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Abstract

The continuing trend toward connected sensors (“internet of things” and” ubiquitous
computing”) drives a demand for powerful distributed estimation methodologies. In
tracking applications, the distributed Kalman filter (DKF) provides an optimal solution
under Kalman filter conditions. The optimal solution in terms of the estimation accuracy
is also achieved by a centralized fusion algorithm, which receives all associated measure-
ments. However, the centralized approach requires full communication of all measure-
ments at each time step, whereas the DKF works at arbitrary communication rates since
the calculation is fully distributed. A more recent methodology is based on ”“accumulated
state density” (ASD), which augments the states from multiple time instants to overcome
spatial cross-correlations. This chapter explains the challenges in distributed tracking.
Then, possible solutions are derived, which include the DKF and ASD approach.

Keywords: distributed Kalman filter, target tracking, multisensor fusion, information
fusion, accumulated state density

1. Introduction

Modern tracking and surveillance system development is increasingly driving technological
trends and algorithm developments toward networks of dislocated sensors. Besides classical
target tracking, many other applications can be found, for instance, in robotics, manufacturing,
health care, and financial economics. A multisensor network can exploit spatial diversity to
compensate for the weak attributes of a single sensor such as limited field of view or high
measurement noise. Also, heterogeneous sensors can reveal a more complete situational aware-
ness and a more precise estimate of the underlying phenomena. Additionally, a sensor network
is more robust against a single point of failure in comparison to a standalone system, if its
architecture is chosen carefully.

Despite its unquestioned advantages, a multisensor network must cope with design-specific
challenges, for instance, a full transmission of all the measurements to a fusion center can be

I NT EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



254  Kalman Filters - Theory for Advanced Applications

hindered, when the communication links are unreliable or constrained in bandwidth or costs.
A well-known approach to cope with the limited bandwidth data links is to apply data
processing on the sensor sites to generate local track parameters that are transmitted to the
fusion center. The latter then reconstructs the global track parameters by an application of a
Track-to-Track Fusion (T2TF) scheme. Depending on the scenario constraints, this is a nontrivial
task, since the local tracks are mutually correlated due to the common process noise. The first
known solution in the literature to the T2TF problem proposed to apply an information filter-
based multisensor fusion algorithm in [1], which later became famous as the “tracklet fusion.”
However, the tracklet fusion also requires a transmission from each sensor after each time step
in order to reconstruct the optimal solution.

This chapter presents the theory and the derivation of the distributed Kalman filter (DKF), which
is an optimal solution of the T2TF problem under Kalman filter assumptions with respect to
the mean squared error (MSE). Assuming Kalman conditions means that linear Gaussian models
are provided for the motion model and all measurement models of the sensors. Moreover, it is
assumed that measurement-to-track (at the sensors) and track-to-track (at the fusion center)
association has been solved. The DKF approach requires, however, all remote sensor models to
be known at each local sensor site, which is infeasible in most practical scenarios. Therefore,
this chapter also presents a solution based on the accumulated state density (ASD), which is
closely related to the DKF but does not require the measurement models to be known. Surveys
that reflect the history of research in distributed estimation can be found, for instance, in [2, 3].

This chapter is structured as follows: Section 2 summarizes the problem formulation. A basic
approach to T2TF is given in Section 3, where we present the least squares solution. Section 4
presents a simple fusion methodology, which is easy to compute and provides practical results
for various applications. The reason why this approach is suboptimal is investigated in Section 5
by means of a recursive computation of the cross-covariances of the local tracks. In Section 6, the
product representation of Gaussian probability densities is introduced, which is the basis for the
derivation of the distributed Kalman filter in Section 7. An alternative derivation in terms of
information parameters is provided in Section 8. Since the local measurement models are often
unknown in practical applications, the distributed accumulated state density filter is introduced
in Section 9. The chapter concludes with Section 10.

2. Problem formulation

Throughout this chapter, it is assumed that all S sensors produce their measurements z; € R"
at each time step t; of the same target with its true state xy € R" in a synchronized way. The
extension to the unsynchronized case is straightforward by means of standard Kalman filter
predictions, and is therefore omitted for the sake of notational simplicity. The measurement
equation for sensor s € {1, ..., S} is given by

z; = Hyxp + ;. (1)
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where v} ~ N (vi; 0, Ri) is the Gaussian distributed, zero-mean random variable, which models
the noise of the sensing process. Therefore, the likelihood for a single measurement is fully
described by the Gaussian

p(zlxe) = N(zg; Hyxi, Ry) )

Since the measurement processes across all sensors Z; = {z}, ..., z; } are mutually independent,
the joint likelihood of all sensor data produced at time #; factorizes:

S

p(Zilxe) = | [p(zilxe)

s=1
S

= HN (ZZ; ls<xk7 Ri)
s=1

©)

The true state of the target itself is modeled as a time-variant stochastic process, where the
transition from time f;_; to time t; is given by the following motion equation:

Xk = Frp—1Xk—1 + wie 4)

where wy ~ N(wy; 0, Q) is the Gaussian distributed, zero-mean random variable to model the
process noise of the system. Analogously to the likelihood, this provides the probability
density function for the transition model:

p(xiloe—1) = N (xx; Frp—12%-1, Qx) (5)

Based on the local processors, each sensor node produces a track at time #; in terms of an
estimate xj; and a corresponding estimation error covariance Py. In a T2TF scheme, these
parameters are the only information, which is transmitted to a fusion center (FC). It should be
noted that the FC may also not be centralized, distinguished instance in the architecture, but
each and every processing node can act as a FC. The introduction of a distinguished FC is only
for clarification of different computation layers. An excellent overview of pros and cons of
various data fusion layers can be found in [4].

The T2TF problem can now be stated as follows: compute a fused estimate x of the state x; and
a consistent error covariance Py by means of the local tracks and knowledge on their models:

Xilk {xlhk? "'7xlf|k} (6)
3. Least squares estimate

In order to compute an estimate as a well-suited combination of the local tracks, it is useful to
consider the joint likelihood function given by the following Gaussian:
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1
x 1,1 1S
klk Xk P Py
1 S _ B . )
p(xklk/ e xk|k’xk> =N HE B B I : : , (7)
5,1 S,S
x,f|k Xk Pee - P

where P; = Py are the track covariances on the block-diagonal entries and P;(’(k £ cov [xf(lk, "Jk|k \xk}
= P;qz are the cross-covariances on the off-diagonal entries of the joint error covariance.
Since the joint likelihood from above is proportional to an exponential function:
1 T 1,5\ 1
Xk Xk Py - P X Xk

1 . . .
p(x,llk,...,x,flk\xk>o<exp -3 N I I S N I (8)

S, 1 S, S S
X Xk Pige - P Rk X

the maximum likelihood (ML) estimate can be computed in terms of the least squares:

T -1
. 1:S 1:S 1:5 1:S 1:S
T
15 _ (LT ST 1S _ T 1:5 . .
where x;;7 = (xklk s eees X ) S =(I,....,I)", and P for the joint error covariance have been

introduced for notational simplicity. A closed form solution of the ML estimates can be obtai-
ned by setting the gradient with respect to the state to zero:

. . T/ . N\N"17 . . T/ 1.\ "L/ 1. .
0= Vi (xfif = 1) (PRE) (el — 1) =20™)" (PRE) (sl — 1), 10)
Therefore, the ML estimate is given by:
T/ 1.c\"1, 4. T T
= ()7 (o) %)) (k) an

For information fusion applications, it is also important to have a consistent estimate of the
squared error, in other words, we need to compute the corresponding error covariance:

cov [xk|k|xk] =E [(xk — xk|k) (2 — Xklk)T}
(

=E

|
| (- (0 () ) 1(11:5>T(P,1;,f)1x,1;5>2] 12
() ") (1= (k) "9 o <11:S>T(P;;s)‘1xas))2]
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-1 -1

= (7o) ) () | () () 009 (0 () )
(0 () ")

2
The last equation holds due to the fact that E {((I B xp — xS ) } = Py is the joint covariance.

Concluding the derivations from above equation, one can obtain:
-1
1:5\T(p1:s 1:5
Xk = Prik (I ) (p k|k> Xk 1

= (079 (e2) " 09))

-1 (13)

4. Naive fusion

It is obvious that for the ML estimate, it is assumed that the cross-covariances P;';l],.(, I ES

{1, ..., S} are known. Since this might not be given in practical scenarios, a simple approxima-
tion is to assume them to be zero. This approach is called Naive fusion. It implies that the joint
error covariance is given in block-diagonal form:

1,1
P k|k
P,i;,f = (14)
S, S
p Kk

As a direct consequence of the matrix inversion lemma (see Appendix 12.1), the inverse can be
obtained in closed form solution:
-1
1,1
(Pit)

(Pi) - ) (15)
<P zf[ks) 1

Filling into the maximum likelihood formulas directly yields.

S
-1
Xk = P (Pz|k) X
s=1

Pi = (i (Pix) 1) )

s=1

(16)

Thus, by means of a simple approximation of the ML estimate, we have obtained a first
practical fusion rule for the FC, which we call convex combination due to its structure for further
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Figure 1. Fusion scheme of the Naive Fusion approach.
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usage. The fusion scheme as a whole can be outlined schematically as in the flowing Figure 1.
Each sensor node s processes its produced sensor data by means of a local filter, which results
in a track in terms of an estimate together with an error covariance. These parameters are
transmitted to the fusion center, which applies the convex combination to compute the fused
result.

5. What makes the Naive fusion naive?

For the Naive fusion, we have assumed that the cross-covariances vanish. It is worth to be
aware of the structure of the cross-covariances to see the conditions whether this holds or does

not hold. This can be achieved by a recursive computation of the posterior cross-covariance P;<|]k
of two sensors with indices i and j, which process their data by means of local Kalman filters.

At the beginning of the estimation process at f; tracks are not yet correlated, that is, PS&] =0,

due to the fact that initial measurements are mutually uncorrelated. A recursive computation
can be achieved by a prediction-filtering cycle.

5.1. Cross-covariance prediction

For the prediction step, it is assumed that a previous posterior cross-covariance PZ|]1<—1 has been

computed. The prior parameters are obtained by means of the motion model:

ii ; ' T
Pk/|]k71 =E [(xk - xklk—l) (xk - x§<|k71) ]

‘ . T
=E [(Fklk—lxk—l + wy — Fk|k—1x;<_1|k_1) (Fklk—lxk—l + wy — Fk|k—1x;<_1|k_1) } (17)

. ‘ T
= Fi1 E {(xkl - x;eﬂkfl) (xkfl - x;<—1|k—1> :|Fz|kl
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, , T
— Fy—1E [(xk,l — x;71|k71>wkT} —E [wk (xk,l - xéc—llk—l) ]Fﬁkl +E [wkwkT]
= Fklk—1p;éil|kfll:l€|k—l + Qp

where the last equality holds due to the fact that the estimation errors at time f;_; of both
sensor processors are uncorrelated to the process noise wy.
5.2. Cross-covariance filtering

In the filtering step, both sensors compute their posterior parameters based on the produced
measurements z; and z,, respectively. It is assumed that the local processors have applied local

Kalman filter update steps with Kalman gains W};l,ﬁl and W;clk—l' The cross-covariance poste-

rior matrix can be obtained by a straightforward computation:

)]

_<xk - x};|k—1 - W;'clk—l (Zi - H;;x;qkq)) (xk - x;qk_1 - W;dk—l (Zi - H;cx;clk—l))T:|

=E (xk — x};lk,l - W}'qk,l <H§<xk + 0} — Hixakq)) (xk - x;;|k—1 - W;qk—l (H{;xk + véf - H;fx;clk—l»T]
(

i <I - i|k—1H;;> (xk - x5<|k—1> - Wi|k—1”§<> <<I - W;dkle;c) (xk - x;clkfl) - W;clkflv;c> T]

= (I - W§;|k71H§;>E [(xk - x;clkfl) (xk - x{c|k—1)T:| (I - W§;|k_1H2)T + Wig 1E {Uch} W1
= (1= Wiy Hy )Py (1 w;;|k71H;;)T

(18)

For these equations, we have used the fact that the prior estimate error (xk - xilk_1> is inde-
pendent of the measurement noise v}, and that v} and 772 are mutually independent.

Concluding the calculations from this section, we have obtained a recursive solution for the
cross-covariances:

i
POIO =0
i i T
Piik—1 = Fre—1 Pyl qp 1 Frger + Qi (19)
ijo_ i
Pk|k = (I - Wﬁclkle;f> Pk|k—1 (I - W;qklei)
One can see that the cross-covariances are zero, if and only if the process noise covariance Q;

vanishes. In other words, if the tracks refer to a deterministically moving target and all sensors
do local Kalman filtering, then the convex combination equations yield the optimal fusion
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result. If this is not the case, as maybe in most practical applications, then the Naive fusion
method is an approximation and its degree of approximation depends primarily on the level of
the process noise.

6. Gaussian product representation

The basic concept of the distributed Kalman filter is to make the local parameters stochastically
independent, even if process noise is present. This is achieved by a product representation, which
directly follows from the fact that.

( X T (p: B xl
klk Xk klk klk Xk
expq —5 R -

(20)

S -1 S
Xk X (P,flk) Xk X

= exp {_%il<x;dk - xk>T<Pi|k> -1 (xi|k — xk> } x

Thus, the Gaussian product representation is equivalent to uncorrelated track parameters for
each processing node. It should be noted that the product representation is not normalized,
that is, the integral for S > 1 is not unity. This, however, is not of practical relevance since the
fused estimate density is a Gaussian and the parameters of which are provided by the convex
combination.

S
=1

S

7. Derivation of the distributed Kalman filter

For the DKEF, we are going to modify the local processing scheme for each sensor in order to have
the product representation hold at each instant of time. Then, when the fusion center receives the
parameters from all sensors, the convex combination can be applied to compute the optimal
global estimate. Note that the convex combination does not consider a local prior of the fusion
center; therefore, the result will be independent from previous transmissions. This can be of great
benefit, if communication channels with unreliable links have to be considered, since the full
information on the target state is distributed in the sensor network. However, for completeness,
it should also be noted that the modified local parameters are not optimal anymore in a local
sense. One could say that local optimality is given up for the sake of global optimality [5].

In the following sections, the derivation of a prediction-filtering recursion of the DKEF is
discussed.
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7.1. DKF prediction
For the prediction, it is assumed that the previous posterior is given in product representation:

S

p(v 1121 o TTN (%168 s P (21)
s=1

For notational simplicity, we have conditioned the posterior on the full data set Z*~! = {Z’{_1 jeees

ZE1), where Z81{Z5, ..., Z;_, } are from all sensors and all time steps up to time #_1, of which
the local tracks are sufficient statistics. At the initialization phase, that is, k — 1 = 0, the product
representation is trivial, since the initial estimates can be based on first measurements, which are
mutually independent.

To derive a closed form solution for the prediction of product representation, it is required to
globalize the covariances P;_;;_; of the local processing nodes at first. This process changes the

local parameters such that the same previous posterior density is factorized; however, the local
covariances will be unified to a single ﬁk—l|k—1' Rigorously speaking, this matrix does not

represent a meaningful covariance in the sense of an expected estimation error squared any-
more. Still, the fused result will be optimal since the global density is not changed during this
process. Thus, if we set

S

p (6121 o H N(xkfl%zifukflaﬁkfukfl) (22)
s=1

where

-1
~. o S S
Xk k-1 = SPi1jk—1 (Pk71|k71> Xk—1jk—1

13k71|k71 = SPr_1jk—1 (23)

Petpe1 = (i (P;_llk_l)_1>_l

s=1

then the same fused density will be obtained, which is easily verified by means of the convex
combination. It should be noted that the remote error covariances P} ;; ; are required to
compute the globalized covariance matrix 1~3k71|k71. Since Kalman filter conditions are assumed,

they can be computed without data transmission, as they do not depend on the local sensor
measurements. Therefore, it is sufficient to be aware of the remote sensor models.

The prediction formulas can now be obtained by a marginalization of the joint density of the
current and the last time step:

261
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p(alZ) = [ dxe p (e, 11| ZT)

= | o1 p(xlxet, Z71) p(xaea|Z) (24)

= | dxi1 p(alxe—1) p(xe-1]Z1)

The last equality holds due to the Markov property of the system. Filling in our linear Gauss-
ian transition model and the previous posterior yields

S

AETAVARIR dek—lN(xk§ Fik-12k-1, Qx) H N(xk—l S X7 115 ﬁk,ukq) (25)
s=1

By means of a simple algebraic manipulation, it is possible to factorize the transition kernel
Gaussian up to proportionality:

1 _
N (k5 Fepe—1xk—1, Q) xexp {— 5 (Frje—1%k-1 — xk)T(Qk) ! (Frj—1%k-1 — Xx) }

1 _
=exp {— > (Fk|k71xk71 - xk)TS(SQk) 1(Fk|k71xk—l - xk)} (26)
s
o< [N (x; Frgpe—126-1, SQy) |
Thus, we can factorize the integration term of the global prior completely:
S ~
p (k|2 dek—l H N (x; Figje—12k-1, SQk)N<xk—1;§Z_1|k_1,Pk_1|k_1> (27)
s=1
An application of the product formula (Section 12.2 in the appendix) yields:
S . s
p (Xk|Zk71) X H N <xk; x]i|k71 ; Pk|k71> dekl H N(.X'k,I ; ys7 Y)/ (28)
s=1 s=1
where
xi|k—1 =F klk—lfi—uk—l
13;;{_1 = Fklk—lﬁk—1|k—lpk|k—1T + SQy
s -1 B
y = Y<<pklk—l) X1 + Frro1' (SQy) 1xk) 29)

-1

Y = ((T’zsdkl) T Fklle(SQk)lpklkl)

At this point, we have derived factorized prediction formulas for the DKF prediction, and to
our knowledge, the remaining integral is part of the normalization constant. This, however, is
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not trivial, since the parameter ° depends on x;. A successive application of the product
formula yields the desired result:

S —s 1
fdxk—lnN (xk—l - YFklk—lT(SQk)_lxh Y(Pk|k—1) xlsc|k—l7 Y)

s=1 (30)

x fd-xkle(xkfl — YFi 1T (SQ0) x5, ?> =1,

for some auxiliary variables ? and Y. All factors, which are independent of x; have been
omitted. This proves that the integral is independent of the state variable x;. Concluding the
derivations from above, we have derived the prediction formulas of the local estimation
parameters as:

1
~ . S s
Xk k-1 = SPi-1p—1 (Pkfl|kfl> Xp—1jk—1
Pr_1j—1 = SPr_1jk—1
S . ~8S
X1 = Frk-1X4 161

s _
Py = Fklk—lpk—llk—1Fk|k—1T + SQ.

7.2. DKEF filtering

Let Z; denotes the set of measurements produced by all sensors at time t;. The posterior
density can be inferred by using the Bayes theorem:

p(Zilx)p (x| Z5)

Y] = i

(1)

Due to the mutual independence of the measurement noises, the joint likelihood function is
given by:

S

p(Zilxe) = [ [ p(Zilxe) (32)

s=1

This is particularly useful for the structure of the product representation used for the DKF.
Filling in the linear Gaussian models and neglecting the normalization constant in the denom-
inator directly yields:

S
p (il Z") 11 N (Zs Hiee, RN (3 31, Py ) (33)
s—=

Thus, the product formula again can be applied to compute the posterior parameters:

S
p(alZ) o N(xk; o Pilk> (34)
s=1
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where

s .S S s
Xk = X1 T W1k

S __ DS s
Kk = Lre—1 — k|k 15k Wk|k 1

Vi =z — Hpxgy (35)

-1
Isc|k 1 _Pklk 1HiT(Si)

S; = HiPy_ H TR

Again, we have omitted the factors, which are independent of xy.

8. Information filter formulation of the DKF

In [6], an elegant derivation of the DKF formulas was published based on the information filter (IF).
The IF uses information matrices, which are inverted covariances, and information states, which are
information matrices multiplied with states. The optimal, centralized update formulas for S sensors

based on the predicted information parameters (Pyj_1) “!and (Pre-1) ~'xyy_1 are given by:

s
(Pklk) 71xk|k = (Pk|k—1)71xk|k_1 + Zzi

S (36)

(Pae) " = (Pue1) "+ D1

s=1
where i = H{ "(R}) 'z and [, = H;T(R}) ' H; are the local information contribution from the
current measurements at time t;, which were received by the FC. If we want to distribute the
computation to S nodes, we will have them uncorrelated as in the DKF previously. Since the fused
estimate is obtained via the convex combination, the local information parameters are summed up:

S _

(pklk)_lxklk = Z(Pak) Xy

s=1
S

(Pe) - Z( klk)

s=1

(37)

This summation structure can be used to provide a closed prediction-filtering cycle.

8.1. Information DKF prediction

The prediction of the state is easier than a direct transition of the information parameters.
Based on the fused estimate, one can obtain.
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Xik—1 = Frp—1Xk—1jk—1

S
-1
— S S
= Fklk—lpk—llk—lz (Pk—1|k—1> Xhe—1lk-1
s=1

(38)
5 1
= ZPk|k71Pkfl|k71 (Pi,1|k71> Xpqjk1-
s=1
Thus, we have given the local predicted state parameters as:
S S -1 S
-1 = Frik-1Pk-1p-1 <Pklk> Xk (39)
Analogously, one obtains for the prior covariance:
Pig-1 = Fk|k—1pk—1|k—1Fg|k,1 + Oy
1 (40)
T
= §Fk|k71 SPi—1jk—1Fgp_1 + SQk

Thus, if we set Pi|k—1 = SPy—1 = Fk|k_1SPk_1|k_1FE|k_1 + 5Q;, then the convex combination
yields the exact global fused covariance.

8.2. Information DKF filtering

For the filtering, it is assumed that each sensor has computed its local information contribution
parameter i; and I} from its own sensor model and, in addition, the information matrix

contributions I} from all remote sensors [ by using the individual sensor models which are
again assumed to be known. Then, the information state is updated via.

S
(Pe) e = (Pep1) ™ 1 + iy
"\ (41)

s -1
S S S
(P k|k—1> k-1 T %
=

S

As a direct consequence, the updated parameters of the local processors follow the standard IF
filtering equations:

1 1
(P i|k> Xk = (P iuﬂ) X1 + - (42)

For the globalized information matrix, the remote information parameters from the sensor
models are used:
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S

(Pue) " = (Par) " + DL

s=1

(pilk_l)il e (43)

< ilk) - <Pi|k71>_1 + I

It is important to note that the local processing nodes compute both the local pseudo information

I
M

v
Il
—_

matrix (Pak) and the global fused error covariance Py, which is required for the prediction to

the next time step.

9. Distributed accumulated state density filter

The DKF from Sections 7 and 8 can be considered a big step toward distributed state estima-
tion, tracking, and information inference. However, in practical applications, the exact solution
is often hindered by the fact that the exact remote sensor model parameters are unknown and
can only be approximated based on local state estimates. The good news is that there is
another exact solution based on the accumulated state density (ASD). The distributed ASD
equations turn the spatial correlations into temporal correlations of successive states. Origi-
nally, the ASD equations were introduced to solve the out-of-sequence problem, which han-
dles delayed transmissions of measurements into an ongoing fusion process in an optimal
manner. Therefore, the temporal correlations can well be coped with the ASD approach.

At first, let us introduce the ASD state xi., as

e = (L, ol (44)
where t; refers to the current time of the filtering process and ¢, refers to the initialization time.
The ASD approach now considers the conditional joint density p(xi.,|z"), that is, the posterior
of the full trajectory of the target between t, and t;. In particular, the individual state densities
of a single instant of time can be obtained via marginalization. Also, it should be noted that the
Rauch-Tung-Striebel (RTS) smoothing equations are inherently integrated in the ASD posterior,
since all states are conditioned on the full set of measurements up to time # [7].

A recursive computation of the ASD posterior can be achieved by using the Bayes theorem:

P(Zilxien)p (xien| ZE71)
p (Zk|Zk71)

p(xn| Z) = (45)
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Since the measurements conditioned on the whole trajectory only depend on the state at time
t, the joint likelihood function is given by:

p(Zilxen) = p(Zilxx) = | | p(ziIx) (46)

S
s=1

The second factor can be reformulated as follows:

P (x| Z51) = p (e l¥io100 Z) p (00100 Z571)

A (47)
= pelre-1)p (k1.1 Z)
where we have used the Markov property of the system in the last equation. This recursive
representation can now be repeated on the term p (x¢_1../Z" ). A successive application of this
procedure yields

S S
p(kn|Z°) o [ [ {p (z2lci) Yo (i) [ [{p (2o k1) b (o [k 2)-
s=1 s=1
S

H{p (Ziurl |xn+1) }p(an %) p (x4 |Z")

s=1

(48)

where we have neglected the normalization constant in the denominator. Filling in our Gaussian
models and using the factorization of the transition model from above equation yields

k S
p(xen|Z) o« [T [T {N(Z: Hix, RN (i Fyp-ax1-1, SQp) }op(xn|Z) (49)

I=n+1 s=1

Since the initial density usually is based on a first measurement, we can assume that it
factorizes into independent local track starts:

S
pCealZ") o TTN (i35 Py, ) (50)

s=1

When the posterior is fully factorized in the number of sensors and in the time steps, each
processing node can compute the resulting ASD Gaussian with mean xj,, and covariance

matrix Py, [7]:
S
p(xk:n }Zk) SN H N(xk:n; xi:nlkv Pi:nlk) (51)

s=1

where the parameters are given by:
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S _ s T sT
Xk = <xk|k7 "'7xn|k> ,

ilk |ka 11k Pklkwk 21k klkwnlk
1|kPk|k Pi71|k ifl|kwi;[2|kfl * llkwnlk 1
i:nlk - k 2|kPk|k Wk 2/k— lPk 11k Pi72|k * k 2|kwn|k 2
k k k
W, |kPk|k Wiﬂk—lPZ—uk Wn|+1pn+1|k Pfﬂk

We have used a short notation such that x = E [x1|zk] are the smoothed state estimates and
Py = cov |xj|z"] are the covariances, respectively, which result from the Rauch-Tung-Striebel
equations. Also, the combined retrodiction gain matrices are known from the RTS smoother:

k-1
Wik = Hwili+1
i=l (52)
-1
Wit = PyiFliy; (Pigag)
Thus, when the FC receives the local ASD parameters, the optimal fused estimate can be
obtained via the convex combination:

5
1
_ s s
Xknk = Prenje E (P k:n|k> Xeenlkr

s=1

Pro = (fj( i:mk)_l)l

s=1

(53)

For a continuous state estimation process, it is convenient to formulate the distributed ASD
solution in terms of a prediction-filtering cycle.

9.1. Distributed ASD prediction

For the prediction step, it is assumed that the local processing node s has computed the
previous filtering parameters x,sc_lm| 1 and P,i_lznlk_l, which refer to time t;_;. Then, the prior

parameters are given by:

T
S _ s T sT
Xenlk—1 = (xk|k—17xk—1:n|k—l)

s . ( Isclk—l Pli—l:nlk—l Wi;rlzn> (54)
knlk—1 —

S
k 1: nPk T:inlk—1 Pkflznlkfl
S —
Xip—1 = Fr—1%_1j—1
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S _ S T
Pik—1 = Frk—1Pr_qp—1Fp1 + SQk
S
k—1k

s
k—2|k
k—1:n

s
nlk

9.2. Distributed ASD filtering

Since the prior is factorized in form of a product representation and the current measurements
from time f; are mutually uncorrelated, local Kalman filters can be applied to obtain the
posterior parameters:

S _ S S S S S
Xk = Xenpe—1 + Wik <Zk - Hkaxk:nlk—1>

S DS S sya7s T

knlk — * knlk—1 — k:nlkskwk:nlk

SS_HSH PS HTHST+RS

k — e kU ene—14 e Tk k

-1
vk = Proi [TLH T (S3) (55)

10. Conclusion

In this chapter, we have introduced the least squares solution to the track-to-track fusion
problem, where cross-covariances of the track estimation errors are required. Neglecting the
cross-covariances has led us to the Naive fusion, a simple but powerful fusion algorithm for
practical applications. By recursive computation of the cross-covariances, we have seen that
they primarily depend on the process noise of the state transition kernel. Since a centralized
computation of the cross-covariances is infeasible in practical applications, more sophisticated
solutions are required for optimal fusion results. The distributed Kalman filter, which uses the
product representation to keep the local parameters decorrelated achieved this. However, this
approach only works, if the local processors know all measurement models at each time step.
Then, the distributed accumulated state density filter uses the temporal correlations to factor-
ize the global posterior density. This approach does not require remote sensor models and is
therefore, well suited for extensions with measurement ambiguity or nonlinear measurement
functions.

In the study, one can find more extensions based on the distributed Kalman filter to overcome
the lack of knowledge on the remote sensor models. In [8] and the references therein, a
debiasing matrix is introduced to compensate for globally biased gain matrices of the local
filters. An application of the tracklet fusion based on the distributed accumulated state density
filter can be found in [9]. Then, in [10], the information filter formulation of the distributed
Kalman filter also was extended to scenarios with input information on the transition process.
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A. Appendix

A.1. Matrix inversion lemma

Let A, B, C, and D be matrices of a block matrix such that A and D are invertable, and also such

that the Schur-complements D — CA~'B and A — BD'C have full rank. Then, the inversion of
the block matrix is given by:

<A B )‘1 B (A—BD'C) —~(A—BD'C) 'BD!
¢ D D 'C(A-BD'C)” D'+D'C(A-BD'C) 'BD

(56)

A1+ ATB(D-CA'B)'CA' —A'B(D-CA'B)"
~(D-CcA'B)'cA™! (D—CA'B)”

In particular, it holds that

(A-BD'C) '=A'+A'B(D-CA'B) 'CA"' — (A-BD'C) 'BD' =
~A'B(D-CA'B) ' =D'C(A-BD'C) ' =—(D-CA'B)'cA'D" (57
+D'C(A-BD'C) 'BD ' = (D-CA'B)"

Proof. Let the inverted block matrix be given by submatrices E, F, G, and H. By definition, it

holds that
A B E F I O E F A B I O
= and - ’
(e 0)(e n)=(o V)=(c w)en)=(o7)

where I and O are the identity and zero matrix, respectively. A matrix multiplication of the first
and second equality yields two blocks of equations:

AE+BG =1
AF+BH =0
(58)
CE+DG=0
CF+DH =1
which we call block A and
EA+FC=1
EB+FD =0
(59)
GA+HC=0
GB+HD =1

which we call block B. Resolving block A for E, F, G, and H yields the first version of the
inverted block matrix, whereas resolving block B yields the second version.
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A.2. Product formula for Gaussian densities

For two Gaussian distributed random variables x and z, it holds that

N(x;y,P)N(z; Hx,R) = N(x;7,P)N(z; Z, S) (60)
where
B y+ Wy
Y= -1 Tp-1
P~y+H R 'z
B P - WSWT
P = )
(P! + H'R'H) (61)
S=HPH" +R
W = PHTS!
v=z—Hy

A proof can be found, for instance, in [11].
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