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Abstract – This paper presents tracking results on the
Metron data set using the JPDA algorithm and a prepro-
cessing likelihood surface formulation. The Metron data set
is a simulated data set and is designed to be very difficult
with large bearing and range errors which leads to high lo-
calization error for true detections. There are also signif-
icant amounts of clutter. Results using other data associa-
tion algorithms such as the PDA, PDAFAI, and PDAFAIwTS
were not good, which led to the use of a likelihood surface.
The preprocessing step using the likelihood surface is key for
achieving reasonable results. For the baseline tracking sce-
nario where the truth is known, the results were encourag-
ing. Extending this technique to include acoustic modeling
and Doppler information will be topics of future research.
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1 Introduction
This paper presents results of a Joint Probailistic Data As-
socation (JPDA) tracker on the Metron data set. A likeli-
hood surface pre-processing step is used in the algorithm
and is key to getting reasonable results. In previous work a
sonar tracking algorithm was adapted to the acoustic prop-
agation environment [1, 2]. Results for the PDAFAIwTS
on the TNO Blind data set and the SEABAR ’07 sea trial
were presented in [3]. The TNO blind data set was created
by researchers at TNO Defence, Security and Safety (The
Hague, The Netherlands) for use by the Multi-Static Track-
ing Working Group (MSTWG). The SEABAR ’07 sea trial
was an experiment conducted by the NATO Undersea Re-
search Lab (NURC) [4, 5] on the Malta Plateau. The latest
data set was created by Metron to be used by members of
the MSTWG and will be the focus of this paper.

Initial testing of the Metron data set using the Probabilis-
tic Data Association (PDA), Probabilistic Data Association
Filter with Amplitude Information (PDAFAI) [6, 7], and
PDAFAI with Target Strength (PDAFAIwTS) algorithms
showed less than desirable results. The Metron data set is
a very difficult data set with large timing errors and bear-
ing errors. The large errors combined with a considerable

amount of false contacts makes for a very difficult data set.
Further details will be presented in section 2.

Section 2 will summarize the Metron data set. Section
3 of this paper will review the mathematical basis for the
Joint Probabilistic Data Association algorithm. Section 4
will summarize the likelihood surface formulation used in
the pre-processing. Section 5 will show the tracking results
from the Metron data set. Section 6 will summarize the pa-
per and discuss areas of continued work.

2 Metron Data Set
The Metron data set [8] was created by Metron
(http://www.metsci.com/) for the MSTWG. It is a simulated
data set with five distinct scenarios. The truth was known
for scenario 1 and scenario 4, and the remaining four sce-
narios were ‘blind’, meaning the true target locations (and
the number of targets, 8 max) were unknown. The ground
truth plot for scenario 1 is shown in Figure 1, which is from
the source document for the data set [8]. There were four
targets in this scenario as shown in the figure. The ground
truth plot for scenario 4 will be shown in the results section.

The sensor layout for the simulations is based on a
distributed number of underwater sensors where there are
sources and receivers. The blue circles are the receivers and
the blue asterisks are the sources. There are 4 sources and 25
receivers. The sensor layout is the same for all the scenar-
ios. The ping rate is 180 seconds for a duration of 200 pings
(10 hours). The ping schedule follows a preset list which
cycles through all the sources sequentially and repeatedly.
There are FM and CW transmissions simulated (alternating
each ping for each source), and in this paper all contacts are
used in the tracking algorithms. Although it is not clear from
the figure, the targets travel four times around each of their
designated square paths.

The contact measurements were generated using the fol-
lowing parameters:

• Sound speed of 1500 m/s

• Bearing error is normally distributed with mean 0.0 and
standard deviation 8.0



• Time difference of arrival (TDOA) error is normally
distributed with mean 0.0 s and standard deviation 0.4
s

• Bistatic Doppler error is normally distributed with
mean 0.0 m/s and standard deviation 0.5 m/s (CW only)

• Maximum of 8 targets

• Constant sound speed

• 200 ping periods, 180 seconds per period

• Blanking zone of 1 second

The bearing error and TDOA error become quite clear
when looking at the contacts for one ping as shown in Fig-
ure 2. The pink dotted lines show which receiver the contact
was originated from. Due to the bearing and TDOA errors,
the localization error of a contact can be quite large. For ex-
ample, in Fig. 2 one of the contacts is almost 20km from the
true target location. This kind of bearing error presents a dif-
ficult tracking scenario and mixing in false contacts makes
matters even worse.

Another issue that makes the data set difficult is the low
overall probability of detection, especially when viewed
from a centralized tracking standpoint. There are a large
number of source/receiver pairs with detection opportuni-
ties, but limited number of true detections. Selecting the
M/N/K parameters for track management, is a difficult prob-
lem because of the multistatic field. With previous data sets,
a rule of thumb would be 3 detections out of 5 opportunities.
However for this data set the number of opportunities had to
be greatly increased to take into account the large number of
receivers and the round robin ping cycle.

3 Joint Probabilistic Data Association
Filter

JPDA [9] is an extension of PDA to allow for multiple
targets. After initial testing of the PDA, PDAFAI, and
PDAFAIwTS algorithms with the Metron data set did not
produce good results, the algorithms were extended to the
JPDA algorithm. The amplitude and Target Strenth (TS)
portions of the algorithms were not initially tested, but will
be an area of future work. The desire was that by extend-
ing to the JPDA, results would be improved. However, the
difficulties of the Metron data set were not overcome by the
JPDA alone.

This description of the JPDA algorithm assumes an un-
derlying Kalman Filter. This can be modified to include the
extended Kalman Filter (EKF) or the unscented Kalman Fil-
ter(UKF), but an unmodified Kalman filter is shown below
for ease of explanation.

The state at time k is predicted:

xi(k|k − 1) = Fx(k − 1),

P (k|k − 1) = FP (k − 1)FT +Q, (1)

Figure 1: Ground truth plot and sensor layout for scenario
1 of the Metron data set. Four targets are present that travel
in four loops following the rectangular paths. There are 4
sources (blue asterisks) and 25 receivers (blue circles).
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Figure 2: The target detections from the FM ping (Ping #13)
are shown in this plot. The magenta dotted lines show which
receiver the contact originated from. One of the contacts is
almost 20km away from the true target location.

where F is the motion model, P is the covariance matrix,
and Q is the process noise.

The residuals, ỹij , are calculated between gated contacts
yj and the predicted target location:



ỹij = yj(k)−Hxi(k|k − 1),

where H is the measurement matrix.
The distance, dij , is calculated for all gated contacts, j,

using the residual covariance Si from the Kalman Filter. The
distances are scored using the Gaussian pdf assumtpion:

d2ij = ỹTijS
−1
i ỹij ,

gij =
e−d

2
ij/2

(2π)M/2
√
|Si|

, (2)

where gij is the distance score, and M is the spatial dimen-
sion (2 in this example).

The probability of the data, Y k, given an association, A,
is calculated by:

P (Y k|A) =
CNfa

c

∏
j:gij>0

(gij)P
Nd

D (1− PD)Nm , (3)

where C is the density of false contacts, Nfa is the number
of false contacts, c is the normalizing constant, PD is the
probability of detection,Nd is the number of tracks that have
a contact associated, andNm is the number of tracks without
an associated contact.

The association weight, βij is the sum of the probabilities
of all the association , Mij , that associate contact j with
track i:

βij =
∑
A

P (Y k|A)Mij(A), j > 0,

βi0 = 1−
∑
j>0

βij . (4)

These values for βij are used in the same way as standard
PDA:

ỹi =
∑
j

βij ỹij . (5)

3.1 Additional Tracking Details

• Track management is handled using an M/N/K style
logic. M is the number of consecutive pings for a track
to be confirmed. N is the number of missed consecu-
tive detections to delete an unconfirmed track. K is the
number of missed detections for a confirmed track to
be deleted. The parameters that were used were chosen
primary by trial and error and will be reported with the
tracking results.

• Tracking architecture is centralized.

• The gate size and the probability of detection parame-
ters also play a role in the performance of the tracking
algorithm. The values for each simulation run will be
specified with the results.

• The number of maxima chosen after the likelihood sur-
face preprocessing is also an input parameter that can
be set. The likelihood surface process will be discussed
in the next section, and the number of maxima was cho-
sen to be 30 for all the results in this paper. Including
more than 30 maxima did not appear to improve the
tracking results.

4 Likelihood Surface
The initial testing of the Metron data set using the PDA,
PDAFAI [6, 7], and the PDAFAIwTS algorithms did not
produce very good results. There were many false tracks, so
many that even if the true targets were tracked, they were
indistinguishable. In order to mitigate the overwhelming
amount of false tracks created, a pre-processing step utiliz-
ing a likelihood surface was used. The likelihood surface
formulation will be described next.

The likelihood surfaces are calculated for each of the j
contact locations, bij , rij , where b is the bearing and r is the
range. The error statistics for each receiver, i, are used in
the formulation. Ii is an indicator variable which indicates
whether or not the true contact was actually detected.

L
(
c(x,y)|bij , rij , Ii = 1

)
=

(2πσbσr)
−1
exp

(
−(b(x,y)−bij)

2
(r(x,y)−rij)

2

2σ2
bσ

2
r

)
, (6)

where c(x,y) is any location in the likelihood surface, b(x,y)
is the bearing at (x, y) for ith receiver, r(x,y) is the bistatic
range at (x, y) for the ith receiver, σb is the bearing covari-
ance, and σr is the range covariance.

Each receiver’s total likelihood surface given that the true
contact was detected is calculated by summing over all j
contacts for each receiver.

L
(
c(x,y)|b̄i, r̄i, Ii = 1

)
=

n∑
j=1

L
(
c(x,y)|bij , rij

)
(7)

Each receiver’s probability of detection surface pDi(x, y)
is the probability that a contact at (x,y) will be detected.
The total likelihood of a contact being at (x, y) is calcu-
lated in equation 8, where L(c(x,y)|Ii = 0) is the probabil-
ity that a contact is at (x, y) and not detected. We chose
L(c(x,y)|Ii = 0) as a small constant, 1e-8. This value could
be tweaked to be location dependent in a scenario where ad-
ditional information is known (bathymetry, for example).

L
(
c(x,y)|b̄i, r̄i

)
=

L
(
c(x,y)|b̄i, r̄i, Ii = 1

)
pDi(x, y) +

L(c(x,y)|Ii = 0) (1− pDi(x, y)) (8)

The combined likelihood surface is calculated as in equa-
tion 9.

L
(
c(x,y)|b̄1..m, r̄1..m

)
=

m∏
i=1

L
(
c(x,y)|b̄i, r̄i

)
(9)
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Figure 3: The log of the likelihood surface for ping #13. The
large black boxes are the true target paths. The true locations
for two of the targets are plotted with the black dots. The
black plus signs are the 30 maxima of the likelihood surface

The top 30 local maxima of the likelihood surface are then
calculated and sent to the JPDA tracking algorithm. These
maxima are found by running a 3x3 window over the likeli-
hood surface - if the center of the 3x3 window is the max-
imum value in that window, it is considered a local maxi-
mum. It is noted that there are other techniques for approxi-
mating the maxima of a likelihood surface. The authors are
currently exploring some of these techniques [10], includ-
ing a Gaussian mixture approximation. As stated earlier,
choosing to use 30 maxima is arbitrary, however when more
maxima were chosen the tracking results were not signifi-
cantly different. When less than 30 were chosen the results
were negatively affected some of the time. An example of
the likelihood surface is shown in Figure 3. The log of the
likelihood is plotted for ease of viewing. The black lines are
the true target paths and the black dots are the true target lo-
cations (two of the targets) at the time of the 13th ping. The
30 maxima are marked with black plus signs. There are sev-
eral peaks near the target path in the lower left-hand corner,
however there were none at the true target position. There is
a peak near the true target location in the upper right which
is a result of true detections.

4.1 Blanking Region
The simulation included a blanking zone of one second.
This results in an ellipse around the transmitter and receiver
in which no contacts can be detected. When the likelihood
surface is formed using the contact locations, this blanking
region will have zero likelihood. If this is not accounted for,
then large areas of each receiver’s likelihood surface will be
zero, and the resulting combination will be zero nearly ev-
erywhere inside the simulation area. This is accounted for in

equation 8 with the term L(c(x,y)|Ii = 0). This is the prob-
ability that a contact is at location (x, y), but not detected.

5 Tracking Results
Results will now be presented on the Metron data set. Re-
sults will be presented for all five scenarios for completeness
even though the truth is unknown for all the scenarios. The
truth for scenario one was known a priori and was used to
provide feedback on how well the tracking algorithms were
performing on a baseline scenario. The truth for scenario
four was provided after initial results were presented, and
was not used to tune any tracking parameters in the report-
ing of the results in the paper. The truth for the remaining
scenarios will be provided at a later date and will be reported
on in future publications. The truth data for scenario 4 is
shown in figure 8.

The MSTWG metrics calculated for scenario 1 and 4 are
based on the metrics in [11] developed for the MSTWG.
The likelihood surface preprocessing step provides a differ-
ent set of contacts than the originals which do not include
the associated truth flags. An algorithm had to be deter-
mined which would fairly determine which maxima were
from true contacts, then the metrics could be calculated. To
determine which maxima would be considered true contacts
for the metric calculation, the following method was used.
At each time step, for each target i, the mean contact lo-
cation, µi was calculated over all receivers that received a
contact from that target.

µi = γ−1
∑
j

cij , (10)

where c is a contact for a target i and reciever j, γ is the
number of receivers that received a contact from target i in
that ping. For each target i, the closest maximum to µi was
chosen as the true contact for that ping. If the closest maxi-
mum was at a distance greater than a maximum distance of
1e4 meters, then it was considered to be a missed detection.

The first test on the data set was using the true detections
only. Figure 4 shows the tracking results for scenario 1 using
the labeled data only. The true contacts were only labeled
for the targets in the upper right and the lower left. The
tracking algorithm is able to track the two targets, however
there are significant errors in localization and many broken
tracks.

As stated earlier, the JPDA algorithm without the pre-
processing step does not perform well on this data set. This
also includes other algorithms such as the PDA, PDAFAI,
and the PDAFAIwTS [3]. These results will not be included
in this paper. Figure 5 shows the tracking results for scenario
1 of the Metron data set using the JPDA algorithm with the
pre-processing. The title of the figure contains the tracking
parameters that were used. The ‘numMaxima’ is the num-
ber of maxima used, which was 30 for all the results in this
paper. The M/N/K parameters are displayed as well as the
gate size and probability of detection. The blue lines rep-
resent all the confirmed tracks for the entire duration of the
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Figure 4: Tracking results for scenario 1 of the Metron data
set, using only the true detections. The blue lines represent
all the confirmed tracks for the entire duration of the simu-
lation.

simulation. The rectangular boxes are visible from the con-
firmed tracks. The complete tracking metrics for scenario 1
and 4 are reported in Tables 1 and 2.

Figures 6, 7, through 10 are the tracking results for sce-
narios 2, 3 and 5. It is difficult to make many conclusions
about scenarios 2, 3 and 5 without the truth data, however
they are included here for completeness. The plots shown in
Figures 6, 7, through 10 were chosen based on several runs
of the tracking algorithms with varied tracking parameters
(M/N/K, Pd, Gate Size). There were trends in confirmed
tracks when comparing the various runs which were used to
select these particular results. Scenario 2 has a rectangular
box pattern of confirmed tracks with some tracks within the
box. This was seen in most of the simulations runs for sce-
nario 2. There appears to be a fixed clutter point in scenario
5, similar to what is seen in scenario 4.

The tracking results for scenario 1 are shown in Figure 5.
The tacking results for scenario 1 were not as good as hoped,
but the targets are visible as seen in Figure 5. The truth for
scenario 4 is shown in Figure 8 along with the tracking re-
sults in Figure 9. The scales for both of these figures are
not the same. The tracking algorithm was able to track seg-
ments of the ships, however the target was more difficult.
Segments of the target were tracked, but over all the results
need improvement.

5.1 Metrics
The metrics and plots presented for scenarios 4 are from
simulation runs before the truth data was known and the
tracking parameters were not changed. The metrics were
calculated based on the methods described above. Table 1
shows the per-target metric results for scenario 1. Track
false alarm rate is 0.555, latency is 360s, and execution ratio
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Figure 5: Tracking results for scenario 1 of the Metron data
set. The blue lines represent all the confirmed tracks for the
entire duration of the simulation.

is 0.113. Table 2 shows the metric results for the single tar-
get in scenario 4. The target was tracked about a third of the
time and the fragmentation was very low. There is clearly
more work to be done with this data set.

Target 1 2 3 4
TPD 0.32 0.50 0.17 0.51
TLE 2.34e3 2.53e3 1.37e3 1.32e3
Frag 0.0088 0.0125 0.0037 0.0163

Table 1: Metric results for 4 targets in scenario 1. Track
Probability of Detection (TPD), Track Localization Error
(TLE), Track Fragmentation (Frag).

Target 1
TPD 0.355
TLE 3.18e3
Frag 0.0075
TFAR 0.15
Latency 720s

Table 2: Metric results for the single target in scenario
4. Track Probability of Detection (TPD), Track Localiza-
tion Error (TLE), Track Fragmentation (Frag), Track False
Alarm Rate (TFAR).

6 Conclusion
This paper presents techniques for overcoming the diffi-
culties of the Metron data set. The results for Scenario 1
showed promising results although far from perfect. The re-
sults for scenario 4 also showed some signs of hope. The
ships were tracked most of the time, however the target was
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Figure 6: Tracking results for scenario 2 of the Metron data
set. The blue lines represent all the confirmed tracks for the
entire duration of the simulation.

0 1 2 3 4 5 6 7

x 104

0

1

2

3

4

5

6

7

x 104 Scenario3: numMaxima/M/N/K/gate/Pd 30/4/3/4/3.5/0.50

y 
(m

et
er

s)

x (meters)

Figure 7: Tracking results for scenario 3 of the Metron data
set. The blue lines represent all the confirmed tracks for the
entire duration of the simulation.

was highly segmented with many missing sections. It should
be clear from the results in this paper that there is work to be
done to improve results. Further exploration of the other
scenarios will hopefully uncover further improvements in
the algorithms described in this paper. When the truth for
scenario 4 was revealed, there was not any time to further
tweak the tracking parameters. The authors are confident
that with the knowledge of truth for scenario 4, the tracking
metrics can be improved. This will be done in future work.

The authors are investigating other approaches to approx-
imating the maxima of the surface, as well as incorporating
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Figure 8: Ground truth plot for scenario 4 of the Metron data
set.
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Figure 9: Tracking results for scenario 4 of the Metron data
set. The blue lines represent all the confirmed tracks for the
entire duration of the simulation.

other information into the surface. The authors will be ex-
ploring the application of Target Strength modeling [3] and
Doppler information [12] to the techniques presented in this
paper.
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