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Abstract – NURC has developed a high-performance, 
computationally-efficient, flexible, and robust fusion and 
tracking capability for undersea surveillance, with 
extensive simulation-based and sea-trial testing.  This 
paper documents recent experimental results, based on 
simulated datasets developed for common analysis under 
the auspices of the Multistatic Tracking Working Group 
(MSTWG), as well as real datasets from a recent 
experimental campaign with mobile and fixed assets.  
Analysis of these datasets has led to a number of new 
insights relevant to effective undersea surveillance.   

Keywords: Multistatic Active Sonar, Sensor Fusion, 
Target Localization and Tracking, Anti-Submarine 
Warfare (ASW). 

1 Introduction 
Fusion and tracking research at NURC in support of 
undersea surveillance has included several milestones,  
including the development of statistically consistent 
contact localization error models for active sonar contacts 
[1], the development of the distributed multi-hypothesis 
tracker (DMHT) [2], and the optimization of parametric 
and architectural choices in the DMHT with model-based 
analysis, simulation-based testing, and sea-trial evaluation 
[3].  
 A multi-laboratory initiative was established at the end 
of 2005, known as the Multistatic Tracking Working 
Group (MSTWG).  Its aim is to foster interaction among 
researchers in sonar and radar multi-sensor tracking, and 
to compare complementary approaches to fusion and 
tracking using common datasets.  FUSION 2008 marks the 
third conference special session of the working group, 
following previous gathering at FUSION 2006 and 
OCEANS 2007; the reader is referred to [4-5] for details. 
 To date, the MSTWG has offered up three datasets for 
common analysis, courtesy of NURC [6], TNO [7], and 
ARL:UT [8]; the ARL:UT dataset includes a second 
version as discussed in [9].  In past work, NURC has 
analyzed the NURC-generated dataset [10].  Here, we 
provide preliminary analysis results with the second and 
third datasets. 
 Additionally, during 2007 NURC participated in two 
international sea trials in which the DMHT was applied on 

active sonar data: BASE07 involved mobile surveillance 
assets, while SEABAR07 leveraged the DEMUS 
prototype sonobuoy system.  A summary of analysis 
results for the latter experimentation is provided here; 
BASE07 results are discussed in [11]. 
 Contact-based scan-based tracking technology has 
achieved a good level of maturity, and new insights have 
emerged in the course of our recent analysis, as 
documented in this paper.  A key recent enhancement has 
been the introduction of multi-waveform processing [12].  
Still, fundamental performance limitation exist [13]; our 
current research focus is aimed at addressing these 
shortfalls, most notably the need for optimal processing in 
large sensor fields [14]. 
 

2 The ARL:UT Dataset 
The ARL:UT dataset [8-9] includes synthetically-injected 
targets in a real environmental dataset from the DEMUS04 
sea trial [15] conducted south of Sicily on the Malta 
Plateau.  The hydrophone-level data is processed and 
results in contact-level (detection-level) data amenable to 
automatic tracking.   
 The two-hour scenario has one fast (14kts) and one slow 
(4.2kts) target; the dataset includes one contact file every 
two minutes for each of two receivers (RX1 and RX2) and 
for both FM and CW waveforms, for a total of 240 contact 
files.  (A single source – denoted BTX – is present.) 
 DMHT processing is based on the following key 
parameter settings: 
 

• Track initiation: 3-of-4; 
• Track termination: 4 missed detections; 
• Hypothesis management delay: n-scan=2 

(leading to 3D assignment problems [16]); 
• Association gate: 99%; 
• Maneuverability index: q=0.01m2s-3; 
• Velocity prior covariance (both x and y): 1m2s-2; 
• Measurement error standard deviations: 0.01sec 

(FM) & 0.5 sec (CW) timing; 5deg bearing; 
0.5m/sec bistatic Doppler (CW); 

• Direct-blast filter: 2-sec buffer. 
 
Results are given in table 2.1, with illustrations in 

figures 2.1-2.5: target ground truth is given by continuous 

1783



black lines, with a circle at the initial target location; track 
initiation in denoted by red dots, and track updates by 
black dots.  Constant-bathymetry lines are in black. 

 
Table 2.1. Tracking results for ARL:UT dataset. 
Data Number of tracks Comments 

RX1 FM 
1122 contacts 

57 tracks 1 on fast (end of 
run); 4 on slow 
(full coverage) 

RX1 CW 
151 contacts 

9 tracks 1 on fast (end of 
run); 3 on slow 

(2nd half) 
RX2 FM 

1128 contacts 
64 tracks 3 on fast; 3 on 

slow; Campo 
Vega visible 

RX2 CW 
176 contacts 

6 tracks 3 on fast; 2 on 
slow 

 
First, note that the tracker provides a significant data 

reduction, while successfully identifying the targets of 
interest in the data.  Nonetheless, the results are not as 
good as one would hope, particularly with benign non-
maneuvering targets.  Indeed, the track hold is well below 
unity, and there is significant track fragmentation.   
 The RX1 receiver geometry includes a penetrating fast 
target that is only tracked near the end of the run; the slow 
target is successfully tracked on FM, and for the 2nd half of 
the run on CW.  The RX2 receiver geometry is more 
favorable; indeed, the track hold is much improved on the 
fast target, with similar results on the slow one.  RX2 FM 
data supports successful identification of the two-point 
Capo Vega oil rig. 
 An issue to note is the limited number of CW contacts, 
which significantly limits track hold on the CW data.  A 
second, more significant issue concerns the apparent lack 
of detection clustering in contact formation.  This leads to 
redundant contacts on the same target, leading to multiple 
time-coincident tracks for the same target, particularly for 
the more voluminous FM data.  The effect is illustrated in 
figure 2.5 with RX2 FM data. 
 The primary lesson learned in processing the ARL:UT 
data is the critical need for non-redundant contacts for 
successful DMHT processing.  This requirement is not 
essential for all tracking approaches: for instance, 
maximum-likelihood (ML) based approaches that rely on a 
single-target assumption [17], or on the sequential 
determination of single target [18], are not significantly 
impacted. 
 

3 The TNO Dataset 
The TNO dataset [7] is based on hydrophone-level data 

simulation followed by signal processing that results in 
contact-level data.  The specific instantiation of the 
simulator includes two fixed target (clutter points) and a 
maneuvering target that executes heading changes in close 
proximity to the clutter points.  This presents a particular 
challenge for automatic tracking.   
 There are two platforms equipped with sources and line-
array receivers, leading to four source-receiver 

combinations.  Only FM contacts are available.  The 
platforms execute straight-line trajectories and the receiver 
motion is idealized, in the sense that there are absolutely 
no heading changes.  Thus, the monostatic data exhibits 
perfect left-right symmetry, with no possibility to 
disambiguate real and ghost tracks.  This is illustrated in 
figure 3.1, with monostatic tracking for the first platform, 
SH1 (platform trajectory in blue, track initiation in red, 
track update in black).  We denote the second platform by 
SH2.  Note that, though the data is in Cartesian 
coordinates, we have displayed it in latitude and longitude 
with the same coordinate system origin as the ARL:UT 
data. 
  The DMHT settings are the same as for the ARL:UT 
dataset discussed in section 2.  This is a three-hour 
scenario, with pings every minute, for a total of 180 
contact files for each of the four source-receiver pairs.  We 
limit processing to 20 contacts per file (based on SNR).  
Tracking results are summarized in table 3.1. 
 

Table 3.1. Tracking results for TNO dataset. 
Data Number 

of tracks 
Comments 

SH1 monostatic 
3,600 contacts 

8 tracks Track swap at first clutter 
point 

SH1 monostatic 
3,600 contacts 

8 tracks Set n-scan=4; track swap 
at first clutter point 

Full multistatic 
14,400 contacts 

39 tracks Fragmentation at 
clutter/maneuver  points; 

limited ghosting 
Full multistatic 
14,400 contacts 

50 tracks Set q=0.05 m2s-3; no 
fragmentation on 

maneuvers, no track 
swap; increased ghosting 

 
While difficult to see in figure 3.1, it turns out that the 

target track and first clutter point track swap when the 
target is in close proximity to the clutter point.  This is due 
to the significant kinematic ambiguity as well as the 
nonlinear target motion; indeed, increasing n-scan does 
not solve the problem (figure 3.2).  Generally, statistically 
speaking, it has been confirmed that an increased n-scan 
will improve the probability of correct association [19]; 
however, the study cited did not include maneuvering 
targets. 
 As expected, with the same DMHT settings, full 
multistatic processing leads to an increased number of 
false tracks, increased track fragmentation, improved track 
hold, and reduced localization errors [13]. Interestingly, 
fragmentation occurs at the target maneuver locations; this 
is due to the increased track estimation accuracy coupled 
with a significant heading change, leading to association 
gating difficulties (figures 3.3-3.4).  On the upside, track 
swapping does not occur. 
 In an attempt to circumvent the association gating 
difficulty, we increase the target maneuverability index by 
a factor of five.  This leads to successful tracking through 
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both turns, at the cost of an increased false track rate and 
longer ghost tracks (figures 3.5-3.6). 
 The primary lesson learned in processing the TNO 
dataset is the need for feature-aided tracking, particularly 
SNR-aided tracking.  In situations of significant multi-
target kinematic ambiguity, a state-augmentation 
technique whereby the track state includes SNR provides a 
mechanism for disambiguating target and clutter point 
contacts.  We believe the state-augmentation approach will 
prove to be more effective than what amounts to a single-
ping scoring approach, as pursued in [20]. 

Regardless of the specific feature-aided technique 
employed, the TNO dataset will continue to prove quite 
challenging: both the target and first clutter point have a 
nominal SNR of 18dB; the second clutter point is more 
easily separated, as it has a nominal SNR of 28dB. 
 

4 The SEABAR07 Sea Trial 
The SEABAR07 scientific sea trial was held in October 
2007 on the Malta Plateau, and featured the NURC 
deployable multistatic system (DEMUS) suite of one 
source and three receiver sonobuoys.  Additionally, useful 
engineering data was acquired during the pre-DEMUS06 
engineering trial that held in January 2006 and was used to 
validate the functionality of the sonobuoy hardware.  A 
detailed presentation of the DEMUS equipment, signal 
processing, and previous tracking results is in [15].   

The novelty in our recent signal processing and tracking 
has been the inclusion of Doppler sensitive (CW) 
waveforms in addition to FM processing and tracking.  A 
description of the Doppler-enhanced DMHT is in [21], and 
results on pre-DEMUS06 data are in [22].  The inclusion 
of CW data increases the number of source-receiver-
waveform triples, each of which is treated as a distinct 
detection node, with the resulting contact files processed 
by the DMHT in non-decreasing time sequence. 

Here, we briefly supplement the analysis results for a 
particular run in pre-DEMUS06 that is discussed in [22].  
Detection performance is illustrated in figure 4.1; note that 
performance varies across receivers, due to run geometry 
etc.  Nonetheless, the best performance from a detection 
standpoint is achieved with combined FM and CW 
contacts for the best-performing receiver.  Further, note 
that the six-node tracking result outperforms FM-only or 
CW-only multi-receiver tracking. 

A further measure of the benefit of multi-waveform 
tracking is shown in figure 4.2: improved localization 
accuracy achieved with combined FM-CW processing.  
The best localization result is achieved with six-node 
processing (yellow curve). 
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Fig. 4.1. Detection-level and track-level ROC curves for 

several source-receiver-waveform combinations (pre-
DEMUS06 data). 

 

 
Fig. 4.2. Track localization performance for the same pre-

DEMUS06 run. 
 
 SEABAR07 introduces a number of interesting run 
geometries with the following features of particular 
interest that were not present in the structured runs in pre-
BASE06: 
 

• Target maneuvers (runs A01 and A05-A06); 
• Target birth (run A05-A06); 
• Fading detection (run A05-A06); 
• Moving source (run A07). 

 
Additionally, runs A08 and A09 (for which contact 

forming was not performed in real-time during the trial), 
also feature a moving source.  Here, we present a few 
tracking results from the trial with a focus on the 
important lessons learned from runs A01 and A05-A06. 
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4.1 Run A01 
This run featured the full suite of DEMUS equipment of 
one source (BTX) and three receivers (RX1, RX2, RX3) 
for a total of 416 contact files (half FM, half CW) over a 
90min period.  The default DMHT settings are given in 
table 4.1. 
 
Table 4.1. Standard DMHT setting for SEABAR07 data. 

Parameter Setting 
SNR threshold (FM, CW) 0dB 
Contact number threshold 10 
Direct blast window (FM, 

CW) 
2sec 

Track initiation 3-of-4 (buffer) 
Track termination 3 misses (kill on 4th miss) 

or 481sec 
Process noise 0.01m2/s3 

Velocity prior covariance 1m2/s2 
Association gate (percentile; 

chi squared values) 
99%; 9.2 (2D), 11.34 (3D) 

Hypothesis depth (n-scan) 2 
 

Run A01 illustrates the dramatic benefits of automatic 
target tracking.  Contact files typically contain 200 
contacts; this amounts to a total of roughly 83,000 
contacts, an overwhelming amount of information for a 
sonar operator.  Figures 4.1-4.2 illustrate that the DMHT 
provides a three order-of-magnitude reduction: 34 total 
tracks, with a single well localized track on the target that 
successfully holds the target throughout the run and 
despite the significant kinematic maneuvers.  Note that, as 
this is a six-node run, we have increased the number of 
allowable missed detections from 3 – used in one-node 
processing – to 8. 

 

4.2 Run A05-A06 
In this run, the E/R becomes functional well into the run, 
mimicking a target birth, as the target is travelling west.  
Subsequently, the target executes a maneuver, travels east, 
and executes a triangular patter.  Two receivers (RX2, 
RX3) are operational in this run. 
 Figures 4.3-4.6 illustrate FM RX2 tracking (147 total 
tracks, 2 target tracks), CW RX2 tracking (81 total tracks, 
5 target tracks), and combined FM&CW RX2 tracking (72 
tracks).  Note that the combined FM&CW result 
(allowable misses set to 6) exhibits improved track hold 
while simultaneously generating fewer false tracks than 
the single-waveform cases.  This follows from the 
redundancy in target-originated detections and the lack 
thereof in clutter contacts. 
 Figure 4.7 illustrates the combined FM&CW, 
RX2&RX3 case (allowable misses still set to 6).  Note that 
due to the complementary looks achieved by the receivers, 
we are able to hold the target longer in its eastward track, 
as well as to generate a track during the final triangular 
maneuver.  This improved target hold comes at the cost of 
a small increase in the false track rate (total tracks up from 
72 to 77).  The simultaneous increase in both track-level 

PD and track-level FAR is a well-know effect that we 
have observed both in earlier experimental testing as well 
as in model-based studies (see [13] and [18], respectively). 
 
5 Conclusions 
This paper has provided analysis result for a number of 
simulation-based and sea trial-based datasets.  Combined 
with the companion paper [11], it represents the 
completion of our performance analysis for the NURC 
DMHT that has been made available to the NATO nations 
[23].  The primary conclusions from the analysis 
documented here are the following: 
 

• Section 2: contact clustering over time-bearing 
resolution cells is critical for effective DMHT-
based tracking (and is true for all trackers that 
assume a target gives rise to at most one contact 
per source-receiver-waveform triple). 

• Section 3: while the DMHT performs well in 
maneuvering target scenarios in clutter, there is a 
need for enhanced functionality when the 
maneuver occurs in very close proximity to a 
fixed feature (or another target); in these cases, an 
increased hypothesis depth may prove 
insufficient for successful disambiguation of 
targets.  Feature-aided tracking is needed. 

• Section 4: demonstrated at-sea DMHT 
effectiveness highlights the value-added of 
Doppler-enhanced tracking (improved track hold, 
reduced false track rate) and the benefit of multi-
receiver configurations (improved track hold, 
modest increase in false track rate).  

 
Our analysis points to promising directions for future 

work in fusion and tracking for undersea networks.  The 
following areas are of particular interest: feature-aided 
tracking (for improved data-association performance) and 
sensor management (intelligent waveform selection, ping 
scheduling, and optimized asset motion).  
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 Fig. 2.1. Tracks for ARL:UT dataset (RX1 FM). 
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Fig. 2.2. Tracks for ARL:UT dataset (RX1 CW). 
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 Fig. 2.5. Close-up view of multiple fast-target tracks. 
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Fig. 3.3. Multistatic tracking for TNO dataset (n-scan=4). 
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Fig. 3.4. Maneuver at 2nd clutter point: fragmentation. 
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Fig. 3.5. Multistatic tracking for TNO dataset (increased 
target maneuverability index). 
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Fig. 3.6. Maneuver at 2nd clutter point: successful 
tracking. 

Fig. 4.1. SEABAR07 run A01 (wide view). 
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Fig. 4.2. SEABAR07 run A01 (target track). 

Fig. 4.3. SEABAR07 run A05-A06 FM RX2 (wide view). 

Fig. 4.4. Run A05-A06, FM RX2 result (target view). 

Fig. 4.5. Run A05-A06, CW RX2 result. 

Fig. 4.6. Run A05-A06, FM&CW RX2 result. 

Fig. 4.7. Run A05-A06, FM&CW RX2&RX3 result. 
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