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�� ,QWURGXFWLRQ

In air combat, information advantage over the
opponent is vital for the success of the operation. For
that reason, modern fighter aircraft have extensive
sensor suites to track other objects. The multitude of
sensors makes it impossible for the pilot to use each
individual sensor efficiently without some sort of data
processing, i.e. sensor data fusion, and a sensor
manager [1]. Since system modularity and high
computational performance are needed in a fighter
aircraft application, a decentralized tracking approach
is preferable.

In order to form a unified picture of the vicinity,
all sensor information is fused into a central track. The
fused track will then benefit from all advantages of
the sensor estimates. 

The tracking performance of each individual
sensor could be increased if information is shared
between the sensors via track feedback. The problem
that arises is that tracks from different sensors may be
based on common data. If the resulting cross-
correlations are not properly handled, the statistical
properties of the tracks could be ruined. 

�� 7KH�V\VWHP�DUFKLWHFWXUH

A hierarchical decentralized tracking approach
(see figure 1) is based on that data (measurements) are
preprocessed in the sensor nodes, using e.g. Kalman
Filters. The sensor nodes will then provide a central
node with the preprocessed data, which are invoked in
a central fusion process. The fusion process in the
central node includes all sensor data and therefore that
node has the best possible conception of the vicinity.

)LJXUH��� $UFKLWHFWXUH�RI�WKH�GHFHQWUDOL]HG�WUDFNLQJ
V\VWHP�ZLWK�IHHGEDFN�

If there is no track feedback to the sensor trackers,
the only available data in the sensor nodes are the
measurements that the sensor has made itself. This
could be a problem if the data (measurement) rate is
low and the sensor track accuracy thereby is poor.

Therefore, it would be preferred that the sensor
trackers also had information from the other sensor
trackers. If so, the sensor track would not degenerate
too much between measurement updates, even though
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measurements are made very seldom. This could
make tracking in the sensor nodes easier and more
reliable.

In a hierarchical system, information sharing is
accomplished by feeding the central tracks back to the
sensor trackers. Of course, this means that there have
to be fusion processes in the sensor nodes as well,
invoking the fed back tracks into the sensor tracks.
Also, since data are transferred in both directions the
problem of using the same information several times
has to be taken care of in the fusion algorithms in the
central as well as the sensor nodes. However, it is
possible to deal with this problem in a hierachical
network. Investigations of other distributed
architectures can be found in [2] and [3].

�� )XVLRQ�$OJRULWKPV

To achieve the desired track accuracy and
statistical properties of the track, a fusion algorithm
has to be employed both in the sensor nodes and the
central node of a decentralized tracking system with
track feedback.

Since data are distributed in the system, the
problem of double counting information arises. If this
problem is not properly handled, the statistical
properties and the quality of the track could be ruined. 

Three different fusion algorithms, denoted Filter
A, B and C, are described in the following sections.
The filters can be used in any of the nodes in the
system. A fusion node is shown in figure 2. The
remote tracks to be fused are denoted  and the
fused tracks, in the node where the fusion takes place,
are denoted .

)LJXUH��� $�IXVLRQ�QRGH�LQ�WKH�GHFHQWUDOL]HG�WUDFNLQJ
V\VWHP�

��� )LOWHU�$

The filter fuses the estimates in the fusion node
with the estimates reported from other (remote)
nodes. Since the estimates reported from one node at
different times are created by partly the same data,
they are highly correlated. To deal with this problem,
the old information (i.e. the inverse of the predicted
covariance matrix times the predicted state estimate)
is subtracted from the reported new information [4].
In this way decorrelated state estimates are formed out

of the remote tracks. The decorrelated tracks are then
merged into fused tracks. The update equations are

�(T���

�(T���

A system without feedback, using this fusion
algorithm in the central node, is a decentralized
Kalman Filter, which can be derived from a
centralized Kalman Filter. It is optimal in the Kalman
sense if each sensor has independent measurement
noise and the kinematic models are linear.

The term  has to be predicted in the
fusion node. It is important to use the same kinematic
model in both the fusion node and in the remote
nodes. Otherwise, it may lead to numerical problems
in the filter. Another issue is that different remote
trackers could use different kinematic models and
therefore cause problems in the fusion node.

��� )LOWHU�%

This fusion filter is a simplified version of Filter
A. It is based on the assumption that the tracks to be
fused are independent stochastic variables. This is an
unrealistic assumption in a system with feedback.
However, if no track feedback is used and the tracks
origin from totally different information sources or
are sufficiently separated in time, the assumption of
independent tracks is a realistic approximation. The
expressions for updating the covariance matrix and
state vector are

�(T���

�(T���

To compensate for correlations between object
tracks and thus maintain consistency, the resulting
covariance matrix, , could be enlarged by
multiplying it by a constant. In the simulations
presented in this paper, the multiplier 1.3 is used.
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��� )LOWHU�&

This fusion filter is, unlike the other filters, not
dependent on whether the tracks to be fused are
independent or not. The resulting covariance matrix is
a convex combination of the information matrices of
the tracks to be fused. The convex combination
guarantees that the true covariance matrix, regardless
of what the correlation is, lies within the resulting
covariance matrix. In existing literature, this method
of fusing sensor tracks are referred to as &RYDULDQFH
,QWHUVHFWLRQ (CI) [5].

The expressions for updating the covariance
matrix and state vector are as follows:

�(T���

�(T���

�(T���

The weights, ωL
, are chosen by minimizing some

norm of the resulting covariance matrix, Ptot.
Depending on the norm that is chosen to be
minimized, this could be more or less time consuming
for the system. Consequently, it is very important to
pick a norm that yields sufficient tracking quality,
while not being too time consuming to minimize. Two
examples of norms that could be used are the trace or
determinant of . In the simulations in this paper,
the determinant norm is used. For a more thorough
investigation of Covariance Intersection, see [5].

�� (YDOXDWLRQ

In this section, prerequisites of the simulations are
formulated, parameters of the implemented system
are described and some 0HDVXUHV� RI� 3HUIRUPDQFH
�MOP) are stated.

��� 3UHUHTXLVLWHV

The simulations were made in MatLab5 on a 166
MHz Pentium PC. In the simulation model, no
association was conducted. All associations were
assumed to be correct.

In the simulations, one radar and one IRST sensor
were modeled. Plots and data are the result of 20 runs
Monte Carlo simulations.

��� 6HQVRU�7UDFNLQJ�)LOWHUV

The radar node was modeled by an ([WHQGHG
.DOPDQ� )LOWHU (EKF) in Cartesian Coordinates.
Standard deviations for the measurement model were;

σd = 20 m (distance), σb = 10 mrad (bearing) and σe
= 30 mrad (elevation). The process noise in the filter
had a standard deviation of 30 m/s2 in all directions of
a Cartesian Coordinate system. The process noise
models object accelerations up to 3g. The prediction
interval was 1/3 s and the measurement interval was 5
s if nothing else is stated.

The IRST node was modeled by an EKF in
0RGLILHG�6SKHULFDO�&RRUGLQDWHV (MSC) [6]. Standard
deviations for the measurement model were; σb = 0.5
mrad (bearing) and σe = 0.5 mrad (elevation). The
process noise in the filter had a standard deviation of
50 m/s2 in all directions of a Cartesian Coordinate
system. The prediction interval was 1/9 s and the
measurement interval was 2 s.

Both the radar and IRST tracking Kalman Filters
are supported by track feedback every 2 s in the
simulations with feedback, where nothing else is
stated.

As a comparison, a central Kalman Filter was
modeled. All measurements were reported directly to
it and invoked into the filter. The filter was an EKF in
Cartesian Coordinates with the same parameters as
the radar filter.

��� 6LPXODWLRQ�6FHQDULR

In all simulations, the scenario in figure 3 was
used. The own aircraft starts at the bottom of the
figure and flies more or less to the north. It is heading
for the enemy aircraft, which is flying westward. Both
aircraft trajectories start in the point highlighted by a
+. The duration of the scenario is 300 s.The aircraft in
the scenario are maneuvering between 0 and 3g which
makes their maneuvering quite realistic. In figure 4,
the accelerations of the target and the own aircraft is
plotted to give a survey of the maneuvers in the
scenario.

)LJXUH��� 6FHQDULR� XVHG� LQ� WKH� HYDOXDWLRQ� RI� WKH
IXVLRQ� DOJRULWKPV�� 7KH� RZQ� DLUFUDIW� IOLHV
QRUWKZDUG�DQG�WKH�HQHP\�IOLHV�ZHVWZDUG�
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)LJXUH��� $FFHOHUDWLRQV�RI�WKH�WDUJHW��DERYH��DQG�WKH
RZQ�DLUFUDIW��EHORZ��LQ�WKH�VFHQDULR�

��� 0HDVXUHV�RI�3HUIRUPDQFH

In this paper, two 0HDVXUHV� RI� 3HUIRUPDQFH
(MOP) are considered; track deviation and track
uncertainty consistency. Both the deviation in
position and velocity are used. The deviations are
defined as the differences between the estimated and
the true values;

�(T���

�(T���

A way to decide if a tracking algorithm is
performing well, is to check if the error of the
estimated state vector is statistically corresponding to
the covariance matrix. Consistency may be checked
using standard hypothesis testing techniques. The
measure used to test consistency is the 
distributed variable, ε(k), the QRUPDOL]HG�VWDWH�HUURU
squared;

�(T����

�(T����

The statistical 95% interval that  should stay
within are further on presented as two lines in the
consistency plots. For a thorough investigation on
consistency and the theory behind it, see [7].

�� 5HVXOWV

In this section, simulation results are presented
and comparisons between the different algorithms are
made. The central fusion is performed in MSC.
However, it is shown in 5.2 that Cartesian fusion is
possible.

In all simulations in this paper, the measurement
frequencies are 0.2 Hz for the RR and 0.5 Hz for the

IRST. The feedback rate is 0.5 Hz if no other value is
stated.

It is important to make sure that the quality of the
central track is not degraded as a result of track
feedback to the sensor tracking filters. Consequently,
an exploration of the effects of track feedback on the
central track has to be made. Different parameter
settings such as measurement interval and feedback
interval must be studied. 

��� &RPSDULVRQ�6LPXODWLRQV

In figure 5, the resulting track quality of a single
radar with measurement frequency 0.2 Hz is
presented. 

When the single radar is used, the consistency is
not very good and the position and velocity deviations
are far too large to be acceptable.

)LJXUH��� &RQVLVWHQF\� DQG� WUDFN� GHYLDWLRQV� IRU� D
VLQJOH� UDGDU�� XVLQJ� QR� PXOWLVHQVRU
IHDWXUHV�

In figure 6, the performance of a central ([WHQGHG
.DOPDQ�)LOWHU (EKF) that is fusing both the radar and
the IRST measurements is shown. These simulations
are used as a comparison to the filter configurations
tested in the following sections.

It is interesting to observe that the covariances are
overestimated in the central EKF (the consistency
measure ε lies below the statistical interval). This
should be kept in mind when studying the results of
Filter A, B and C further on in the paper. It can also be
seen that the errors in the position and velocity
estimates are considerably lower than for the single
radar case. The periods with lower tracking quality (in
the periods 50-90 s and 160-180 s) are caused by the
fact that the target is maneuvering (compare to figure
4) and it is consequently more difficult to track the
target during these periods.
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)LJXUH��� &RQVLVWHQF\� DQG� WUDFN� GHYLDWLRQV� IRU� D
FHQWUDOL]HG�(.)�

As another comparison, the performance of a
decentralized system without feedback, using Filter A
in the central node, is shown in figure 7. It shows that
this filter has about the same kinematic deviations as
the central Kalman Filter. However, the consistency is
not quite as good as for the central Kalman Filter.

)LJXUH��� &RQVLVWHQF\� DQG� WUDFN� GHYLDWLRQV� IRU� D
GHFHQWUDOL]HG�WUDFNLQJ�V\VWHP�XVLQJ�)LOWHU
$�ZLWKRXW�IHHGEDFN�

��� )LOWHU�$�)LOWHU�$�ZLWK�)HHGEDFN

In figure 8, the results of simulations of a system
with Filter A in both the sensor nodes and the central
node are shown. The MOP:s show that the filter is
consistent and has position and velocity deviations
comparable to the deviations of the decentralized
filter without feedback in figure 7. The consistency is
slightly better in the beginning of the scenario than for
the filter without feedback.

Compared to the central Kalman Filter in figure 6,
a feedback system using Filter A results in the same
track deviations. The difference is that the consistency

is not quite as good, especially when the target is
maneuvering.

The conclusion is that Filter A gives a fully
functioning decentralized system with feedback.

)LJXUH��� 5HVXOWV�RI�VLPXODWLRQV�ZLWK�)LOWHU�$�LQ�ERWK
WKH�VHQVRU�QRGHV�DQG�WKH�FHQWUDO�QRGH�

In figure 9, the performance of the decentralized
tracking system when Cartesian fusion is used in the
central node is exhibited. This will serve as the
example that the tracking system works in both MSC
and Cartesian Coordinates. The result of the Cartesian
fusion does not significantly differ from the MSC
fusion. Therefore, further results in this paper will be
based on simulations where MSC is used in the
central fusion. 

)LJXUH��� 5HVXOWV�RI�VLPXODWLRQV�ZLWK�)LOWHU�$�LQ�ERWK
WKH�VHQVRU�QRGHV�DQG�WKH�FHQWUDO�QRGH�DQG
&DUWHVLDQ�IXVLRQ�LQ�WKH�FHQWUDO�QRGH�

��� )LOWHU�%�)LOWHU�%�ZLWK�)HHGEDFN

In figure 10, the results of simulations of a system
with Filter B in both the sensor nodes and the central
node are shown. In the consistency plot, it can be seen
that the filters do not manage to handle the cross-
correlation problem and maintain the consistency.
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The deviations are not disastrous, but a filter with
these properties is totally malfunctioning due to the
underestimation of the uncertainty.

)LJXUH����5HVXOWV�RI�VLPXODWLRQV�ZLWK�)LOWHU�%�LQ�ERWK
WKH�VHQVRU�QRGHV�DQG�WKH�FHQWUDO�QRGH�

��� )LOWHU�&�)LOWHU�&�ZLWK�)HHGEDFN

In figure 11, the results of simulations of a system
with Filter C in both the sensor nodes and the central
node are shown. The filter handles the cross-
correlation problem and is fully functional. It
manages to maintain the same level of consistency as
Filter A in figure 8. The track deviations are also
comparable.

The system has slightly better consistency than the
system without feedback in figure 7, but the track
deviations are about the same.

The conclusion is that Filter C also gives a fully
functioning decentralized system with feedback with
performance similar to Filter A.

)LJXUH����5HVXOW�RI�VLPXODWLRQV�ZLWK�)LOWHU�&�LQ�ERWK
WKH�VHQVRU�QRGHV�DQG�WKH�FHQWUDO�QRGH�

��� 2WKHU�6\VWHP�&RQILJXUDWLRQV�ZLWK�)HHGEDFN

Other combinations of the fusion filters than those
that are shown in 5.2 to 5.4 have also been tested. The
conclusion is that all combinations of Filter A and
Filter C result in systems with performance similar to
the systems in 5.2 and 5.4. All combinations
involving Filter B fails to produce consistent track
estimates in accordance with the system in 5.3.

��� 7KH�(IIHFW�RI�'LIIHUHQW�0HDVXUHPHQW�5DWHV

In all simulations in 5.2 to 5.4, the radar measures
with 0.2 Hz and the IRST measures with 0.5 Hz. The
results of simulations of the system with Filter A in
both the sensor nodes and central node with different
measurement frequencies are shown in figure 12 and
figure 13.

In figure 12, the results of simulations with the
radar measuring with 0.1 Hz and the IRST measuring
with 1 Hz are shown. Compared to figure 8, we can
see that the tracking quality is worse due to the lower
radar measurement frequency. The position deviation
increases considerably in the intervals between the
radar measurements. The quality is much worse when
the target is maneuvering and the angle-only
measuring IRST has problems with estimating the
distance to the target. However, the consistency is not
ruined, so the decreased radar measurement rate does
not ruin the functionality of the decentralized tracking
system.

)LJXUH����&RQVLVWHQF\� DQG� WUDFN� GHYLDWLRQV� ZKHQ
)LOWHU� $� LV� XVHG� DQG� WKH� PHDVXUHPHQW
LQWHUYDOV� DUH� ��� V� IRU� UDGDU� DQG� �� V� IRU
,567�

In figure 13, the results of simulations with both
sensors measuring with 1 Hz are presented. Compared
to figure 8 and figure 12, we can see that the tracking
quality is much better. Since the radar is measuring
the distance frequently, the position deviation does
not increase that much between the measurements.
There are no problems tracking the target when it is
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maneuvering and the consistency is very good at all
times.

)LJXUH����&RQVLVWHQF\� DQG� WUDFN� GHYLDWLRQV� ZKHQ
)LOWHU� $� LV� XVHG� DQG� WKH� PHDVXUHPHQW
LQWHUYDOV�DUH���V�IRU�UDGDU�DQG���V�IRU�,567�

��� 7KH�(IIHFW�RI�'LIIHUHQW�7UDFN�)HHGEDFN�5DWHV

In all simulations in 5.2 to 5.4, the track feedback
rate for both radar and IRST is 0.5 Hz. The results of
simulations of the system with Filter A in both the
sensor nodes and central node with feedback
frequency 0.2 Hz are shown in figure 14. 

The performance shown in figure 14 should be
compared to the results in figure 8. There are no
noticeable effect on the central track of changing the
feedback interval from 0.5 Hz to 0.2 Hz. The reason
for this is that the information in the central node is
not decreased as a result of a decreased feedback
frequency. This is also affirmed by the fact that a
system without feedback has about the same
performance, see figure 7.

)LJXUH����&RQVLVWHQF\� DQG� WUDFN� GHYLDWLRQV� ZKHQ
)LOWHU�$�LV�XVHG�DQG�WKH�IHHGEDFN�LQWHUYDOV
DUH���V�IRU�ERWK�UDGDU�DQG�,567�

��� %HQHILWV�RI�)HHGEDFN�LQ�WKH�6HQVRU�7UDFNLQJ�)LOWHUV

Direct improvements of track accuracy in the
central node are not to be expected as a result of track
feedback, since the information in the system is not
increased, rather distributed. The real improvements
can be found in the sensor nodes, which will have
access to more information as a result of the track
feedback. In figure 15, the track quality achieved in
the radar node with track feedback is exhibited.

There are almost no differences between the track
quality in figure 15 and the track quality of the central
fusion in figure 8. The reason is that when track
feedback is used, all nodes in the tracking system have
access to the same amount of information. Something
that effects the sensor track quality is the feedback
rate. If the feedback rate is decreased, so is the sensor
track quality due to that the sensor node has access to
less information. 

)LJXUH����&RQVLVWHQF\� DQG� WUDFN� GHYLDWLRQV� LQ� WKH
UDGDU�QRGH�ZKHQ�WUDFN�IHHGEDFN�LV�XVHG�

In figure 5, the track quality for a single radar
without feedback is shown. Compared to when track
feedback is used (see figure 15), the result is
disastrous concerning consistency and track quality.
The maneuvering target is extremely hard to track if
one radar without track feedback is used. 

This shows that the benefit of track feedback is
considerable in the sensor tracking nodes. Since the
feedback results in sensor tracks of higher quality, the
ability to associate the right measurement to the right
track is improved. Thereby, the total tracking
performance of the system increases.

This section investigates the improved tracking
quality in the radar, but in the IRST sensor there may
be even more enhancements. The IRST sensor does
not measure any distance to the objects and therefore
has poor track accuracy in the distance direction. By
using feedback, the IRST gets the same range
conception as the rest of the system and thus the
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association of new measurements can be greatly
simplified.

�� &RQFOXVLRQV

The main conclusion in this paper is that, in a
decentralized tracking system with feedback, the
cross-correlation between the tracks must be
considered. Any combination of Filter A and C
(estimate decorrelation and Covariance Intersection)
proves to solve this problem. However, Filter B does
not handle the cross-correlation and can therefore not
be used in a system with feedback. The resulting track
quality and uncertainty consistency for Filter A and C
are approximately the same. Also, the results are
about the same in Cartesian Coordinates and MSC.

The performance of a decentralized system with
feedback is comparable to a centralized system, with
respect to the quality of the fused tracks. The main
benefit from feedback is improved tracking quality in
the sensors, which for instance leads to enhanced
measurement-to-track association performance. This
is especially apparent when the measurement
frequencies are low.

Measurement rates can be altered in the tracking
system without ruining the consistency. Of course, the
track quality is degraded if the measurement rate is
decreased as a result of the decline in information in
the system, but the system is still functioning.

Feedback rates can be altered in the tracking
system without ruining the functionality, considering
consistency and track quality. The only effect is that
the sensor tracks have access to less information and
thus have lower quality.

�� 5HIHUHQFHV

[1] Jensen, T., Karlsson, M., Malmberg, A. and
Norberg, P., $�)X]]\�/RJLFDO�$SSURDFK�WR�)LJKWHU
$LUFUDIW� 6HQVRU� 0DQDJHPHQW� LQ� D� &RPSOH[
0XOWLVHQVRU� (QYLURQPHQW�� Proceedings of
Advances in Systems, Signals, Control and
Computers, Vol. 2, pp. 190-195, 1998.

[2] Chong, C. Y., 'LVWULEXWHG�$UFKLWHFWXUHV�IRU�'DWD
)XVLRQ, Proceedings of the 1998 International
Conference on Multisource-Multisensor
Information Fusion (FUSION’98), pp. 84-91,
1998.

[3] Grime, S. and Durrant-Whyte, H.F., 'DWD�)XVLRQ
LQ�'HFHQWUDOL]HG�6HQVRU�1HWZRUNV, Control Eng.
Practice, Vol.2, No. 5, pp. 849-863, 1994.

[4] Drummond, O. E., )HHGEDFN� LQ� 7UDFN� )XVLRQ
:LWKRXW� 3URFHVV� 1RLVH, Signals and Data
Processing of Small Targets, SPIE vol. 2561, pp
369-383, 1995.

[5] Uhlmann J. K., Julier S. J. and Csorba M.,
1RQGLYHUJHQW� 6LPXOWDQHRXV� 0DS� %XLOGLQJ� DQG
/RFDOL]DWLRQ� XVLQJ� &RYDULDQFH� ,QWHUVHFWLRQ,

Proceedings of the SPIE Aerosense Conference,
vol. 3087, 1997.

[6] Stallard, D. V., $Q�$QJOH�2QO\�7UDFNLQJ�)LOWHU�LQ
0RGLILHG� 6SKHULFDO�&RRUGLQDWHV, Proceedings of
the AIAA Guidance Navigation Control
Conference, pp.542-550, 1987.

[7] Bar-Shalom, Y. and Fortmann, T. E., 7UDFNLQJ
DQG�'DWD�$VVRFLDWLRQ, Academic Press, 1991.


