So A = A%~ is the stationary point. m

Theorem 4 is important. It implies that when the iteration ends, the solution is a critical
point of the objective function J. It may be a maximizer because extreme points are also
critical points. Unfortunately we are not able to provide further theoretical results concerning
the convergence of { A%} to the globally optimal solution at this stage, because the objective
function J(A) is too complex to analysis for block diagonal matrix A. However, we found
from simulation that almost often we achieve the globally optimal solution, which means
starting from different initial points, the iteration will end with the same value of J and the

same estimator Z.

3.4 Simulation

Several simple numerical examples are given in this section to verify formulas presented and
the optimality of our Gauss-Seidel iteration based search solutions. All examples are for the
following multi-sensor target tracking system:

We consider a constant-velocity moving target in 2 dimensional x—y space. The estimatee

x(t) is the state process, consisting of position and velocity components: = = [x,x,y,y]". We
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set up 6 observation stations S;, i = 1,...,6, with 3 different types. The first two stations

have a linear observation model: z;(t) = Hz(t) + v;(t), where H = I;. The third and fourth

1000
stations have the same linear observation model but with H = , that is, they

0010

only observe position of the target. The last 2 stations have a nonlinear observation model:

a(t) = x(t)? +y(t) o)

tan—l(;g—?)

=

v;(t) is zero-mean white noise with covariance R; =cov(v;(t)), i = 1,..,6.

1000 20 10 5

20 100 5 10

R, =10 )
10 5 4000 50
5) 10 50 300
40 2 0 O
2 6 0 O
Ry, = 1000
0 0 10 1
0O 0 1 5
20 1 15 4
R3 = 1000 , R4 = 1000
1 30 4 10
0.004 0 1 0
R5 = 3 R6 =
0 90000 0 1.6 x 108

In this setting, the estimatee is the 4-dimensional state and the observations of the six

sensors at each sampling interval T; (i = 1,...,6) have the dimensions 4, 4, 2, 2, 2, 2,
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respectively. It is not realistic that each sensor’s data transmitting rate is the same as
sampling rate according to the channel capability. The most often case is that each sensor
transmits information to the fusion center every NN; sampling intervals. Then the stacked
observations sent by each sensor have dimensions 4Ny, 4Ny, 2N3, 2Ny, 2N5, 2Ng, respectively
[50]. We use Monte Calro method to calculate the covariance matrices C,, and C, in order
to approach a more realistic scenario, since we use nonlinear observation models for last two
sensors. In the following, we try to get the optimal compression y = A’z for several fusion
systems and compare the mean-square error mse(#(y)) =tr(C, —C,, A(A'C,A)~tA'C" ) with
the minimum possible mse(z(z)) =tr(C, — C,.C;'C".), in order to test if the compression

loss information or not.

3.4.1 Single Sensor

In this case, we only use sensor 1, 3 or 5. Here N; = N3 = N5 = 10, which means every 10
observations are stacked in each sensor to be compressed. At the fusion center, we use the
compressed data to estimate the state. By (5.19) we can get the optimal compression for
each system with different data dimensional requirement d. In Table 3.1, we compare the
mse for all cases: The estimation accuracy increases if data of a higher dimension are allowed
to be sent. Since rank(C”_C,,C; ') = 4, our analysis states that mse(#(y)) =mse(#(2)) if

and only if d > 4. This is verified by Table 3.1.
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Table 3.1: mse of estimation using compressed data from a single sensor

mse(z(y)) | with Sy | with S3 | with S5

d=1 506.1702 | 511.8113 | 603.4013

d=2 483.3577 | 498.4204 | 596.2738

d=3 483.3381 | 498.4161 | 596.2643

d=4 483.3308 | 498.4141 | 596.2609

mse(z(z)) | 483.3308 | 498.4141 | 596.2609

3.4.2 Multi-Sensor Fusion System

In this case, we construct the fusion system by using any combination of the 6 sensors.
Vector (dy, do, ds, dy, ds, dg) denote dimensional requirement for the sensors. So d; = 0
means sensor ¢ does not send out any information, i.e., sensor ¢ has no action in the fusion
system. Here N; = 10, that is each sensor stacks 10 observations. The Gauss-Seidel iteration
was used to get the optimal solution. In Table 3.2, we compare the mse for all cases, where
Z(z) denotes the centralized fusion by using all observations from all active sensors. We also
label the required iteration steps for searching for the optimal solution with the proposed
Gauss-Seidel algorithm to reach € < 0.0001.

For the case with (dy,ds,ds,dy,ds,ds)=(1,2,3,4,1,3), in Fig. 2, we use ratio= E:Egg;g;,

which is the ratio of the mean-square error of the centralized fusion to that of the distributed
fusion, for each search iteration k£ to show the convergence rate and optimality of the search
method. It is in the interval of (0, 1]. The larger the ratio is, the better the solution is. The

three lines are for three different initializations A©,



Table 3.2: mse for multi-sensor system

Gauss-Seidel

(d1,dy, ds3, dy, ds, dg) mse(Z(z))
Solution:mse(Z(y))
(1,1,1,1,0,0) 369.6550 (step=11) | 291.1871
(2,2,2,2,0,0) 201.2524 (step=9) | 291.1871
(3,3,3,3,0,0) 291.2082 (step=9) | 291.1871
(1,2,3,4,0,0) 308.1658 (step=9) | 291.1871
(4,4,4,4,0,0) 291.1871 (step=8) | 291.1871
(1,1,1,1,1,1) 348.9785 (step=12) | 265.0382
(2,2,2,2,2,2) 265.1296 (step=13) | 265.0382
(3,3,3,3,3,3) 265.0646 (step=13) | 265.0382
(1,2,3,4,1,3) 289.2232 (step=12) | 265.0382
(4,4,4,4,4,4) 265.0382 (step=12) | 265.0382

o8

From Table 3.2 and Figure 3.2, we see that the Gaussian-Seidel iteration for searching for

the optimal local sensor data compression is efficient and yields the optimal solution, because

it always converges to the same estimator for any initialization A®, and the convergence

rate is high.
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o9k

ratio

Figure 3.2: ratio for different initialization A

3.5 Summary

In this Chapter, we propose that in a multi-sensor distributed estimation fusion system, the
local sensor measurements processing should based on the fusion rule used in center and
the communication channel capability between sensors and fusion center and the processing
capability of the fusion center. We formulate the system restriction as the local sensor data
dimensional requirement. Based on BLUE fusion, we present the sensor compression within
the class of the linear transform which reduces the local data size. The explicit solution for
local sensor data compression is given for single sensor system and some particular multiple
sensor system. An algorithm with Gauss-Seidel iteration is provided for searching the optimal
sensor data compression for most general multiple sensor system with demanding sensor
dimensional requirement.

Theoretically, we analysis that there is no estimation accuracy degradation if the dimen-
sional requirement for optimal sensor data compression is larger than the dimension of the
estimatee. But the BLUE fusion given by standard estimation fusion system generally will
suffer its accuracy when local sensors are correlated. Because the sensor data compression

in standard estimation fusion system is not optimal since it does not use the correlation
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between each sensors.

It is shown in simulation results that the algorithm for searching the optimal sensor com-
pression rule for most general multiple sensor system with Gauss-Seidel iteration is efficient.
In future work, we would like to provide further theoretical support for the optimality of the

searching algorithm.
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Chapter 4

Optimal Sensor Data Quantization for

BLUE Fusion

4.1 Introduction

Dimension reduction is one way to accomplish sensor data compression in fusion system. It
provides a linear data compression rule and is not adequate for some problems. Vector quan-
tization is a nonlinear data compression technique which is very popular in communication
area. How to design the sensor data quantizer is the focus of this chapter.

In both centralized fusion and distributed fusion, the fusion center is generally not at the
same location as the local sensors, and the information sent from the sensors needs to pass
via digital communication channels with finite bit rate. Then observations from the sensor
need to be quantized into certain levels before transmission to the fusion center in order to
satisfy the communication constrains. The estimation at the fusion center can only be based

on quantized measurements which can be treated as the compressed measurements from the
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local sensors. The goal of sensor quantization in a distributed fusion system is to provide
a good estimate of the state, rather than to reconstruct the sensor measurements [23]. A
natural question is how to quantize local sensor data so as to minimize the estimation error
at the fusion center.

In this chapter, based on the BLUE fusion rule, we build a general state estimation
fusion scheme with optimal quantizing the local sensor measurements. The state to be
estimated can be a scalar as well as a vector. For state estimation in a dynamic system with
communication constraints, the update of sensor quantization needs to be considered. We
update sensor quantization by quantizing the measurement residual. When the system is
linear Gaussian, we have an explicit formula for the state estimation and sensor quantization
update. A new filter with communication bandwidth constraint is then established.

The rest of the chapter is organized as follows. Section 4.2 presents distributed BLUE
estimation fusion with limited channel capacity requirements. Given the communication
constraints, the problem is formulated as finding partitions of the observation space and
representative values for each sensor with fixed quantization levels. A systematic solution
for optimal sensor quantization in distributed fusion system is established in Section 4.3.
Section 4.4 presents the generalized results for the state estimation in a dynamic system
under the communication constraints. A new algorithm for both state estimation and sensor
quantization update is developed for linear Gaussian dynamic system. Simulation results and
discussions are given in Section 4.5. Section 4.6 provides a summary and briefly discussion

about the future work.



4.2 Problem Formulation

Source 1

n

estimate Z

Source 2 —( fusion cente
Y2
Yn

Source n

Figure 4.1: framework of distributed estimation fusion
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Figure 4.1 shows the framework of distributed estimation fusion where n distributed

sensors send measurements to a fusion center. Random observation vectors z; (i = 1,...,n)

are collected by the sensors. z is the state to be estimated (or estimatee). Suppose the fusion

center is at a distant location connected to the sensors by digital channels with a capacity of

r; (i = 1,...,n) bits without error. Hence the sensor observations can be vector quantized

into m; = 2" levels. The sensor ¢ quantizes observation z; (¢ = 1,...,n) by mapping it into

a discrete vector y; (i = 1,...,n) which is transmitted to the fusion center. For sensor k, let

Qk1, - .., Qim,, be a partition of the observation space, and yj1, . .

values of the partition. Then

my
Y = Z Yrilay, (2x)
=1

-» Yem, De the representative

where Ig(z) denotes the indicator function, i.e., Io(z) =1 if z € Q and Io(z) = 0 otherwise.

The fusion center then makes an estimate & for x based on y; (i = 1,...,n).

At the fusion center, only the linear unbiased estimation fusion is considered; that is, we

consider the most commonly used linear estimation method: best linear unbiased estimation.
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With our sensor data quantization, estimation fusion at the center can only be based on the

compressed data y = [y],...,y,]".

The problem of optimal sensor data quantization, i.e., finding the optimal partition
{1, Qe } (B =1,...,n) of the sensor observation space and the corresponding repre-

sentative values {yx1, ..., Ym, } (K = 1,...,n), is to solve the following optimization problem:

({ka cee 7kak}7 {ykh s 7ykmk}>k=1,...,n
= argmin{MSE(z)} (4.1)
= argmin{C, — Cy(C,) ' Cy, }

my
ue 2 yrilo,, ()
=1

4.3 Optimal Quantizer Design for BLUE Fusion

The optimal quantizer is designed by solving optimization problem (4.1). For each k =

1,...,n, we denote

!/
y(k’) = [yi7 ce ayllg—lay;H-la cee )y;}

/ /
2 = (2 ot Zgds - e s 2]
At the fusion center, based on the BLUE fusion and the recursive BLUE [53], we have
&= E*(zly) = E* x|y, vr) (4.2)

o * + ~
=L (x|y(k)) + Ol’gkly(k) Cﬂmwmyk‘y(k)

MSE(#) = C;,  — Chy CE C (4.3)

o xgkw(k) gk\y(k) ng\y(k)



where k) = Yy — Yoys G = Yk — Y With Jay = Elya], 9 = Elykl, and
gk\y(k) =Yk — E*(yk|y(k)) = gk’ - Cyu/(k) C;:k)g(k)
The covariance matrices in (4.2) and (4.3) are

= Cy — Cypy, O C!

@kly(k) Yk YkY(k) ~Y(k) ~ YRY(k)
_ — _ + /
TYklyy nyk ny(k) Cy(k) Oyky(k)

Cy(k) = [Cyiyj}i;ék, j#k

mg
As defined above, y, = Y Yrila,, (2k), SO
i—1

7

mg,

U= ykiP(2k € Qi)
=1
my,

Cy, = Z[ykz — U yki — U] P2k € Qi)
i=1
mp my

Cypy = Z Z[yki — Ukl — Gl P2k € Qay 21 € )

i=1 j=1

i=1 j=1

mg

= Z[ym — Ukl E(yi — Uil 2 € Qi) Pz € Qi)

=1

=3 Bl — 30— 50k = el Pk = )
= Z[E(:dzk € Qi) — 7 [yri — Uk P2k € Qi)

=1

mp mp
= [yki — Ue] P (2 € Qi) (Z[ylj —ul'P(21 € Qujlzr € Qi)
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(4.4)

(4.5)

)



We use following notation to simplify the expressions.
Dy, = [Dk17 SRR kak]l
Ak = [Akh o 7Akmk]/
Biy = [Bry(1),. .., Bri(ms)]
and the vectors Dy;, Ax; and By (i) are given by
Dri = [yri — Yx) vV P (2 € Qi)

Byii(1) = E(yi — Uilzk € Qi) vV P2k € Qi)

Now
Cy, = (Dy)' Dy,
Cyy = (Di) Bry
Cay, = (Ar) Dy
Let

B(k) = [Bk,la ey Bk,k—b Bk,k—f—la ey Bk,n]/
D(k) = diag[Dl, ey Dk;—ly Dk+17 ey Dn]

Ay = [(An) - (A1) (Arn)s -, (AT

and C

ey have

The matrices Cy,

= Di/' By

YkY(k)

ny(k) = /(k)D(k’)

66



67

Then (4.4) and (4.5) can be written as

Ciyy, = Di' D = Di'BiyyCyr, By Di

and the MSE matrix (4.3) is

MSE(#) = C;,  — ApDy[Dy'SkDy]t DAY, (4.6)

Ty(k)

where

Ay = Aj — A, »CF B

Yk)

Sy =1 - ByCi B

Y(k)

According to the derivation in Chapter 3, we can choose D) = [ such that there is no

information loss regarding the MSE (4.6) at the fusion center. Thus, we have

(Yki — Te)V P2 € Qi) = €

where e; is the unitary vector with e;(l) = §,_;. By now, we finish the procedure of finding

representative values for the partition members of the measurement space for sensor k, i.e.,

€
s — T = 4.7
Yk Yk (Zk c kl) ( )

We now discuss how to find the best partition {{2;}.-% for sensor k based on fixed {€2;}:

for I # k. According to (4.7), obviously, Dy, and Dy are my, x my, and (Y m;) x (Y- m;)
i#k ik

identity matrices respectively. Also matrix By, has components

P(Zk € Q]m, z € Qzl)
\/P Zk € Qk, \/P Zl € Qlj)

By,(i,j) =



and

Cﬂk\y<k) I— Bk)Cwa
ot /
Tklygy Ak — A k)Cy(k)B
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It is natural to ask how the best partition is characterized. For this purpose, we fix £ =

1,...,n, and write

MSE(#) = E[(&y,, — Kir)(y,, —Kix)']

E( T, ) E(iy(k)gDK KE(Z/kx

xy(k) Y(k) ) + KE(gkg;c)K

Y(k)

where

K=Chy,, Ci = (A —AlCh Bu)(I — BiyCit By)*

EYklY (1)~ Ukly Y(k > Y(k)

Tygy =T = Tygy =L — A(k Ol/(k)y(k

(4.8) can then be written as
MSE(2) = Ji, + E(Zy,, y(k)) EIE(Zy,, |26) E(Zy,, | 2)']
where
my
Jp = Z/ [E(Zy g |26) — K(yri — T)IE Ty |26) — K(yri — 70))'p(28)d2,
1 Y Qg
Now the best partition for sensor k should satisfy

{Qui }iM = arg min MSE(2)

= arg min Jk(lea cee kak)
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Denote by
Kek
k (Yki — Ur) Plor € )
Thus

Qi = {2n + (relzr) — o) (re(zr) — )" < (ru(zn) — ci) (reze) — )’ Vi #d}p (4.9)
The inequality “<” in terms of matrix may not always meaningful, so in real implementation,

we use

Qi = {2k 1 (re(2r) — cwi) (r0(z1) — era) < (ralzn) — eng)' (rizn) — eny) Vi # i}
which is the trace on both sides of inequality in (4.9). Note that the best partition satisfies
the nearest neighbor rule in the transformed space of z;, with center ¢; (i = 1,...,mg).

When the state x is a scalar, if we assume that c;y < -+ < Cgym,, then (4.9) is reduces to

Cki—1 T Cki

T () < Ci T Chiity (4.10)

Qki = {Zk : B

(The choice of < and < is arbitrary and is made so that the {{;};"% are disjoint.) Generally,
Q; in (4.10) is not an interval, but the inverse image of an interval. It is also important to
note that to compute ry(zy) and ¢; (i = 1,...,my) we only require knowledge of the pairwise
joint distributions p(x, zx) and p(zx, ;) for all [ = 1,... ,n instead of the joint distribution

p(z,21,. .., 2,). So if the number of sensor increases, the computation load increases linearly.

4.4 Dynamic Processing for State Estimation Update

In the previous section, we have discussed a static estimation problem where the state is a

random variable. In this section, we will consider a dynamic system where the state is a
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random process. In this case, when the system dynamics and the measurement model are
linear with additive Gaussian noise, the Kalman filter for update of the state estimation
is optimal in the MMSE sense if all raw measurements can directly be sent to the fusion
center. With the communication constraints, the fusion center can not directly access all
raw measurements from all sensors. The measurements need to be quantized and the state
update can only use the quantized measurements. In order to have the best performance at
the fusion center, we need to consider the update of the state and the update of the sensor

quantizer simultaneously.

4.4.1 General Dynamic System

In order to achieve the globally optimal update, the best sensor quantization at time &k should
use the joint distribution p(z, z) and p(zx, z) for all [ = 1,... k — 1. The reason is given

below:

Bae = E"(@rlyr, - Uk) = Bun-1 + Coyy O3y Il (4.11)
Pk\k = MSE(i'kUc) = Pk\kfl — Cik\kflykcl:};qk—lcék\kflyk (412)

where y; (i = 1,..., k) is the quantized version of the measurement Z;;,_1 = 2,—E*(%|y1, ..., ¥i—1)

and

Tppp—1 = E*(xrly1, - - Yr—1)

Ukje—1 = Y — E*(klv1, - - yr—1)

According to the BLUE, the measurement residual Zj;— is orthogonal to 41, - - - , yx—1. How-

ever the quantized measurement y; does not have such a nice property any more, e.g.,
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E*(ykly1, -, yr—1) # Uk, because quantization itself is not a linear transform. In order to

have a recursive formula for quantization update, in the following, we assume
E*(yelyr, - yk—1) = Uk
Then (4.11) and (4.12) can be rewritten as

£k|k = E*(xk|y1, e ,yk) = fj?k|k—1 + ka\k—1yk0;cgk

Pk|k = MSE(JA?;C‘;C) = Pk|k—1 - Cj C+ C.

klk=1Yk Yk~ T 1Yk

Now
mg
Uk = Zykjp(gk\kfl € Q)
j=1
mg
Cyo = > [vkj — Tllys — Ul P(Zugr—1 € Q) = (Di)' Dy,
j=1
mip
Copnrme = D B @Ern-1]Zup—1 € Qj)][Yas — T P(Zr—r € Q) = (Ax)' Dy,
=1
where
D = [Yrj — Uil \/P(5k|k—1 € Qi)
Dk = [Dkla P 7kak],
Apj = [E(Trjp—1|Zkjp—1 € ij)]\/P(gklkfl € ;)
Ap = [Ap, . A, )
Therefore

Csp i O CL = Al Dy(D,Dy,)* D}, Ay

klk=1Yk Yk~ T —1Yk
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Following the derivation the same as Section 4.3, to minimize the MSE, the best represen-

tative values and partition are

Yki — Yk = ' (4.13)

and
Qi = {20 (rr(2r) — cra) (r(zr) — cri)’ < (re(zn) — cag) (rr(2e) — cry)’ for all j # i} (4.14)

where

Te(2k) = E(Tkjk—1]Zrk—1)

Cri = E(Trp-1|Zkp-1 € Qi)

When the state x is a scalar, if we assume that cg < -+ < Cgp,, then (4.14) reduces to

Cki—1 + Cii

Cki + Ckit1 )
2

< rp(z) <

Now the update of the sate at the fusion center with the communication constraint is

e = Tk + E(Trp—1]Zrpp—1 € Qj) i Zpp—r € iy
(4.15)

Pk = Prjr—1 — (Ax)'(Ax)

4.4.2 Linear Gaussian Dynamic System

In the following, we limit our discussion to the linear Gaussian dynamic systems. The state

and measurement equations are

Ty = Flp—12p—1 + Wk k-1

zr = Hyxy, + vy,

where the process noise wy ,—1 from time k — 1 to k, and measurement noise vy are white

Gaussian sequence with covariance Q-1 and Ry respectively.
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Update for Sensor Quantization

For the sensor quantization update, the main quantities need to be evaluated are

o0~ ~ ~ ~ ~
I T kP a1 o Tos1 ) P (1) ATk 1)
o0 ~ ~ ~ ~
S PCr | T 1) P (T 1) AT g1 1

Joo Lo ety Tt Gretinl Bt )P (Ersa) Ao Ty

E(Zpy1kl Zrrapp) = (4.16)

E(Zps1k| Zer1e € Qegr5) = = = = = -
e ’ o fgkwkegkﬂdp(zk+1|k|$k+1|k)p($k+1\k)d2k+1|kd$k+1\k

(4.17)
In both (4.16) and (4.17), probability density functions p(Zyi1x|Tkr1x) and p(Trs1pk) are

needed. Based on the Gaussian assumption:
Zrerik — Hi1 T ~ N(0, Ry)

P(Zks1k|Ths1yk) is Gaussian distributed. Note that p(Zry1x) can be obtained from p(Zy)
which can be calculated by
my
P(Tp) = Zp(fkuc@k; = Yr; — Uk)P(Uk = Yrj — k)

J=1

m
= ka(fk|k|5k|k—1 € Qi )p(Zijk—1 € Qj)
j=1
where the density function p(Zpx|Zer—1 € ;) can be obtained directly, because Ty, —
E(Zpk-1|Zkk-1 € ;) has the distribution as p(Zyx—1). Now we can see that even if the
initial point has a Gaussian distribution, p(Z441)x) is a Gaussian mixture. In some cases, if we
want to have a simplified results for sensor quantization update, we can use a single Gaussian

distribution to approximate the Gaussian mixture for p(Zyi1x), i.e., Te1p ~ N(0, Poy1p).

With this approximation, we have Zjqx ~ N(0, Sy41) and

Te(2k) = E(Zkga k] Zes1ie) = Kir1 Zegaje
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and with [19]
crj = E(E(Zrg1i| Zo1ie) 2o € Qigrj)
(4.18)
= K1 Bkl Zrorn € Qi)
Now it is easy to apply (4.14) and update the sensor quantization. Note that
K1 Zi1k ~ N(0, Ky 15641 K54 1)
Then Uy = (Kpi1Ski1Kpir) ™2 K1 Zap will have
Ui ~ N(0,1) (4.19)

Given the number of quantization levels my, for time k, we can use the Lloyd-Max [56] quan-
tizer for the standard Gaussian distribution, i.e., the partition {Qoy, ..., Qom, } for standard
Gaussian distribution. The rest is to map Zy11x into U4y to find the region it belongs to.
Now, we do not need to search for the best partition at each time; the quantization update
becomes very simple. What we need is only the communication for the state prediction
T4k from the center to each sensor.

State Estimation Update

According to (4.18) and (4.19), the update for state estimation (4.15) has an explicit
formula as follows:

Initialization Zo = Zo, Fojo = Fo



5

U = (KiSiK}) ™2 KiZisn
mg
7=1

Fap = T + (KpSkEK}) 2 E(Uk|Uy, € Qoy)  if Uy € Qo

Py = Pap1 — (KiSeK})? Py(KySpK})?

Trg1e = Fry1 ok

Prip = FronPrFyy g + Qi

Zhrik = 2ol — HipiTrge

Sk1 = coV(Zrq1k) = Hpp1 Py + R

_ r o—1
Kk—i—l - Pk|k—1HkSk+1

with the probability-density function p(xo). It is nice that the new filter is the same as
Kalman filter except that the state and estimation error covariance update parts are slightly
different.

In the next section, we will study the estimation performance of the update scheme for

a linear Gaussian system.

4.5 Simulation Results

Several simple numerical examples are given in this section to verify formulas presented in
the previous subsection and the sensor quantization update for a linear Gaussian dynamic

system.
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4.5.1 Estimation Fusion for Static Case
Consider a 2-sensor estimation fusion problem. The observation model for each sensor 7 is
Zik =X+ Wi 1=1,2

where z, w;  are statistically independent. Let x have density [27]

5[5 — cos()] |z < b

0 otherwise

where d ~ 0.3419 is a normalization constant and b = 2. Consider wig, and wsy having
the same density except that b = 1. The sensor quantization requirement is m; = 8 (3-bit

quantization).

One Dimensional Observation

In this case, each sensor has one dimensional observation. The Lloyd-Max partitions in

quantizer design for the random variables y;, ¢ = 1, 2, are identical and given by

Initial Partition Initial Partition

8

8

Fig 4.2 Initial Partition

After three iterations, the change of MSE for estimator is less than € = 0.005, and the

partitions are In Table 4.1., we compare the MSE of MMSE, BLUE results for centralized



Partition for z,
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Fig. 4.3 Partition

after Iteration III

fusion, and the distributed BLUE fusion for each iteration.

Table 4.1: MSE Comparison for One Dimensional Sensor Observation

i(z1,22) | #(21,22) | @(y1,92) T(y1,12) Z(y1,y2) Z(y1,y2)
MMSE BLUE (Intinal) (Iteration I) (Iteration II) (Iteration III)
MSE(%) 0.1101 0.1854 0.1747 0.1299 0.1230 0.1217

Two Dimensional Observation

In this case, each sensor has two dimensional observation. We use uniform partitions in

quantizer design for the random variables y;, i = 1, 2, are given by

After two iterations, the change of MSE for estimator is less than ¢ = 0.005, and the

partitions are In Table 4.2., we compare the MSE of MMSE, BLUE result for centralized

fusion results, and the distributed BLUE fusion for each iterations.

From Table 4.1. and 4.2., you can observe that:
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Initial Partion for z, Initial Partion for z,,

Fig. 4.4 Initial Partition

Partition for z, Partition for z.

Fig. 4.5 Partition after Iteration II

Remark 1: By passing the first iteration, the MSE reduces significantly. But after the first
iteration, the MSE does not improve a lot.

Remark 2: The centralized MMSE fusion has the best performance in terms of MSE.
Remark 3: The distributed BLUE fusion with quantized measurement can achieve better
estimation accuracy than centralized BLUE fusion. This is not counterintuitive, because
the optimal centralized BLUE fusion is only a linear estimator of the sensor observations,
however the distributed BLUE fusion with quantized measurement is in fact a nonlinear

function of the sensor observations.
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Table 4.2: MSE Comparison for Two Dimensional Sensor Observation

(21, 22) (21, 22) 2(y1,92) 2(y1,92) 2(y1,92)
(MMSE) (BLUE) (Intinal) (Iteration I) (Iteration II)
MSE(z) 0.013 0.0982 0.0572 0.0355 0.0354

4.5.2 State Estimation Fusion for Dynamic System

Now, we discuss state estimation update for a dynamic system.

Ty = Flp—1Tp—1 + Wi g1

2 = Hkxk + Vk

/
where z; = [atg-l), xgg)} , and w; and v; are zero mean white Gaussian noise. Consider a dis-
cretized continuous time kinematic system driven by white noise with power spectral density
q, called constant velocity model or white-noise acceleration model which is extensively used

in many tracking algorithm comparisons, described by

1 T
F’j =
0 1
H; = [1’0}
T3/3 T2/2
Owj - = q
T2/2 T
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where T is the sampling interval. The prior information is

Zojp = & = [200 Km,0.5 Km/ sec] ,

R R/T
Pojo =

R/T 2R/T?

and the maneuver index is A = /¢T3/R = 0.707 11.

trace[ Py, (Kalman)]
trace[ Py, (Algorithm)]’

In the results, we use mser= which is the ratio of the mean-square
error of the globally optimal Kalman filter to that of the algorithm under consideration to
show the efficiency of an algorithm. It is in the interval of (0, 1]. The larger the mser is, the
more efficient the algorithm is. In Fig 5.5, we draw the theoretical and sample mser (over

5000 monte Carlo runs) by using three different communication requirement m = 2 (1-bit

quantization), 4 (2-bit quantization) and 8 (3-bit quantization) respectively.

1.1

1k i
3-bit
0.9 b
2—bit
0.8 b
k]
(2]
1S5
0.7 b
0.6 b
1-bit
05 b
—— Theoretical Value
Sample Value
04 1 1 1 1 1
o 20 40 60 80 100 120

Time

Fig. 4.6 mser of State Estimation Update with Communication Constraint

Fig. 4.6 shows that the larger quantization level allowed, the better the performance
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is. When 3-bit quantization allowed, the state estimation update by using the quantized
measurement only suffers little accuracy compared with the Kalman filter using all raw

measurements.

4.6 Summary

We have presented the optimal quantizer design for distributed estimation systems using
BLUE fusion. A general framework of how to perform state estimation update and sensor
quantization update is introduced a new filter for linear Gaussian dynamic systems is estab-
lished. The new filter differs slightly from the Kaman filter only in the state and estimation
error covariance update parts. At the same time, the quantization update can be easily
handled by performing mapping other than searching for new partitions.

The new BLUE fusion structure with the optimal sensor quantization can achieve better
performance than traditional centralized BLUE fusion in some cases. Although at the center
level, this new BLUE fusion is still linear, it is nonlinear with respect to the whole system
because of the nonlinearity of the sensor quantization step. While the work is inspired by
the estimation fusion, the ideas can be applied in many other areas for constructing the
nonlinear estimator.

In our presented results, sensor quantization update in a dynamic system needs knowledge
of state prediction which is not available at the sensor level. In order to perform the task,
we need also to consider the communication from the center to the sensors, i.e., feedback.
How to formulate the communication constraints for feedback and how to perform update

still need further effort.



82

Chapter 5

Optimal Update with

Out-of-Sequence Measurements

5.1 Introduction

In a distributed multiple-sensor tracking system, observations produced by the sensors typ-
ically arrive at a fusion center with a random time delay due to communication delay. The
state equations are usually obtained in continuous time and then discretized. The sensor
may provide a “time stamp” with each measurement. In centralized multi-sensor tracking
systems, all these measurements are sent to the fusion center for processing. There are
usually different time delays in transmitting data to the fusion center. This can lead to
situations where measurements from the same target arrive out of sequence. In this case,
a measurement produced at time ¢, is received at the fusion center and is used to produce
an updated track state estimate and covariance matrix for that time t,. Then, a delayed

observation z; produced at a prior time ¢4 (ty—; < tq < ty_i41, [ = 1,2,--+) is received at
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the fusion center. This could occur if the observation produced at time t; was subject to
a longer transmission delay than the delay associated with the observation produced at the
later time t.

The problem is how to use the “older” measurement from time t; to update the current
state at tp. There are some methods for updating the state estimate globally optimally with
an out-of-sequence measurement (OOSM) within one-step time delay (i.e., [ = 1, referred to
as one-step update) for a system with nonsingular state transition matrix [2], and multi-step
OOSM updating using augmented state smoothing [14][15][12]. Also, one-step suboptimal
updating algorithms using stored information have been proposed for systems with invertible
state transition matrix [76][28][9][2]; multi-step update was discussed in [59] without any
discussion of the optimality. These algorithms are shown in this chapter to be special cases
of our proposed update algorithms. The globally optimal update algorithm and the optimal
update algorithm with limited information are optimal in the linear minimum mean-square
error (LMMSE) sense. When the required condition holds, our optimal update algorithm
given limited information reduces to the suboptimal algorithms of [2][59], which provides a
simple proof of the optimality of these generally suboptimal algorithms.

In this chapter, we first present a discussion concerning what the minimum storage at the
current time is to guarantee a globally optimal update. We derive our first algorithm to give
a globally optimal LMMSE update by storing all necessary information. It is general and
systematic. We consider three cases of prior information about the OOSM. In each case, we
try to get the minimum storage. A comparison with existing globally update algorithms in
computation and storage is also discussed. Our second algorithm gives the LMMSE update

by only using the information available at the current time. Although not guaranteed to be
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globally optimal, it is optimal for the information given. As for the first algorithm, we also
consider three cases of information storage for the second algorithm. Further, we extend the
above single-OOSM update algorithms to the case of arbitrarily delayed multiple OOSMs.
For linear Gaussian dynamic system, Algorithm I and IT will have a simplified version.

The results presented in this chapter demonstrate how the “static” estimation fusion

formulas presented in [53] can be applied to dynamic state estimation and fusion.

5.2 Problem Formulation

The dynamics and measurement models assumed are given by
v = Fjjazj1 + wjja (5.1)
zj = Hjx; +v; (5.2)
where Fj;_; is the state transition matrix from time ¢;_; to t; and w;;_; is (the cumula-

tive effect of) the process noise for the interval [t;_i,t;]. The process noise w;;_; and the

measurement noise v; are white and have zero mean and covariances
C

wiy1 = COV(wj 1) = Qjj-1, Cyy = cov(v;) = Ry

Suppose time ¢, is in the sampling interval t,_; < ty < tx_;11, where [ = 1,2,-.-. Which

means that the OOSM z, is [ lags behind.

Similar to (5.1), we have

Ty = Fi g + Wi g

2qg = Hyxq + vg
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Measurement Arrival Time

Measurement Time

Fig. 5.2.1: The OOSM z; arrives after the last processed measurement zj.

The problem is as follows: At time t; the LMMSE estimator is

Tk = E*(xk|zk) = argmin By, Py 2 MSE|[Z ]

where & = x — . Letting C,, =cov(z, z) and C, =var(z),

&= E*(z]z) =7+ C,.C; (2 — 2), MSE(2) = E(z)
In the above, 2* £ {z}¥_, is the measurement sequence through t,. If the inverse C;*
does not exist, it can be simply replaced with the unique Moore-Penrose pseudoinverse (MP
inverse in short) CI. Subsequently, an earlier measurement at time tq4 arrives after the

state estimate Zy, and error covariance Py, have been calculated. We want to update this

estimate with the earlier measurement z,, that is, to calculate the LMMSE estimator
i“k\k,d = E*($k|9k, Zd)7 Pk\k,d = MSE[fk\k,d]

where (), stands for the information available for update with the OOSM 2z, .

5.3 Optimal Update with Available Information

In general, we want to have the globally optimal updated estimate
Thihd = E*($k|2k, Z4)

And generally

E*(x|2", za) = E*(x|Zap—s, 2™")
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Therefore, if we want to guarantee a globally optimal update, the information stored at each

time t,, (k — 1+ 1 < m < k) should include at least

ra k—l4+1,m
Q, = {xk—l\k—la Pk—l|k—l; z }

or its equivalent. Otherwise, no guarantee that any update is globally optimal in general. In
some special cases, however, information from a smaller storage is sufficient for global opti-
mality. Thus, all measurements, state estimates, and error covariances from the occurrence
time of OOSM to its arrival time need to be saved to guarantee a globally optimal update.

In practice, an OOSM z; has a random time delay (e.g., [ is random). But it may not
be too far before time ¢;. It is not reasonable to store the observation at each time in order
to get the optimal updated estimate E*(x.|z*,24). In fact, in each step, it is often the
case that only Z;; and the associated error covariance Pj; are stored. So at time ?j, the
available information stored is €, = {ikw, Pk‘k}. Thus the optimal update is better done
based on this 2, and OOSM. Now the update in general can be done by using formulas for
BLUE fusion without prior [53], because the prior for update includes the prior information
To|0, Pojo, which may not be available for update with OOSM. This update is not globally
optimal in general, but it is optimal for the information given.

Both algorithms presented in the next section are optimal in the LMMSE sense. They dif-
fer in that different {2 are used and thus they are optimal for different available information

Q.
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5.4 Optimal Update Algorithms

5.4.1 Algorithm I — Globally Optimal Update

Based on the linear dynamic model, according to recursive LMMSE, the globally optimal

update can be expressed as

j;ka,d = E*(xk|zk, Zd) = «%k|k + Kd(zd — HdCACC”k) = Z)Afk“g -+ Kdgd\k: (53)

MSE(Z%]C“C’C[) = Pk\k — KdeKc/l (54)

where

Kq=UyaH,S;", Sq= HiPypH)+ Ry, Uypa=C, = cov(Tk, Tk)

kol
In the above, if the inverse Sd’1 does not exist, we can simply replace it with Sjl, the MP
inverse of Sy =cov(Zg). ZTpp and Py, are available in the Kalman filter. In the following
we focus on other necessary information {id|k, Py, Uka}, which in fact exists in a recursive
form (non-standard smoothing):

Let

92’d|n = E*($d|zn), Pd|n = MSE(id\n), Un,d =y

nvjd\n

Theorem 5: Starting from n =k — [+ 1, we have the recursion

o S / / / -1 =

Ldn+1 = Ldjn + Un,an-l—l,an-‘rlSn—i—lszan (55)
_ ! / ! —1

Pd\n+1 = Pd|n - Un,an+1,an+1Sn+1Hn+1Fn+1,nUn,d

Un+1,d - (I - Kn+1Hn+1>Fn+1,nUn,d
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with initial value

~ ~ / ! -1 I~
Tak—141 = Tap—1 T Pap—1Fy—141.0Hk 15155 1412k — 141k~
/ / —1
Pajk—111 = Pajr—1 — Pdlk—le—l+1,de—l+1 ki1 Hre—141 Fr—i41,a Pt (5.6)

Ur—t314 = (I = Kprp1 Hi—151) Frig 1,0 Pajr—i

where

Tgp—1 = Far1Tr_yr—1 (5.7)
Pijr—1 = Far—1Proyp—iFyp; + Qapt (5.8)
]

Proof. The recursion for {2, Pyn, Un,a} is generated as follows. Forn >k —1+1

N o n+1y _ A . / / Tz
Ldn+1 = E (.I‘d|Z ) = Tdjn + Crd@nmFn+1,an+1Sn+lzn+1\n
o / / T !

Pd|n+1 - Pd|n - Czd,:fn‘nFnJrl,n n+1Sn+1H"+1Fn+17" TdsLn|n

U =C - =C _ N 5.9
n+1,d Tn+1,Zdnt1 x”+1’Id‘niczdvinmF7,l+17nH;l+1S1TL+1Z”+1‘n ( )

_ i / /
- Cm7L+1:53d\n - Cl'n+l:2n+1\nsn+lHn+1 n-ﬁ—l,and,f,ﬂ‘n

!
= n—i—l,nUn,d - Kn—i—lHn—i-an—i-l,n Tardn|n

And

/

Co

nvjd\n - an_'%n\nvxd_i‘d|n - Cx’n_i.n|n7xd - Cjn|n7xd - de,i,”n



89

=

Td>;Tn|n

Thus C, holds. So the recursion (5.9) can be simplified as

n75:d|n
Fansr = Ban + Ul gFoiy nHy iy Shio 2
dln+1 — Ldjn n,d* n+lnttnd1Pn+14n+1|n

o / / / T /
Pd\n—‘rl - Pd|n - n,an+1,an+lSn+1Hn+1Fn+17n n,d

Un+1,d = ([ - Kn+1Hn+1>Fn+1,n 7/L7d

with initial value

N A / / T z
Tak—141 = Tap—1 T Pagp—1Fy_141.0Hk 131501412k —141 k1
! / T
Pag—141 = Pape—1 — Pd|k—le—l+1,de:—l+1SkflJrlHk—H—lFk—l+17dpd|k—l

Up—i41,4 = (I = Ky—ip1 Hy—141) Fi—141,0Paje—1

Based on the above recursion, it is easy to get that {Za, Pk, Ur.q} are highly related
with the OOSM occurrence time tq through {Z4x—i, Pyr—;} which are highly related with the
state estimate of x4 at that time. The key to achieve global optimality for the update lies
in when and how to initialize the recursion.

Depending on different prior information about t4, we consider three cases.

Case I: Perfect Knowledge about t; at the Next Sampling Time t;,_;;

In this case, we know the exact sampling time at which each observation is made and
supposed to arrive. Suppose zg made at ty (tx—; < tg < tx_;+1) has not arrived by t5_;41
(so we know we have an OOSM); instead, it arrives during [tg,tx+1) with a time stamp ¢,.
Then at the time at which z; is supposed to arrive, we can still run the Kalman filter to
get prediction {Zg4x—;, Par—i};: the only difference is that there is no state update with zg.

Then at the next time ¢_;41, we can initialize by (5.6) and run our recursion (5.5) until
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the OOSM arrives. This filter is an extension of the traditional Kalman filter by adding
{Zkpn, P, Uk} at each recursion n (K — 14+ 1 < n < k). After receiving the OOSM, the
OOSM update algorithm is globally optimal. The complete algorithm is the Kalman filter
associated with the OOSM update, which is referred to as KF-OOSM. The KF-OOSM for
Case I is shown in Fig.5.4.1.

Since the traditional Kalman filter stores {Zpn, Pyjn} at each recursion, the information

stored in our KF-OOSM at each recursion n (k—1+1<n <k)is

Qn = {fin|n7 Pn|n7 Ldjn, Pd\ny Un,d}

Initialization (as for KF) ‘

A 4

N

Measurement missing ? ﬁ

Y Kalman Filter

v

Initialization for OOSM Recursion: (6) ‘
[
v
i h 4 oOosM zy arrives ?
N
OOSM Update:

3)-@A

Kalman Filter ‘

OOSM Recursion: (5)‘

|

Fig.5.4.1: Algorithm I for Case I

In this case, the storage is fixed as the delay [ increases.
Case II: Knowing t;_; < t; < tp_;+1 at Time t5_;11

In this case, we know exactly the sampling interval over which each observation is made
and supposed to arrive; supposed zy made at t4 (ty—; < tq < tx_;11) has not arrived by ¢4

(so we know we have an OOSM); instead, it arrives during [t, tx+1) with a time stamp ¢,.
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Then, at time #;_;41 we can not use {@qp—i41, Pip—i41, Ur—i141,4} directly to initialize our
KF-OOSM because they are all related with the state x4, Without receiving the OOSM z,4
at time t;_;.1, the necessary state information x4 is not available at that time, but we can

initialize our KF-OOSM using the replacement {yx_;11, Br—i+1, Up—141}, defined by

Yrorer = Hy 1S Zemivi—ts Broin = Hy o Silti Hiemi1s Ui = I— K1 Hy_i1

(5.10)
None of them are related with state x4 and they are generated using the information available
in the traditional Kalman filter at that time. We can define the recursion for {y,, B, U,}

with k—1+1<n<kas

Ynt1 = Yn + UTILF'r/z—i-l,nH'r,L—l-lSr:ilgn—i-Hn
Bpi1 = By + UT/LFr/LH,nH;LHSELHnHFn+1,nUn (5.11)

Un+1 = (I - KnJrlHnJrl)FnJrl,nUn

Then {Zgx, Py, Ura} can be obtained by renewing {yx, By, U} once the OOSM z, arrives.

Theorem 6:

Zap = Pak-1Fg 111,09 + Lapr— (5.12)
Pd‘k‘ - Pd|k7l - Pd|k7lF]::—l+1,dBk‘Fk—l+1,de|k7l

Uka = UpFr—i1,aPan—i

Proof. Since
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o —_ A ! / ! )
Lalk = Tajk—1 + Uk—l,dFk,k—lHkSk Zk|k—1
! / 1 o—1
Paje = Pajp-1 — Uk—l,dFk,k—lHkSk HyFyp-1Ug-1.4

Upa = (I — KHy) Fyk—1Ug—1.4

2 A ! / ! —1 ~ ! ! ! -1~
Tajk = Tape—t + U1 aFrii e 15— Zo—taie—t + -+ Uy g B o Sy Ziji—a
! / ! —1 !/ / ! —1
Pdlk = Pd\k—l - kal,dkalJrl,kflkaHlSk—l-i-lHk*HIkaHkalUk*l,d e T qu,dFk,qukSk
HyFyp—1Uk—1.4

Uk,d = [([ - Kka)Fk,kq] X... X [([ - kalJrlkalJrl)kalJrl,kfl]kal,d
also

Yk = Yr—1 T Ul;—lFl;,k—lHl/cSlc_lng*l
By = By + Uy 1 Ff 1 Hy Sy " HigFio g1 Ui

Uy = (I — KyHy)Fy p—1Ug—1

Yk = Yk—1 T+ Ullgleléfl+1,kflHl/cflSl;—ll’gk—l'FUk—l +...+ Uléleii,qul/sSl;lgk\k—l
By = By + UllcflFlngl,klellcflSl;—llkal+lefl+1,kflkal +...+ UilcflFié,klel/cSlngka,kflUk

Uy = [([ - Kka>Fk,k:fl] X... X [([ - kalJrlkalJrl)kalJrl,kfl]kal
and for any m > k—1[+1

Una=[(I—KnHp)Fnm1] % ... x[(I = Ki—iyoHi—149) Fri42 p—141)Uk—i41,d

Un =[(I — KnHp)Fm—1] % ... X [(I = Ky—ip0Hk—142) Fi—i25—141)Uk—111
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By comparing the initial value {Zgx—4+1,Pap—i+1,Ur—i41,a} and {yr—i+1.Be—i11,Up—141}, we
have

Un.a = UnFriv1,aPak—

and

/ / A ~
Pd\k—sz_zﬂ,dyk = Pd\k—sz_lH,diyk—lH + Tk — Tdjk—1+1
/ / —1 ~ A N
= Pap—1Fy1.0Hk 1515101 2101 jk—1 + Tajke — Tajk—141
= Pt F] H, Loz + Ty — — Pyu_ i F} H, Stz
= Falk—1Lk—141,dd k—14+1°k—141Rk—1+1]k—1 T Tdlk — Ld|k—1 dlk—1 g1 41,d 4 k— 14+ 1P k—14+17k—1+1|k—1

= Tk — Tdjk—I

/ /
Pap—iFy—141.aBrFre—iv1,aPak—1 = Pap—1Fy_i11.aBr—111Fr—141,aPap—1 — Pajk + Pajp—i41
_ / / —1 / / —1
= Par1Fy_ 1y ati_ 101511 Hre—1e1 Fe—iv1,aPap—1 — Pag + Pap—1 — Pap—1Fy_ 111 aHy—10155 141

Hyv1 Froiv1,aPyr—1 = Pap—1 — Page

Thus
~ / ~
Zak = Papk—1Fy_ 141,496 + Tajp—
/
Pa. = Pag—1 — Pap—1Fy_ 141, 4B Fe—1v1,a a1
Uka = UrFi—i41,aPaje—1
n

The KF-OOSM for Case II is shown in Fig.5.4.2.
The information needed to be stored for our KF-OOSM at each recursion n (k—1+1 <

n < k) in this case is

Q, = {ifn\n, Py Yn, By Uny Tyt Pkfl|kfl}
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Initialization (as for KF)

v

N
Measurement missing ? ﬁ

Y Kalman Filter

v ‘

Initialization for OOSM Recursion: (9)

x
v

Y oosM E arrives ?
N
Renew: (11)

Kalman Filter

‘ OOSM Update: i
S G OOSM Recursion: (10)

] |

Fig.5.4.2: Algorithm I for Case I1

Remark If [ = 1 (i.e., one-step update), there is only one recursion in our KF-OOSM; so

the information needed to be stored is simply

Q= {Zjk, Priies Yis Bies Tro—1jk—1, Po—1jk—1}

and

Upa=[I + (Fk,dpdm—lFé,d + Qr.a) Br) FraPaji—1

In this case, the storage is also fixed as the delay [ increases.
Case III: Knowing Maximum Delay s of OOSM

In this case, there is not any prior information about the OOSM z; occurrence time t,4
before it arrives, but we know the maximum delay s for the OOSM, i.e., t,_ s <t <ty <
tk_111 < tp with an unknown /.

In this case, we do not know when to initialize our KF-OOSM, but we can treat each
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discrete time in the time window [tx_s, ;) as the possible initialization point, such as
y™ = H! S 2y, BY =H.S'H,, U™ =1-K,H, (5.13)

and apply the algorithm in Case II to achieve the optimal update after the OOSM is received.

The recursion for {yfﬁ)l,B,(LH, +1} (m>k—I1l+1,n—s<m<n)is

yﬁﬁi)l y(m) + Uﬁm)’FéH nHv,z-i-lSn-s-lZn-&-lln
Bﬁ)l = Br(zm) + Uém)/FéH n n+1Sn+1Hn+1Fn+1 nU(m) (5~14)

U = (I = Kyy1Hugt) Fasr nUS™

n

Then {Zg, Py, Ura} can be obtained by renewing {y (k- ZH),B,gk_lH), U,gk_lﬂ)} once the

OOSM z, arrives

Lok = Pd|k*lFl::—l+1,dyl(ckil+l) + Tqjp—i (5.15)

/ (k—1+1)
Par = Pyr—1 — Pap—1Fy_111.4By, Friv1,aPar—1

k=41
Uka = U;i - )Fk—l+1,de|k—l

The KF-OOSM for Case III is shown in Fig.5.4.3.
The information storage in our KF-OOSM at each recursion n in this case increases

linearly as time increases from t,_4,1 to t;, which is as follows:

Qn = {£k78|k757 Plcfs|kfsa o ai‘nhh Pn\n7 .%(lk S+1)7 B»V(Lk_s—’—l) U(k_s+1)7 : 7?/7(1 ) (n) U n)}

? n

Remark 1 If s =1 (i.e., one-step update), it is just the problem considered in Case II with
l=1.

Remark 2 If t; = t;_;, the OOSM was made exactly at a previous sampling time. With
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Initialization (as for KF)

v

Initialization for OOSM Recursion: (12)

I

Y oosM z, arrives ?
T N
Renew: (14)

) Kalman Filter

‘ OOSM Update: i
S G OOSM Recursion: (13)

] |

Fig.5.4.3: Algorithm I for Case III

the algorithm slightly changed, the memory can be saved comparing with tx_; < tg < tx_i11.
In this case, the flowchart of KF-OOSM for this case has the same structure as above, but

the OOSM initialization and renewing part are respectively replaced with

n,n—1

I o—1z
HnSn Zn|n—1

n n,n—1

Hl S lHnFn,nflpn\n
U7(Ln) = (I - Kan)Fn,nflpn\n

and
Fa = ?Ji(g —l+1) . Pax = B(k z+1)7 Upa = U}gk—l+1)
The information needed at each recursion n (kK — s < n < k) in our KF-OOSM in this case
is
Q, = {fn\n,Pn\n,yﬁf st) | ple=s+l) [jle=stD) . ym) g 7))
Depending on the uncertainty with the OOSM occurrence time, we have considered three

cases of the KF-OOSM and the associated efficient memory structure for Algorithm I. The

more uncertain of the OOSM occurrence time, the more storage we need. Cases I and II
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have a fixed storage from time t,_; to t;. The storage in case III increases linearly with the
length of the time interval. None of these algorithms for the three cases generally have any

non-singularity requirement on the transition matrix Fy, 4.

5.4.2 Comparison of Globally Optimal Update Algorithms

[2, 14] present algorithms to achieve globally optimal update. [2] deals with the single-
step update problem. There are two major steps: retrodiction from current time to OOSM
occurring time and update the estimate with the OOSM. [14] is suitable for our Case III
assuming t4 = t;_;. It is based on a method of non-standard smoothing by augmenting the
state vector to include all “states” xy_s, Tgp_si1,...,2Tk. It is conceptually elegant, but not
attractive computationally. It seems impossible to have a globally optimal update with the
OOSM when t4 # t_; (i.e., t4 is not exactly some sampling time instant) within this frame-
work of state augmentation. A technique was suggested in [14] to handle the problem with
tr—1 < tg < tr_;+1 by approximating t; to the nearest time t;_; or tx_;11. The approximation
makes the estimation not globally optimal. The error is small when the sampling intervals
are small. However, this requires more lags (i.e., large [) in the augmented state, and hence
increases computational load to cover the same maximum time delay. This is a dilemma
when one wants to have small errors and efficient computation simultaneously.

The algorithm presented here do not need to retrodict to the previous state or go back
by smoothing. It is the traditional Kalman filter with a few more terms in the recursion.
It requires more storage than the Kalman filter, but the extra storage used is not large.

In Cases I and II, the storage is fixed at each recursion and even in Case III, the storage
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increases only linearly as the delay [ increases.

Let us simply compare the storage and computational load of our OOSM update algo-
rithm with those of [14] in Case III assuming t; = tx_;. In the following, we consider the
same maximum delay s for the OOSM and focus on the total storage and computational
burden within a certain time window. The algorithm of [14] is referred as ALG-S and our
globally optimal algorithm I for Case III as ALG-I in the following:

ALG-S (Storage):

-%k:—s|k’ Pk—s\k e Ojk—s\kvik\k
I Tk | i Cfck\kik—sw Phir i
ALG-I (Storage):
yl(ik—s—H) B](ck—s—&—l) Uk(:k—s—i-l)
k— (k—2) (k—2)
Y. ! By, Uy
. Biik_l) U}Ek—l)

Obviously, the dimension of each term of the stacked estimates and the corresponding covari-
ances in the two algorithms is the same, which is the same as xj or Py. Let the dimension

of x;, be p, and the dimension of Py, be p x p. The total storages for the two algorithms are:
ALG-S sp+ s2(p X p)
ALG-T (s—1)p+2s(p x p)

Although the storage of ALG-S can be as small as sp + (s® + s)(p X p)/2 because of the

symmetry of the covariance matrix, the storage is still quadratic in s. The storage of the
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ALG-I is linear in s, which means as the maximum delay s increases, the storage of ALG-
S will be much larger than that of ALG-I. The maximum delay s could be quite large in
the case of small sampling interval or large computational delay. In practice, t; # tp_,
to have good performance for ALG-S, the sampling interval must be small and thus s is
large. Consequently, ALG-S should have significantly larger computational complexity than
ALG-IL.

By analysis and comparison, we can conclude that our proposed globally optimal update
algorithm has (1) an efficient memory structure; and (2) an efficient computational structure
to solve the problem by storing the necessary information instead of retrodiction or augment-
ing the state. Also, it is globally optimal for ¢t;_; < t4 < tx_;+1 as well as t; = tx_;, whereas
ALG-S is globally optimal only for t; = ¢,_;. On the other hand, ALG-S is conceptually

clearer and simpler than ALG-I.

5.4.3 Algorithm II — Constrained Optimal Update

Only based on information Zj; and z4 at the time when OOSM z4 arrives, the OOSM up-
date is the LMMSE estimation E*(x4|Zxk, 24). It is in general not globally optimal [i.e.,
E* (x| Trpk, 24) # E*(zx|2", 24)] because the measurements z* and z; of state x;, have corre-

lated measurement noise. Of course, under some conditions, E*(zy|Zx, za) = E*(xk|2", 24)

holds. Also
E*(xk‘i’klk’ Zd) = i‘k\k + Cﬂfkid\ik‘kC;,i‘lfk‘kgdﬁk\k
where
Zd|aye = 2d — Zd — Czd,gzmc‘{kl‘k (Thpe — Zr)
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Because € = {Zpk, Py} does not sum up all prior information for this case, the LMMSE
update with prior involves the prior information Z4,C,,, which generally are not stored
in the Kalman filter. So if we want to get the LMMSE with prior update, the information
storage should increase to include the prior information. Now, not increasing our information
storage in the Kalman filer, we present the LMMSE update without prior, which is derived
as follows.

Let
Tk
2q

and treat z as the observation of x,. Then the LMMSE estimator Zj;q of x; must be a

linear combination of Zy, and zg, i.e., a linear function of z

ik\k,d =Kz+b

We obtain the optimal K and b by satisfying the unbiasedness assumption and minimizing
the MSE matrix. According to the unbiasedness E(z;) = E(Zk,q) requirement, we have,
by (5.1)-(5.2),

FraZa = KHig+b

where

1.e.

(KH — Frg)Za+b=0

Since the prior information is not known, this equation must be satisfied for every z,, and
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S0

KH=1Fyq,b=0 (5.16)
A solution of (5.16) always exists, because KH = Fj 4 holds at least for K = [I,0]. The
next step is to obtain the optimal K by minimizing the MSE matrix under linear constraint

KH = Fk,d:
K = argminMSE(Zy 4) = argmin{(KX —T')R(K —TI')'} (5.17)

K K

st. KH = de

and

_ T
I'= FraUp g+ Qra— Per 0 R
FraUp g+ UpaFy g+ Qra — Per 0

R =
0 Ry

where the last equality in (5.17) follows from a tedious derivation, see below

Tk|k

MSE(Zka) = cov(y — Tgjp,a) = cov(ay — Kz) = cov(Fjarq + wyag — K )
Zd
T — Ty Frats + wig — Ty
= cov(Fpatq + wp g — K ) = cov(Fyatq + wpqg — K )
Hagzg + vg Hyzg + vg
Wh,d — Th|k Wh,d — Thk
= cov{(Fra— KH)xg+ wrqg— K } = cov(wgg — K
Uq Vg
C! . Cur — 0
_ . r Wk,d,Wk,d ~Tk|k Wk,d—Tk|k /
- Qk’d kaad’wk,d_jkm O K K + K K
0 0 Ry

— (K =T)R(K —T) + Qpq — TRT"
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where

_ 1
I'= FraUp g+ Qra— Per 0 R

" FraUp g+ UraFy g+ Qra— Pop 0

0 Ry

thus the optimization problem of K is
K= arg;ninMSE(ikm,d) = arg}inin{(K —D)R(K —-T)'}
st. KH = Fyq
The general solution, expressed in terms of the MP-inverse, is given by:
K=K+¢T
where
K =Fo 0"+ — FoH)R(TRT)', T=1—HH'
and ¢ is any matrix satisfying €7RY? = 0. So the estimate of z;, is
Tpppa = Kz
Pyk.a = MSE(Zppa) = (K —T)R(K —T') + Qxq — TRT”
Note that
E(Tz) =FE[T(Hxg —v)] = E(Tv) =0
cov(Tz) =ETRTE =0
Although K is not unique, the estimate of x;, is unique, given by
Tpihd = Kz

Pyra= (K =T)R(K —=T)' + Qpa — TR (5.18)
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Remark 1 When R matrix is non-singular, according to [49], we have
H'[I — R(TRT)'] = (H'R'H)'H'R™!
Then
K = Fog(HR'H)'H'R™* + TR(TRT)'

Remark 2 For invertible Fj 4, the LMMSE estimate of x, without prior is given by the
following theorem.

Theorem 7: For non-singular Fj, 4, we have
Trlk,d = 2|k, d°, Pilk,d = Pylk,d°
where
iplk,d = K2, Pylk,d° = K°R°K®
and
K¢= H¢+ [ — R (T°R°T°)"], T°=1— H°(H®)'

Pk|]€ (Pk‘ka,d_ll—Uk,d)Hé I
R¢ = HE —

Hd(Fk,d_lpk“{? — Uk,d/) Ry + HdFk,d_le,dFk7d_1/Hél HdFk,d_l

When R° is invertible, by [49], it becomes

Z4lk, d® = (HIR® — 1H®)"1HIR® — 1% (5.19)

Pylk,d° = (HR® — 1H®)"1

Proof. The LMMSE estimate in this case is

~c o c c
Thpa = K2+
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according to unbiasedness requirement, we have
Ty = K°HZy +0°, ie., (KHC— 1T +b6°=0
Without knowing the prior information xj; is equivalent to without knowing the prior in-
formation Z,; because F} 4 is invertible. The equation must be satisfied for every zj, and
SO
KH =1, =0
A solution always exists, because at least we can choose K¢ = [I,0] to make K°H® = [
hold. The optimal K€ is the solution of the following optimization problem with a linear
constraint:
K¢ =arg min MSE(25, 4) = arg min K°R°K?
st. KH =1
By [53], we have T¢ = I — H°(H®)" and K¢ = (H)[I — R*(T°R°T*)!]. On the other hand,
obviously we have H°F}, o = H, and in view of K°H¢ = I, we have
K°HFyq= Fiq,ie., K°H=Fjq
Based on this, the MSE of :%Zlk,d has another form
MSE(#5;,4) = (K = T)R(K® —T)' 4+ Qpq — TRI’
So
K¢ =arg m}}n(KC —D)R(K®—TY), st. K°H= Fygq
Because the linear constrained optimization problem for K¢ is the same as that of K, we
have

~C A c _
Llk,d = Tklk,d> Pk|lc,d = Pk,
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Obviously, for invertible Fy 4 and R°, if the update is only within one step, (5.19) is the
solution given by [28, 2]. In the multi-step update case, (5.19) is consistent with [59]. Thus
we can say that these algorithms for update with € = {i:k|k, Pk|k} and OOSM are optimal in
the LMMSE sense. As such, we have proven the optimality of these existing algorithms. In
Theorem 4.4.2.1, we have shown that {jz‘kvd, P,§|k7d} is a special case of our general LMMSE
estimator {Zk,q, Prjk,a} When Fj, 4 is nonsingular.

In Algorithm II, the estimator contains a term Uy 4. According to Algorithm I, Uy 4 has
the following recursion.

At each recursion n (n >k —1+1)
Unt1a = ([ - Kn+1Hn+1)Fn+1,nUn,d (5.20)

with initial value
Up—i31a = (I = Ky Hi—i41) From141,a Pt (5.21)
where

/
dik—1 = Fap—1Pr—ik—1Fq 5 -
P, Far1F, Fypi+ Qag—i

Based on this recursion, it is easy to get that Uy 4 is highly related with the occurrence
time of OOSM through FPy—;, which is highly related with the state estimation error co-
variance of x; at the OOSM occurrence time. Again, the key to achieve optimality for the
update lies in when and how to initialize the recursion.

According to the uncertainty of OOSM occurrence time, we also consider above three
cases of KF-OOSM and associated information storage as Algorithm I.

Case I: Perfect Knowledge about ¢; at the Next Sampling Time ¢;_;;
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Similar to Algorithm I for Case I, the KF-OOSM adds a recursion for U, 4 to the tra-
ditional Kalman filter. The flowchart of KF-OOSM for this case has the same structure as
Algorithm I for Case I, where the OOSM initialization is given by (5.21), OOSM recursion
is given by (5.20), and OOSM update by (5.18). The update part has the form of Remark 1
or 2 if the condition is satisfied. Since the Kalman stores {i’n‘n, Pn‘n} at each recursion, the

information stored at our KF-OOSM at each recursion n (k—1+1<n<k)is

Qn = {£n|n7 Pn|n7 Un,d}

In this case, the storage is fixed as the delay [ increases.
Case 1II: Knowing t; ; <ty < tp_;11 at Time t;_;.4

In this case, we can initialize our KF-OOSM using the replacement Uj_;; defined by

Uk—it1 =1 — K1 Hy— 11 (5.22)

and U, (n > k — [+ 1) has the recursion

Un+1 = (I - Kn+1Hn+1)Fn+1,nUn (523)

so Uy 4 can be obtained by renewing Uj, once the OOSM z, arrives

Uka = UpFr—ip1,alPaji—i (5.24)

The flowchart of KF-OOSM for this case has the same structure as Algorithm I for Case
IT, where the OOSM initialization is given by (5.22), OOSM recursion is given by (5.23),
renew by (5.24) and OOSM update by (5.18). The KF-OOSM has the following information

storage structure for each n (k —1+1<n < k):

Qn = {:i'nhh Pn\n7 Una Pk7l|kfl}
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As the delay [ increases, the storage is fixed.
Case III: Knowing Maximum Delay s of OOSM

The method is to treat all time from #;,_4,1 to t; as a possible initialization point
U™ = (I - K,H,) (5.25)

and applying the algorithm in Case II to achieve the optimal update with the OOSM. The

recursion for U\™ m>k—Il+1,n—s<m<n)is

Ugﬁ = (I - Kn+1Hn+1)Fn+1,nU7sm) (5.26)

U}gk—z“)

so Uy 4 can be obtained by renewing once the OOSM z; arrives, such as

Uka = U/gk_lH)Fk—l-s—l,de\k—l (5.27)

The flowchart of KF-OOSM for this case has the same structure as Algorithm I for Case II1,
where the OOSM initialization is given by (5.25), OOSM recursion is given by (5.26), renew
by (5.27), and OOSM update by (5.18). The information needed to store in our KF-OOSM

at each recursion n (k — s < n < k) in this case increases linearly from time ¢4, to t;_1,
Qn = {;%”W’ Pk‘—s|k—s, R Pnlna UT(kaerl), cee UT(Ln)}

Remark If the OOSM was made exactly at a previous sampling time. With the algorithm
slightly changed, the memory can be saved comparing with t;_; < t; < t;_;41. In this case,
KF-OOSM flowchart structure is the same as above, except the OOSM initialization is given
by

U?Sn) = (I - Kan)Fn,n—lpn\n



108

and OOSM renew by

Uya = U}gkfz)

The memory structure of our KF-OOSM at each recursion n (k—s < n < k) in this case is

Qn = {.fi‘n|n, Pn|n, U(k—S"rl)’ e 7(]"g?’b)}

n

Algorithm IT can always give the optimal update based on the information given. Algo-
rithm II is general, and does not have any invertibility requirement of matrix Fj 4. If Fj 4
is non-singular, the expression of the solution can be simplified. Most often R and R are
invertible, which leads to even more simplified results. The algorithms of [28, 2] are special
cases of Algorithm II with invertible F} 4 and R° for the one-step update case. The algorithm
of [59] solves multi-step update based on invertible matrices Fy 4 and R°. Therefore, we have
proven that these existing algorithms are optimal in the LMMSE sense.

The algorithm C of [2] is also a special case of Algorithm II with wy 4 = 0 and invertible
F} 4. But by setting some terms to zero in the algorithms, the new estimates may or may
not be the minimizer of the original problem, i.e., MSE(Z}, ;) <MSE(Zy) may or may not
hold, where ﬁ:};l r.a 18 the update estimation by applying Algorithm *.

It can be seen from the deviation of Algorithm II that the update Algorithm actually
needs more information than {Zyx, Py} as provided by the Kalman filter, and the OOSM
zq. Although at the beginning we hope to update based on the current observations, i.e.,
the optimal linear combination of Zy; and zg4, we need their correlation to build the linear
combination weight which include both Py, and Uy 4. It tells us that the valuable update
which will improve the current state estimation in general can not only based on Kalman

filer.
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5.4.4 Update with Arbitrarily Delayed OOSMs

In all cases discussed before, we only consider the single-OOSM update problem. But there
exists arbitrarily delayed multiple OOSMs for update. The OOSMs can be the measurements
of the same state or different states; the OOSMs can arrive at the same or different time.
The case that any OOSM arrives before the next OOSM occurrence time belongs to the
single-OOSM update problem. We can solve it by sequentially applying the single-OOSM
update algorithms discussed above. But in some cases, during the period between the oc-
currence time and arrival time of one OOSM, other OOSMs may occur. We now consider
the optimal update problem in such cases, referred to as arbitrarily delayed OOSM update.
In the following, we only consider the problem of update with two OOSMs. Generalization

to update with more than two OOSMs is straight forward.

Measurement Arrival Time

--------- Measurement Time

Fig. 5.4.4 The OOSMs within the maximum delay period

Suppose zg, and z4, are two OOSMs observed at t;_;, < tg < tp—y, 41 wWith 1 < [; < s,
i = 1,2, and arrived during the time period [tg, tx,1+1). If 24, arrives before ¢4, (see Fig.
5.4.3), the state update with z,4, at its arrival time is just the single-OOSM update problem
as before. z, had been used to update the state when it arrived. At zy, occurrence time,
there is not any other OOSMs except z4,. So we can directly apply Algorithm I or II for

updating with the single-OOSM z,, at its arrival time. If both of them arrive at the same
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time, although we can update the state estimate with them stacked together, computation-

ally and operationally, it is better to update with the OOSM one by one sequentially.

Measurement Arrival Time

Measurement Time

Measurement Arrival Time

Measurement Time

Fig. 5.4.5 The OOSMs within the maximum delay period

In the following, we will consider the case that z, arrives after t4, (see Fig. 5.4.5).
Suppose zg4, arrives before z4,, or we process z4, before zg, if both of them arrive at the
same time. According to Algorithm I and II for single-OOSM update, we need to update
the state estimation %y, and Py, with zg, when it arrived. At the same time, we also
need to update other quantities, such as {Za,ky, P, ks> Uko,a, } for AlIG-1, {Uy, 4, } for ALG-II
with z4,. Because z4, has not arrived yet, the quantities are necessary for updating the state
estimate with later arrived z4,. Based on different update procedures at z4, arrival time,
we consider two LMMSE optimal updates cases: (a) globally optimal and (b) constrained

optimal.

Globally Optimal Update

In this globally optimal update case, when zg, arrives, we need to update not only {Z,(k,, Pro|ks }
with zq,, but also {@q, ks, P, ke Uks,a, ; used to update with the next z4,. Denote the updated

quantities as {Zp,|ks.dzs Pholka,ds } A0 {2, |ksdas P ko dos Uy, b+ Update from {@p,k,, Py i, }
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t0 {@hy|ks,dos Pholko,do } 15 trivial, it can be done by directly applying single-OOSM glob-
ally optimal update algorithm. Here we focus on the update from {Zq, |k, Py jkos Ukod, }

~ *
to {xd1\k2,d27 Pd1|k2,d27 ng,dl}‘

By definition

A I Nt ko _ A * _
Ly |ky,da = E (xd1’2 7zd2)7 Pd1|k‘2,d2 - MSE<xd1\k2,d2)> ng,dl - Czkzzjdl\kg,dz

According to the recursive LMMSE, we have

-, A ko / I \—1z
Ldy|ke,ds = Ldy|ko + Cdg,led2<Hd2Pd2|k2Hd2> Zda ke

_ ko ! 7 \—1 ko !/
Pd1\k27d2 - Pdl\k2 - Cdz,dl da (Hdzpdz\szdg) Hd2<Cd )

2,d1

Ui, a0 = Unpar + Unyay Hly (Hay Pagye, HY, ) ™ Hay (C2 Y

2,d1

where
gdz\kg = Zdy — Hindzlkz’ ng,dl = del Zdy ke
Let
ng,dl = Cﬂ?dl Zdy|n
Theorem 8: C7 , = (CF ;)" O
Proof.

. .
Cdl,dg = COV(xd27 xdl - xdl‘”)
= coV(Zdy — Zdyln> Tdy — Tdy|n)
= covV(Zd, — Tdyn, Td,)

= cov(Zq,, Tay — ZTayin)’

= (ng,dl),
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Theorem 9: C’;;’dl has a recursion for ko — lo + 1 < n < ko, which has the form

CZZJQ,Ch = Cg;,di -, F, H, SrlenFn,nflUnfl,dg (528)

n—1,di* nn—1""'n

with initial value

ko—la __
Cdg,dl - Fd27k2—lz Uk2—127d1

Proof. When n > ky — I

" .
C’d%dl = cov(zq,, Tq, — md2|n)

_ ~ ! ! I ot 2
- Cov(xdﬂde — Ldain—1 — YUn_1.d, n,n—lHnSnZn|TL—1)

2 ~ / !/
= Cov(xdﬂde - xd2|n—1) - Cov(xdpxn—1|n—1)Fn’nlenSLHnFn,n—lUdg,n—l

- Cg;,d11 - U, F, H;S:LHnFn,nflUnfl,dz

n—1,d1* n,n—1

with initial value

k—lo __
Cdg,dl - Fdhkz—lz Ukz—l27d1

After thiS update procedure, we WlH have {jkg\kz,dga Pk:2|k2,d2} and {i'd1|k2,d27 Pdl\kz,dga
U, }- Through KF-OOSM, at zg, arrival time, we will get {Zp,k,.d5» Phaltr,dz b A0 {Za; 0 ds

Py ks dy> Ui gy }> where Uy, = C, . Now, the single-OOSM globally optimal update

k1>Tdy|ky,do
Algorithm I can be directly applied to obtain {Zx, |k, dsdis Phi [k1do,ds }-

It is easy to see that this OOSM update is just a sequential application of the single-
OOSM globally optimal update algorithm except that at each OOSM arrival point, we need

update not only the state estimate but also some other necessary quantities prepared to
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update other OOSMs which are not arrived yet. This update contains a new term C’g;dl
(i.e., the correlation between two OOSMs) which fortunately has a recursive form. So very
similar to Algorithm I for single OOSM update case, we can have KF-OOSM for the three

different cases considered before.

Constrained Optimal Update

In this constrained optimal update case, when z;, arrives, we need to update not only
{Zka ks> Prolks } With 2zg,, but also {Uy, 4, }. Denote the updated quantities as { @, [ky.ds» Pho|ko,do }
and {Uy, 4, }. Update from {Zx, ks, Prajks } 10 {@kolka.das Pralka.ds } 18 trivial by directly applying
single-OOSM constrained optimal update algorithm. Now, we focus on how to update from
{Uky.a,} t0 {Upy.a, }-

Theorem 10:

Uk?vdl - delvjkglkz,@ - |: Ukz,dl 0 :| K (529)

where

K = Frya,H' + (I' = Frpa, HYR(TRT)™, T =1 - HH!

U=\ FowUkdy + Qrods — Prsfiizsas 0 } il
Fk27d2 Uk2,d2 + Uk/‘27d2F]22,d2+
0 sz,dz
= ka,dz - szlkz,dz , H =
Hd2
0 Ra,

Proof.
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ng,dl = Cx

dy kg kg, do

= CO'U(:ECh’ Lhy — $k2|7€2,d2)

= cov(xq,, Tp, — K2

~ :Ek‘g - ‘%kz‘kg
= cov(xq,, Ty, — K9

Zd2

- ~ Wkody — ij\kz
= CO’U(iL‘dl, FkQ’dQZL'dQ + Wey,dy — K(Q)H(g)xd2 — K(Q)

Zd2

- Wky,dy — '%k2|k2
= cov(Tq,, Wiy 4, — K2 )

Ud2
= { Ukyay 0O ] ké)

where K, (2) is the gain matrix for update with zg4, at its arrival time. =
In fact, K is the gain matrix for update with 24, when it arrives. Thus after this update
procedure, we have {Z, (ks dys Prolka.ds } and {Uk, 4, }. Through recursion, at z4, arrival time,

we can have {Zg, |k, dy> Prif,do ) and {Uf 4}, where Uy, = C, Now, the single-

ayFhy lhy
OOSM constrained optimal update Algorithm II can be directly applied to obtain state
estimate Ty, |k, do,a, aNA Py |k, do.d; -

This constrained OOSM update is just the sequential single-OOSM constrained optimal
update procedure. So all previous conditions that will simplify the estimation formulas can

be derived directly here. The three cases for different uncertainty of the OOSMs occurrence

time can be considered in the same way as the single-OOSM case.
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5.5 0OO0OSMs Update for Linear Gaussian Systems un-

der Nonsingularity Conditions

In a linear Gaussian dynamic system, the dynamic and measurement models for a single

target are given by
2 = Fjjazj1 + wjja (5.30)
Zj = H]{L’j + 'Uj (531)
where Fj;_; is the state transition matrix from time ¢;_; to ¢; and w; ;_; is (the cumulative
effect of) the process noise for this interval. The process noise w;;_; and the measurement

noise v; are white, mutually uncorrelated, with zero mean and variances var(w; ;j_1) = Qjj—1,

var(v;) = R;.

5.5.1 Algorithm I — Globally Optimal Update (ALG-I)

Based on the linear dynamic model, it follows from recursive LMMSE estimation that the

globally optimal update can be written as

Trika = E[wr] 2", za] = @ + Ka(2a — Hadaw) = Erppe + KaZa (5.32)
Pijk.a = Prjie — KaSaKy (5.33)
where
K, = Uk,dH(/de_la Sa = HyPyHy+ Ry, Upa= ka,id|k
Let

:i'd|n = E*(l‘d|2n)7 Pd\n = MSE("%d\n% Un,d = CJ:

’lLajd‘n
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Theorem 11: When P, 541, Poi1n and R, are nonsingular (which hold for most

target tracking problems), we have

/ —1 =~ =1 N A
Hn+lsn+lzn+1|n - Pn+1|n($n+1|n+1 - $n+1|n)

/ —1 _ —1 —1
Hn+1Sn+1Hn+1 - n+1|n<Pn+1|n - Pn+1|n+1)Pn+1‘n (534)

(I - Kn+1Hn+1) = Pn+1|n+1 7:_:1|n

O
Proof.
! —1
Sty = (Hus1PogajnH, oy + Rota)
— P ! —1
- n+1 Rn+1 n+1<P +1|n+H+1Rn+1Hn+1) Hn+1Rn+1
H!,, S 17 =H R 1% ~H R (P +H R Hy) 'Hy R 12
n+1°n+1~n+1n — Hpp1llp11<n+1n n+14tna1 n+1 n+ln n+1itnr1Int1 n+14ly, 1 12n+1|n

! 1 1 ~
P+1\n( n+1\n+H+1Rn+1Hn+1> Hy 1Ry Znsan

_ ~1 4 _ p-1 4
=P +1\n( n+1\n + n+1|n+1 - P +1|n) (Pn+l\n+1x”+1|n+1 Pn+1|nxn+1|”
-Pl & +P L 7 )

n+1n+1n+lin n+1ntntlin
_ p-1 -1 . _ p-1 .
o Pn+1\npn+1‘”+1(Pn+1|n+1x”+1‘n+1 Pn+1\n+1x”+1|n)

— p-1 5 2,
- Pn+1‘n($n+1|n+1 - xn+1|n)

(I - Kn+1Hn+1) =1- Pn+1|n n—i—lS +1Hn+1
= I — Poyan[P 1 (Pasaim — Poyiimsn) Py )
= (PnJrl\n — I'n+1jn + Pn+1|n+1)Pn_J:1|n

_ -1
= Intln+1d s
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Based on the recursion for {Z g, Py, Urq} derived in [81] and Theorem 11, the recursion
for {Zak, Pk, Ur,a} starting from n = k — [ + 1 can be rewritten as
Zapni1 = Zapn + Uy aFpii 0Py @nttinsr — Ensajn)
Pini1 = Pan = Uy gFr 1 o Pl (Pogtin = Posipnr) Pl Fr1nUnaa (5.35)
Unt1a = Pn+1|n+lp7;:1‘nFn+l,nUn,d
with the initial conditions given by
Tak-141 = Tak—1 + Pd|kflF]:;_1+17dpk_,11+1|k,l(i’kfl+1|k7l+1 — Thor1)k1)
P11 = Pap—1 — Pd\klelg_l.i_Lde:llJrl\kfl(Pkfl+1|kfl - Pkfl+1|kfl+1)Pk_,llJrl‘k,le—l—i—l,deM—l
(5.36)
Uk-141,4 = Pk—l+1|k—l+1P];_ll+1|k_lefl+1,de|k—l
where
Tgp—1 = Far—1Tr_yr— (5.37)
Pajg—1 = Far—1Proyp—iFyp_; + Qapt (5.38)
From (5.35)-(5.36), we can see that the necessary information in order to update {Zq., Puj, Ur,a}
includes
Qe = {Zu—ypp—t5 Pe—tik—t> > Thj, Pre}
For this situation, we do not have any prior information about the OOSM 2z, occurrence

time t4, and what we know is the maximum delay s for the OOSM, i.e., tp_, < tp < tg <

tr_111 < tr . In order to save all necessary information for the update, we should have

QO = {xk78|k757 Pkfs\kfsa oy Tkl Pk\k}
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and use (5.35)-(5.36) together with (5.32)-(5.33) for the OOSM update algorithm. The
OOSM filter update uses the traditional Kalman filter with an additional OOSM update,

which is shown in Figh.5.1.

Initialization (as for KF)

—Y OOosM e arrives ?>

N

A 4
OOSM Update:
3)-(6)

Kalman Filter

Fig5.5.1: Flowchart for Algorithm I

Algorithm I presented above is the globally optimal update [81] with less storage require-
ment since P, 1jp+1, Poy1jn and R,41 are all nonsingular. The storage requirement increases
linearly with maximum delay s. However, the necessary information only includes the state
estimates in the concerned time interval. The storage is the same as Algorithm Al1 proposed
in [6], but can achieve the best performance within the linear class.

We conclude that Algorithm I has (1) an efficient memory structure; and (2) an efficient
computational structure to solve the problem by storing the necessary information instead
of retrodiction or augmenting the state [76, 28, 9, 14]. Also, it is globally optimal for

Tty <tg <tp_j4+1 as well as tg = Thit1-

5.5.2 Algorithm II — Constrained Optimal Update (ALG-II)

Based only on the information ) and z; at time when OOSM z; arrives, the optimal

OOSM update is the LMMSE estimator E*(xy|Zy, 2¢) without prior information [53]. It
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is in general not globally optimal [i.e., E*(xy|Tx, 2a) # E*(2]2*, z4)], but it is optimal
conditioned on the information available. As presented in [81], the LMMSE update without
prior is given by

xk\k,d =Kz

Py = (K =T)R(K —T)' + Qpa — TR (5.39)

Tk
where z = and

Zd
K = FogH" + (T — FogH")R(TRT)*
Fra

T=I1-HH" H= (5.40)
Hy

_ +
I'= FraUg g+ Qpa—Pri. 0 R

FraUp gt UraFy gt Qpa—Prpp 0

ny]
I

0 Ry

where [T is the MP inverse of [-]. Algorithm II always gives the optimal update based on
the available information. We have the property that, for nonsingular Fj 4 and R°, if the
update is only one lag, (5.39) is the solution given by [28, 2|. In the multi-step update case,
(5.39) is consistent with [59]. In Algorithm II, the estimator contains the term Uy 4. As for

Algorithm I, when P,41jn4+1, Poy1jn and R,4; are nonsingular, we have

(I = Kpy1Hp) = Pn+1\n+1P,;:1|n

So the recursion for {Uy 4} starting from n = k — [ + 1 can also be rewritten as

Un—i—l,d = Pn+1|n+1pn_jl|nFn+1,nUn,d (541)
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with the initial value

—1
Uk-t41,d = Premtgrfk—1415, g i Fo—t41,0 P (5.42)

If the maximum delay for the OOSM is s. We should require

Qk = {Pk—s\k—sa T 7Pk\k}

Similar to Algorithm I, this OOSM update algorithm can be implemented at the arrival time
of OOSM z;. The OOSM update is the traditional Kalman filter with the OOSM update
using equations (5.39)-(5.42).

Algorithm II always gives the optimal update based on the available information when
Pyiijnt1, Pogipn and Ry, are all nonsingular. If Fj, 4 is nonsingular, the expression of (5.40)
can be simplified (See Remarks 1 in [81]). Most often R are nonsingular, which leads to
even more simplified results (See Remarks 2 in [49]). The information storage increases
linearly with the maximum delay s. The storage is the same as Algorithm BI1 of [6], it can

achieve better performance in terms of the MSE errors.

5.5.3 Update with Arbitrarily Delayed OOSMs

In the case of arbitrarily delayed multiple OOSMs, if we consider the case that z; arrives
after t4,, we can not simply apply the single OOSM update algorithm twice. Suppose zg4,
arrives before z,, or we process z,, before zg, if both of them arrive at the same time.
According to ALG-I and ALG-II for single-OOSM update, we need to update Zy,, and
Py, with zg, when it arrived. By using a Kalman filter, until time #;,, we have the state

estimate sequence {Zp,jky.dsr Pholkasds - - -+ Thilki,da> Philkids - At the time when OOSM zg,
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arrives, in order to update {@x, |k, dos Prijkr,ds ), the necessary information for Algorithm I
or II includes {if?krzgmrlz,dg, Pk27l2|k2712,d2’ S fﬁszl\kgfl,dga Pk271|k271,d2} or {Pk27l2|k27l2,d2a
ooy Proy—ijky—1,4,}- Therefore, at the time when the first OOSM z4, arrives, we need to
update not only update the current state {Zp,k,, Prylks }> Dt also {Zr,—iaks—tos Pro—ts|ko—iss
cos Thy—1|ko—15 Pro—1jke—1} for Algorithm I or {Pr,_iyjks—ts, -+ Phy—1jts—1} for Algorithm
IT between OOSM z4, occurrence time and its arrival time. The update for {Zp,—jk,—i,
Pry—ijky—i } o just { Py, _ijk,—i } with i = 1,... 15 is quite simple. It can be implemented with
the same procedure for{Z,x,, Pi,|k,} by treating the arrival time of OOSM z4, as in the

time interval [tg_;, tr_sy1] with i =1,... 5.

5.6 Numerical Examples

Several simple numerical examples are given in this section to verify the formulas presented
and the existence of the optimal solution in the case where the state transition matrix is not

invertible. All these examples are for the following linear system
Tj = FjaTj—1 + Wi
zj = Hjzj + v,

where z; = [:vg-l),:vf)}/, and w; and v; are zero mean white Gaussian noise. In order to
consider multi-lag delay as well as single-lag delay update, we choose a series of OOSMs
24, these OOSM occurred at d = (I + 1)n and arrived at (I + 1)n +1 withn = 1,2,...,
which corresponding to [-lag delayed OOSMs, where [ = 1,2,.... For example, suppose

the in-sequence observation series is {z1, 29, 23, . . .}, then the observation series with OOSMs

for | = 11is {z1, 23, 22, 25, 24, .. .} and the updated states are x3, x5, x7, ...; the observation
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series with OOSMs for [ = 2 is {21, 22, 24, 23, 25, 27, 28, %, - - -} and the updated states are
T4, T3, 211, .. .; and so on. Globally optimal estimates were obtained by the Kalman filter

using all observations (including OOSMs) in the right time sequence.

trace[ Py, q(KF)]
trace[ Py, q(Algorithm)

In the result, we use mser= T which is the ratio of the mean-square
error of the globally optimal Kalman filter to that of the algorithm under consideration. It

shows the efficiency of the algorithm. It is in the interval of (0,1]. The larger the mser is,

the better the algorithm is.

5.6.1 Nonsingular F} 4

Consider a discretized continuous time kinematic system driven by white noise with power
spectral density ¢, known as constant velocity model or white-noise acceleration model in

target tracking, described by

1 T
Fj: 7Hj:[170}

0 1
T3/3 T2/2
Cow, =Q = q, Cvj:Rzl
T2/2 T

where T is the sampling interval. The prior information is

R R/T
Zojo = 7 = [200 Km,0.5 Km/sec]', Py =

R/T 2R/T?

and the maneuver index is A = /qT3/R.
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Single-Step Update (I = 1)

In this example, we first apply our globally optimal update algorithm in Case I and II. Then
we apply Algorithm B of [2], referred to as ALG-B, to compare with our optimal update
Algorithm II with limited information, referred to as ALG-II. Although there are two outputs
(filtering output or smoothed output) possible from the framework of [14], smoothed output
algorithm needs use future observations to estimate the current state. It is unfair to compare
the smoothed output update result with that of other algorithms by update only with the
observations up to current time. In order to have a fair comparison, we only apply the
filtering output Algorithm of [14], referred to as ALG-S. For the case t;_; <ty < t, in order
to apply ALG-S, we approximate t4 to the nearest sampling time ¢;_;. In Table I, we present

mser of all algorithms at time j = 3. We adopt the same values of (A, ¢) as in [2], [14], [59].

Table 5.1: msers of algorithms

(\,q) | KF | KF* | ALG-I | ALG-II | ALG-B | ALG-S

(2,2) 1 | 0.8786 1 0.9680 | 0.9680 | 0.7071

(1,1) 1 109121 1 0.9790 | 0.9790 | 0.8163

(0.5,0.5) | 1 | 0.8787 1 0.9999 | 0.9999 | 0.9283

In Table 1, KF stands for the globally optimal Kalman filter; KF* stands for the Kalman
filter without using OOSM. It is easy to see that our Algorithm I in Cases I and II give
the globally optimal update. While Algorithm II gives the same update as Algorithm B of
[2]. But the update using the algorithm of [14] is not optimal and sometimes can be worse

than without using OOSM, i.e., mser(ALG-S) < mser(KF*) [see the cases (A, q) = (2,2)
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and (X, ¢) = (1,1)]. It is caused by the error arising from the approximation of the OOSM
occurrence time t4. For (A, q) = (0.5,0.5), the sampling interval 7' becomes smaller, ALG-S
becomes better.

In Figure 5.6.1, we show the theoretical and sample mser of ALG II for (A, q) = (2,2).

The two curves match each other very well, which verifies our update formula.

1.05 T T T T T T T —— Theoretical
Sample

Fig 5.6.1 Theoretical and sample mser

It is reasonable to require that any algorithm which updates 4, with an OOSM z; to
yield 2,4 should satisfy

MSE(i}4.4) < MSE(iys) (5.43)

Otherwise update by the algorithm is questionable. All our algorithms satisfy (5.43), because
they are optimal estimators that minimize MSE based on the information given, but not Alg-

S of [14].

Multi-Step Update

In this example, first consider [ = 2 with d = 3n and (A, q) = (2,2), we apply our globally

optimal update Algorithm I in all three cases and yield mser= 1, which verifies the global
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optimality of the algorithm. Also, we apply Algorithm II and compare the mser with
the algorithm of [59], referred to as ALG-M. Figure 5.6.2 shows that the sample mser of
ALG II matches its theoretical mser. ALG-II and ALG-M have the same theoretical mser.

Meanwhile it shows the benefit of updating by comparing with KF*.

* ALG-M
Sample(ALG-I1)
KFE*

0.95 —

0.9 -

Time k

Fig 5.6.2 Comparison of mser

Table 2 shows the benefit of updating when (\,q) = (2,2), | = 1,---,3 with d =
2n,3n,--- and 6n respectively, which shows that as the lag [ of OOSM becomes larger,
the benefit of updating becomes smaller. Results of KF* for Kalman filter by ignoring
OOSM show that the effect of OOSM fades quickly with the target maneuvering behaviors.
It provides a strong hint for the maximum delay s to consider, in addition to physical

considerations.

5.6.2 Singular F} 4

A system with a singular state transition matrix Fj, 4 is rare in practice because most discrete

time systems are discretized from continuous systems. However in some cases, when a
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Table 5.2: msers of algorithms

mser d=2n|d=3n|d=4n | d=5n|d=06n

ALG II(ALG M) | 0.9680 | 0.9738 | 0.9976 | 0.9999 1

KF* 0.8786 | 0.9667 | 0.9972 | 0.9999 1

practical system is defined directly in discrete time, state transition matrix Fj 4 may be
singular. The corresponding OOSM update problem needs to be considered. Also, allowing
F}.q to be singular provides additional flexibility to handle some artificial system models,
just like the study of noncausal systems, which is meaningful.

Here we consider a system with H = [1,1], @ = 0.2, R = 0.3/ and prior information

i’ow =T = []_, ]_]/7 P0|Q - 0001_[

Single-Step Update (I = 1)

In this case, we use

Ll —
E 7F2n:

0 1 -1 4

F2n—1 -

Algorithm I'in Case I or II can always gets mser= 1. Asshown in Figure 5.6.3, the theoretical

and sample mser of ALG II match each other, which verifies the formula.

Multi- step Update (I = 2)

In this case, £ = 3n + 2, we use
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1.4

—— Theoretical
Sample

1.3 A

1.1r- -

Time k

Fig 5.6.3 Theoretical and Sample mser

Algorithm I in all three cases all gave mser= 1. As shown in Figure 5.6.4, ALG II can give

the benefit of updating, as shown by comparing mser with KF*.

—— ALG-lI
KF*

Time k

Fig 5.6.4 Comparison of mser

Examples in this section verify both Algorithms I and II. They show that our proposed
Algorithms I and IT are more general. They can solve single-step as well as multi-step update.

Also, for singular state transition matrix F} 4, they are still efficient.
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5.7 Summary

We have presented two general algorithms with three cases of different information storage for
state estimation update with out-of-sequence measurements. Both algorithms are optimal in
the LMMSE sense for the information given and are more general than previously available
algorithms. In particular, they are optimal for multiple-step as well as single-step update;
they do not have any non-singularity requirement on the matrix Fj 4; they yield the best
unbiased estimates among all linear estimation algorithms. Algorithm I is always globally
optimal (in the LMMSE sense). Algorithm II is optimal (in the LMMSE sense) for the
information given. Under the linear-Gaussian assumption of the Kalman filtering, both
algorithms give the conditional mean, and have a simplified version under the assumptions
of nonsingularity of certain matrices valid for most tracking applications.

Both algorithms need the smallest storage in Case I, the largest storage in Case III. The
storage of Algorithm II for all cases are smaller than Algorithm I. For single-step update, the
information stored is even smaller. Each item in the algorithms has a recursive form and can
be computed easily, as presented. As illustrated by the simulation results, these variants in
information storage complement each other in that they are suitable for different practical
situations and yield the same optimal update.

Overall, both Algorithms have (1) an efficient processing structure for information up-
date; (2) an efficient memory structure for storing historical information; (3) an efficient
computational structure, and thus (4) an easy generalization for arbitrarily delayed multiple

OOSMs.
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Chapter 6

Multi-Sensor Multi-Target Tracking

with OOSMs

6.1 Introduction

The previous results for OOSM update are formulated for a Kalman filter to update the state
at time t; by using the “older” measurement from time ¢4. In this problem, the measurement
at each sampling time is assumed to be target originated and no clutter or interference from
other targets is considered. We call the above setting an OOSM update problem. There are
some optimal methods [2, 14, 81] and suboptimal methods [59, 6, 76, 28, 9] for single-lag as
well as multi-lag OOSM update. Two general algorithms ALG-I and ALG-II proposed in
[81] can solve the one-lag as well as the multi-lag OOSM update problem globally optimal
or suboptimal (optimal with limited information) with little restriction. They are optimal
in the LMMSE sense.

However, in real-world multi-sensor multi-target tracking problems, measurements re-
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ceived at the fusion center can originate from targets or clutter, i.e., false alarms. The filter
handles the measurement origin uncertainty via the so-called data association. The exist-
ing optimal criterion for OOSM update within the Kalman filter framework is no longer
valid for the target tracking problem with measurement origin uncertainty. In this case,
the OOSM update needs to be combined with data association. However, the optimal data
association (in the Bayesian sense) relies on all measurements from the beginning up to the
current time. With limited storage, for example only based on the state estimate without
storing the measurements, it is complicated to have the optimal data association. There
exist data association algorithms, such as Probabilistic Data Association (PDA) for a single
target in clutter and Joint Probabilistic Data Association (JPDA) or Multiple Hypothesis
Tracker (MHT) for multiple targets in clutter, that solve the measurement-to-track associ-
ation sub-optimally. In this setting, it is hard to propose a meaningful criterion to update
the OOSMs optimally for multi-target tracking in clutter. In this chapter, we provide one
solution by incorporating the PDA technique with the OOSM update for tracking a single
target in clutter. Through performance comparison between the PDA with OOSM update
and the in-sequence PDA filter, we find that the performance degradation of the PDA with
the OOSM update is relatively small. We also find that the PDA with the OOSM update
has better performance than just ignoring OOSMs. The generalization of incorporating the
JPDA or MHT with the OOSM filter update for multi-sensor multi-target tracking in clutter

is briefly discussed.
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6.2 Problem Formulation

For multi-sensor multi-target tracking in the presence of clutter, during each sampling period,
there is a set of measurements z; arriving at the fusion center. Some of them are target
originated, others are false measurements. The existing algorithms for tracking a target in
the presence of clutter include Bayesian and non-Bayesian techniques [4]. The PDA and
its extension JPDA, belong to Bayesian techniques. PDA and JPDA are target-oriented
approach. For a known number of targets, PDA (JPDA) evaluates the measurement-to-
target association probabilities and combines them into the corresponding state estimates.
The MHT is a measurement-oriented approach. It finds the best hypothesis for a track to
be associated with a measurement sequence.

Here we limit the discussion to a single target tracking in clutter and assume a measure-
ment set z4 produced at previous time t, arrived at the fusion center after the measurement
set z;, produced at the most recent time t;, where ¢, > t;. Then we can identify that the
measurement set produced at t; contains OOSMs. We will formulate the PDA incorporat-
ing OOSM update for a single target tracking. It is easy to analyze and the result can be
generalized to other more complicated cases.

The set of validated measurements is denoted as

Z; = {Z;}:ijl
where z; is the i-th validated measurement and m; is the number of measurements in the
validated region at time ¢;. In view of the assumptions listed, the association events
{2} is the target originated measurement} i=1,...,m,

0, =

{None of the measurements is target originated} i=0
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are mutually exclusive and exhaustive for m; > 1. The problem is as follows: an earlier
set of measurements z; = {z;};"4 at time ¢4 arrives after the state estimate 2y, and the

covariance P, have been calculated. Using the total probability theorem, the state estimate

using zg is

i"k|k,d = E(l"kfzk, Zd)
mgq
= E(x4]0), 2", 24) P (6} 2", 24)
i=0
mq
= Z£k|k,dﬁé
=0
where ‘%;ﬂk g for i = 1,...,my is the updated state conditioned on the event that the i-

th validated measurement zj is target originate and i = P(0}|z"*,z4) is the conditional

probability of the event — the association probability — and a?,g',ﬁ a4 = Tkk, P,?W g = Prjk-

Also

Pk\k,d = E{[ﬁk - ikwc,d] [% - jk|k,d]’|Zk, Zd}
mq

= Z E{[xr, — Zuja)[me — Bupa)' 105, 2", 24} 5]

1=0

= Pk|k,d + Py

_ my o omg A
B - . . ;. . , .
where Pyjra = > ﬁéP,zVC’d, Py=> ﬂfjazz‘k’d(x}c‘k,d) — Zpjk,a(Tkik,a) . Based on different OOSM
i=0 i=0

update, :i"}'{‘k’d, P,i“g’d and (3% will have different forms.
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6.3 OOSM Update in Clutter
6.3.1 OOSM Update: PDA with ALG-I

It follows from the globally optimal OOSM update Algorithm I of chapter 5, that

i . i . . i
L\k,d = Lklk + Kd(zd - Hd$d|k) = Tk + Kdzd

P,ilk’d = Py — KaSaK}

With Z; = > 332, we have

=1
Thik.d = Z Thik,aBa = Trpk + KaZa
i=0
Let P,ak’d = Py — K354K);. Then
D _ 0 01 pc
and

mq
Py =Ky [Z Baza(Zg) — ngz,i] K
i=0

The association probability can be derived in the same way as for the in-sequence PDA filter,

B = = (6.1)

where ¢; = ¢~2(0)'S:"% and b = N2mSy|'/?2=72Ee with gate probability Py and detection

probability Pp.
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6.3.2 OOSM Update: PDA with ALG-II

It follows from the proposed constrained optimal OOSM update Algorithm II, that

j;‘flk,d = E*(xk@k\k, 22) = f(z;‘

Plilk,d = MSE(%%@) = (f( — F)R(f( — T + Qg — TRIY
i
where E*(xk|£k|k,zfi) is the LMMSE without prior and z; = { j;{:'k (Zf:l), ] . With 3, =

!/
UL S mao
Zlﬁ;z;f =1 (1- ﬁg)fc;‘k > Bu(zL) ] , we have
i= i=1

mq
o ~i i 0 ~ i
Tk\k,d = E J7k|k,dﬂd = Qﬂ‘k\k + Kz
=0

Let Pfy 4= (K =T)R(K —T) + Qga — TRI". Then
Pk|k,d = 62Pk|k +[1 - ﬁg]Pg\k,d
and
Py = f([i Bhzr () — za(22) | K+ 891 — Bl rpp — B (2a) K’ — 52K5df2|k
i=0

The association probability has the same form as (6.1) with e; = e~2('Si % and b =
N2mSy| /2 =0 where 2 = i — HyE* (2a|xy) and Sg = HyPyrH} + Ra. Therefore, the
only task for the PDA to incorporate the constrained optimal OOSM update is to get the
LMMSE Zqp, = E*(24|Zr) and Pyr =MSE[Z4]. Based on the limited information storage
Q. = {Prsji—s» - - -» Peji, 2(d)}, we can only do LMMSE estimation without prior.

Theorem 12: The LMMSE &g, = E*(xq|Tg) and Py =MSE[Z 4] without prior is

Tak = ijlfﬁk\k (6.2)

Py = Fy g RaFy g (6.3)
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where

Ry = Qra+ FraUjy + UsiFf 4 — Pu

Proof. According to

#i(d|k) = Ky + b

Tg=KiFq%Tq+0b

1.e.

(KdFk,d - [).f'd + b - O

Since the prior information is not known, this equation must be satisfied for every z,, and

SO
KdFk,d II, b: 0
MSE[2;(d|k)] = cov(zq — #:(d|k))
= COV(;Cd — Kd£k|k:) = COV[SL’d — Kd(l’k — .i’k“g)]
= COV[.Td — KdFk,dxd — de’%d + Kd‘%lﬂk)]
= COV[Kd’LUkjd — defk“g)] = chov[wkyd — fl~3k|k)]K(/1
— K R.K),
where

Ri= Qra+ FraUgy, + UaFy g — Pujk
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Now the optimal K is the solution of the following optimization problem:

K, = arg minMSE[#;(d|k)] = arg min{ K;R,K )}
K K

s.t. RdFk,d =17

The general solution is given by:

% -1
K;= Fk,d
So
~ o F,1A
Ldlk = L'y gLkl
Py, = F IR, FY
dlk = L' qtvdl g q
[ ]

According to Theorem 12, z) = 2} — HdF,;dljrkw and S; = HdF,;C}RdF,;;HQ + Ry.

PDA with OOSM update is suggested for single target tracking in clutter. The OOSM
update filter can only handle the state update problem. OOSM update in the presence
of measurement origin uncertainty can not be done easily. This means we can not expect
the PDA with OOSM update will achieve the same performance as the in-sequence PDA
filter. If we want the updated PDA filter to have the same performance as the in-sequence
PDA, we need also update the associated probability 5} with j =k —1+1,..., k. But 3
relies on the observation ,z; So in order to update Bj-, all observations from t,_;,1 to t; are
needed. However, the information we have at the OOSMs arrival time is limited, such as
Qe = {Zh—spk—ss Po—sli—ss - s Thlks Prjis Za} oF QU = {Pr_sjk—s, - - -, Pjk» Za}. Even the PDA
with globally optimal OOSM update will have difference in performance with the in-sequence

PDA. But we can not be sure that the updated PDA filter will always perform poorer than
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the in-sequence PDA since the PDA filter itself is not optimal. There are no fundamental
optimal criteria for us to obtain the optimal OOSMs update within the PDA framework.

If the available information for update is ) = {Zr_sjk—s, Po—sjo—s, - - -» Thlks Prlk> Zk» Za}
or {1, = {Pk_5|k_5, -y Pujk, 21, 24}, we can also update Bi with ¢ = 1,...,m; to obtain a
more accurate estimate of x,. The procedure includes update state Zj_jjp—1 t0 Tp—1jk—1.4,
then applying the in-sequence PDA filter to yield Zjq by recalculating 5} with z;. The
performance will be the same as PDA with [ — 1 lag OOSM update if we treat the original

PDA with OOSM update as an [-lag problem.

6.3.3 OOSM Update: Multiple Target Case

In the previous subsections, we have incorporated the PDA with Algorithms I and II for
the OOSM update. For multi-target tracking in clutter, we need to consider both data as-
sociation and OOSM update. For data association via JPDA or its variants e.g., nearest
neighbor JPDA, incorporating the OOSM update using Algorithms I and II is straightfor-
ward. For each track, when OOSMs are received, the Algorithms I and II operate based
on the marginal data associated probability obtained via JPDA and the filter updates are
decoupled among different tracks once the marginal data association probabilities for the
validated measurements are computed by evaluating the joint events using JPDA. For the
multiple hypothesis tracker, the decision on measurement-to-track association is based on
measurements from multiple frames and the hypothesis management is often based on a
sliding window where the decision on which measurement goes to which track at the end of

the sliding window is frozen due to limited storage and computational power. In this setting,
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the measurements within the sliding window need to be stored to resolve the measurement
origin uncertainty issue. Any OOSMs within the sliding window can be reordered and pro-
cessed as an in-sequence measurement within the MHT framework. If the OOSM has a time
stamp earlier than the frozen time of the sliding window, then Algorithms I and II can be
applied to the state estimate at the frozen time for track oriented MHT. All these subtleties

are data association issue rather than the OOSM update.

6.4 Simulations

6.4.1 Scenario

Several simple numerical examples are given in this section to verify the proposed algorithms.
Consider a discretized continuous time kinematic system driven by white noise with power
spectral density ¢, known as constant velocity model or white-noise acceleration model in
target tracking, described by the following linear model

Tj = FjaTj-1 + wj

zj = Hjxj 4 vj

1) (2 . . :
where z; = [xg ), xg )] , w; and v; are zero mean white mutually uncorrelated Gaussian noise
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where T is the sampling interval. The prior information is

R R/T
Top = T = [200km, 0.5km/ sec]’, Py =
R/T 2R/T?
and the maneuver index is A\ = 1/qT3/R.

In order to consider multi-lag delay as well as single-lag OOSM update, we choose a series
of OOSMs z;. These OOSMs occurred at d = (I + 1)n and arrived at (I + 1)n + 1 with
n =1,2,..., corresponding to l-lag delayed OOSMs, where [ = 1,2, .... For example, if the
in-sequence observation series is {z1, 29, 23, . . .}, then the observation sequence with OOSMs
for | = 11is {z1, 23, 22, 25, 24, . . .} and the updated states are x3, x5, x7, ...; the observation
series with OOSMs for [ = 2 is {21, 22, 24, 25, 23, 27, 28, 2%, - - -} and the updated states are
T5, s, 211, - - -; and so on. Ideal estimates were obtained by the Kalman filter using all target
originated observations only (including OOSMs) in the right time sequence.

For clutter generation, we use a poisson model with a spatial density A to get the number

of false measurements in the validation region:

— oWV (AV)

fr(m) ml
By choosing AV € [0, 1], we can simulate different clutter densities. We use Pp = 1. Residual
based x%(99.9) test is used for testing tracking divergence. In simulation results, there is less
than 10% track loss.

We show RMS errors over 1000 monte Carlo runs for the OOSM updated states at (I +
n+1 withn=1,2,..., where KF — in-sequence Kalman filter without clutter; IS-PDAF

— in-sequence PDA filter; IG-PDAF — in-sequence PDA filter ignoring the OOSMs; UD-

PDAF1 — PDA with globally optimal OOSM Update; UD-PDAF2 — PDA with constrained
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optimal OOSM update.

6.4.2 Results for OOSMs with Good Accuracy

We design the OOSM model by choosing var(v;) = R/10 at j = ({+ 1)n withn =1,2,..,
which means the OOSMs are more accurate than the in-sequence measurements. In the
following, we show the RMS errors for the 1-lag, 2-lag and 4-lag OOSM update problems at

time k = 29 with AV € {0, 0.25, 0.5, 0.75, 1} in Fig.6.1, Fig.6.2 and Fig.6.3 respectively.

Comparison for 1—lag delay Problem at k=29
T T

— KF

" IS-PDAF

" IG-PDAF
UD-PDAF1 o
UD-PDAF2 N

vy

RMS
A
T

I I I I I I I I I
[e] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig.6.1 RMS errors with 1-lag OOSMs at time k& = 29 with \V € {0, 0.25, 0.5, 0.75, 1}

As shown in these figures, when there is no clutter, i.e., AV = 0, Algorithm I has the
same performance as the KF, while Algorithm II has slightly poorer performance. For target
tracking in clutter, the PDA with OOSM update by Algorithm I or II yields RMS errors
close to the KF, which indicates that through OOSM update, the performance has significant
improvement especially for small-lag OOSMs. For large-lag OOSMs, by ignoring them, the

performance does not suffer much even if the OOSMs have much better accuracy. The RMS
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Comparison for 2—lag delay Problem at k=29

— KF
- IS-PDAF
@ IG-PDAF
.= UD-PDAF1
3¢ UD-PDAF2 ©

RMS
®
T
|

I I I I I I I I I
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig.6.2 RMS errors with 2-lag OOSM at time k =29 with AV € {0, 0.25, 0.5, 0.75, 1}

errors of UD-PDAF1 and UD-PDAF2 are very close to that of the in-sequence PDA filter.
It also shows that the performance of IS-PDAF, IG-PDAF, UD-PDAF1 and UD-PDAF2

deteriorates as the clutter becomes heavier.

6.4.3 Results for OOSMs with Moderate Accuracy

The OOSMs have C,; = R, at j = (I+1)n with n = 1,2,..., meaning that the in-sequence
measurements have the same accuracy as the OOSMs. From Fig.6.4, we can clearly see
that by ignoring the OOSMs, the performance still suffers a lot. But the PDA with OOSM

update improves the performance, which is close to that of the in-sequence PDA filter.

6.5 Summary

In this Chapter, we proposed using PDA with Algorithm I and II for the OOSM update

in the presence of clutter. Simulation results show that the PDA with the OOSMs update



142

Comparision for 4—lag delay Problem at k=29
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Fig.6.3 RMS errors with 4-lag OOSM at time k =29 with AV € {0, 0.25, 0.5, 0.75, 1}

in clutter performs significantly better than ignoring the OOSMs, especially for small-lag
OOSMs. Its performance is close to the in-sequence PDA update for OOSMs with various
lags and under mild clutter where the PDA filter has less than 10% track loss. In summary,
the PDA incorporating the two OOSM update algorithms has (1) an efficient processing
structure; (2) an efficient memory structure; (3) an efficient computational structure. A
brief discussion was given concerning how to incorporate the OOSM update algorithms with

the JPDA or MHT for multi-target tracking in clutter.
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Comparison for 2—lag delay Problem at k=29
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Fig.6.4 RMS errors with 2-lag OOSM at time k =29 with AV € {0, 0.25, 0.5, 0.75, 1}
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Chapter 7

Conclusions and Future Work

Distributed estimation fusion is useful for surveillance using sensor networks. The mea-
surements of all the sensors among a sensor network are shared directly with the fusion
center with constraints on communication, data processing capability at fusion center and
information storage.

Due to the limited communication bandwidth and the limited processing capability at
the fusion center, however, it is crucial to compress the raw measurements for the final
estimation at the fusion center. One way of accomplishing this is to reduce the dimension
of the data with minimum or no loss of information. Based on the BLUE fusion developed
recently, in this dissertation, we have presented the optimal rules for compressing data at
each local sensor to an allowable size (i.e., dimension) such that the fused estimate is optimal.
We showed that without any performance deterioration, all sensor data can be compressed
to a dimension not larger than that of the estimatee (i.e., the quantity to be estimated). For
some simple cases, these optimal compression rules are given analytically; for the general

case, they can be found numerically by Gaussian-Seidel iteration algorithm.
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Due to the capacity constraints at the communication links, the measurements from the
sensors are transmitted at a rate insufficient to convey all observations reliably. Therefore,
the observations are vector quantized and the estimation is achieved using compressed mea-
surements. In this dissertation, using the BLUE fusion, we developed optimal sensor quan-
tization schemes which use only bivariate probability distributions of the state and sensor
observations. For a dynamic system, it is shown that, under the communication constrains,
the state update reduces to quantizing and estimating the current state conditioned on the
past quantized measurements. A simple quantization and state estimation update structure
for general dynamic system have been presented, and a new filter based on this structure for
linear Gaussian system has been derived.

In multi-sensor target tracking systems, measurements from the same target can arrive
out of sequence, called the out-of-sequence measurements (OOSMs). A problem is how
to update the current state estimates with these “old” measurements. Due to the limited
information storage, under BLUE fusion, we have presented two algorithms for updating
with OOSM that are optimal for the information available at the time of update. Different
minimum storages of information concerning the occurrence time of OOSMs were given for
both algorithms. The update algorithms assume perfect target detection and no clutter in
the received measurements. The real world has, however, possible missed target detection
and random clutter in the possible OOSMs and thus the filter has to handle the measurement
origin uncertainty. we have incorporated the probabilistic data association (PDA) into the
two OOSM update algorithms with economic storage and efficient computation based on the
nonsingularity assumption of some special matrices. The results shows that PDA with the

two OOSM update algorithms have compatible RMS errors to the in-sequence PDA filter.
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My future research work is to develop novel techniques for data compression in esti-
mation fusion systems. I hope to address the dynamic quantization issue, which includes
recursive update for the optimal quantization. A research in which the optimal sensor data
compression rule and the optimal fusion rule can both be taken into consideration will thrive
prominently.

Meanwhile, I am interested in distributed decision and classification. An intelligent
optimal fusion system can be built in which the local processing and communication are taken
into account in optimization. Also, this structure can have a very promising application in
machine learning, data mining, and statistical inference areas.

Another interesting topic is to develop advanced information fusion frameworks with the
regularization theory. Inverse problems of mathematical physics frequently lead to the ill-
posed issues which are incorrectly formulated. Regularization theory is a general solution
to incorrectly formulated problems. Recently, the regularization method has achieved great
success in machine learning area (e.g. regularization networks and support vector machines).
I feel confident that an advanced theoretical framework for information fusion with the
regularization theory can dramatically improve the fusion performance, especially for those
inaccurate model-based fusion frameworks.

In summary, I am interested in the research and technology area of information fusion,
and hope my research work can assist in bringing this area to maturity, and in fostering

specific applications.
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