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Abstract—These last decades spawned a great interest towards
low-power High-Frequency (HF) Surface-Wave (SW) radars for
ocean remote sensing. By virtue of their over-the-horizon coverage
capability and continuous-time mode of operation, these sensors
are also effective long-range early-warning tools in maritime
situational awareness applications. In this paper we show how
it is possible to take advantage of a priori information on
traffic by the means of a knowledge- based multi-target tracking
algorithm, demonstrating that the tracking stage can be enhanced
by combining on-line data from the HFSW radar with ship
traffic information. A significant improvement of the proposed
procedure, in terms of system performance, is demonstrated in
comparison with the state-of-the-art approach recently presented
in the literature. The main benefit of our approach is the ability
to better follow targets without increasing the false alarm rate.
The ability to follow targets can be over 30% better than existing
methods. The proposed approach also exhibits a reduction of the
track fragmentation. Average gains between the 13% and the
20% are observed.

I. INTRODUCTION

Ship traffic monitoring represents one of the biggest chal-
lenges (e.g. in terms of law enforcement, search and rescue,
environmental protection, and resource management) and, in
the last years, it has led to intensive research activities in
order to exploit existing sensor systems in support of maritime
surveillance.

In this domain several monitoring assets can be exploited,
from ground-based radar technologies to satellite sensors.
However, it is important to take into consideration that many of
these traditional solutions suffer from physical limitations, and
only a smart integration of these different and often comple-
mentary systems can guarantee satisfactory performance. For
instance, standard microwave radars operate only within line-
of-sight propagation, with a maximum range of some dozens of
kilometers, and satellite sensors (e.g. synthetic aperture radars)
cannot grant a continuous temporal coverage of the region of
interest.

High-Frequency (HF) Surface-Wave (SW) radar systems
have been proposed as a cost-effective tool able to overcome
many of these limitations. They can provide additional in-
formation on the vessel traffic, by virtue of their capability
of detecting targets over-the-horizon, their continuous-time
coverage, and their ability to estimate ship velocity through
the Doppler data [1]. HFSW radars work in the 3-30 MHz
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band, with wavelengths between 100 m and 10 m, respec-
tively. In this range, vertically polarized radio waves have the
ability to propagate as surface waves. Low-power HFSW radar
systems have been mainly developed for ocean remote sensing
applications, e.g. surface currents and sea state mapping, wind
extraction, wave spectra analysis and, recently, tsunami early-
warning detection [2].

Few commercial systems based on the HFSW concept are
available. They can be classified into two families [3]. The
first one consists of high power systems of very large size
and extension (usually exploited for military purposes). The
second family is represented by systems that are typically
used for environmental monitoring. The most common used
systems are the Coastal Ocean Dynamics Applications Radar
(CODAR), developed at National Oceanic and Atmospheric
Administration (NOAA) [4], and the WEllen RAdar (WERA),
developed at the University of Hamburg [5]. These systems are
mostly operative on the coast. Compared to the systems in the
first class, they transmit with significantly less power (< 50 W
on average) and therefore, low electromagnetic pollution, but,
unfortunately are less suited for ship detection and tracking [3].

Using HFSW radar system for target detection - a pur-
pose for which there were not designed - poses additional
challenges. Poor range and azimuth resolutions compared to
microwave radars, high non-linearity in the state/measurement
space, significant false alarm rate, due to both sea clutter and
man-made/natural interference, and the crowding of the HF-
spectrum [5] are all problems to cope with.

In previous works [6]-[8] some of the authors addressed
these challenges with algorithmic approaches. A particularly
promising approach [8] combines data from multiple radar
stations. In that work, the signal processing chain consists
of three stages: Detection, tracking, and fusion. The detec-
tion stage is performed using a 3D (range-azimuth-Doppler)
Ordered Statistics (OS) Constant False Alarm Rate (CFAR)
algorithm [9] developed at the University of Hamburg. The
tracking part is based on the popular Joint Probabilistic Data
Association (JPDA) rule [10], [11] in combination with the
Unscented Kalman Filter (UKF) [12]. The data fusion strategy
adopts the Track-to-Track Association and Fusion (T2T-A/F)
paradigm [11].

Notwithstanding the good overall performance of these
approaches, an analysis of the results reveals that track seg-
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mentation (i.e. the generation of multiple tracker’s tracks
starting from an unique source target) remains a challenge. It is
mainly due to the intermittent presence of the target contacts.
Targets may be missing due to the radar synchronization being
turned off, the target aspect angle or because of sailing into
Bragg scattering regions [8], where ocean waves of half the
radar wavelength travel toward and away from the radar site,
causing intense scattering and, thereby decreasing the signal-
to-clutter ratio and impeding target detections.

We note that the problem of track fragmentation in ship
tracking is comparable to the problem of track obscuration in
ground target tracking, where a moving target may become
temporally obscured by tunnels or hills. In that case, the
Variable Structure Interactive Multiple Model (VS-IMM) [13]
has been proposed as a solution.

In this paper, we apply VS-IMM to the sea ship tracking
problem borrowing it from the above-mentioned literature.
We show that it yields improvements in three performances
metrics: ) Time-on-Target (ToT); i7) False Alarm Rate (FAR);
i11) Track fragmentation. Using both simulated and real data,
we observed that the ToT improvements occur for any given
value of the FAR, and can be in the 30% range; track
fragmentation decreases by 13% - 20%.

The outline is as follows. The proposed target tracking
methodology is presented in Sect. II. In Sect. III, the experi-
mental results are reported. Finally, conclusions are drawn in
Sect. IV.

II. TRACKING METHODOLOGY

This section is devoted to the description of the tracking
procedure applied to the HFSW radar for maritime traffic
surveillance. This procedure is an enhanced version of the
JPDA-UKEF approach [8], which integrates the VS-IMM mech-
anism able to take advantage of the a priori information about
historical ship traffic. The exploitation of this information in
the tracking algorithm is a key input to this work, thus, a brief
description of the ship traffic information is provided in the
following section.

A. Ship Traffic Information

Ships and vessels exceeding a given gross tonnage are
equipped with AIS transponders for position-reporting. Ships
repeatedly broadcast their name, position and other details
for automatic display on nearby ships. AIS reports contain
both dynamic information (e.g. latitude, longitude, Course-
Over-Ground (COG), Speed-Over-Ground (SOG)) and static
information (e.g. vessel type, dimensions information).

Considering the historical AIS contacts of the area under
study (see gray lines in Fig. 2), we note that there are some ge-
ographical regions where the traffic shows a certain regularity
and where the maritime traffic is mostly concentrated. These
are often called sea lanes or routes. The proposed tracking
strategy is aimed at exploiting this kind of information to
mitigate the problem of the target fragmentation (hence the
name Knowledge-Based (KB) tracking). Similar conditions are
present in the case of ground tracking, in which there are
on-road targets following predetermined trajectories and off-
road targets moving freely in the region. Analogously, a vessel
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can follow a route or can move more irregularly (for instance
during fishing operations).

The KB tracking procedure, adopted here, integrates in-
formation about the ship traffic represented as a set of geo-
graphical sea lanes. We associate with each of them a specific
dynamic model, as formalized in the following sections.

B. On/Off-sea lane Dynamic Models

The constant velocity model is adopted to describe the
targets’ dynamic [11]

Xk = Fexp—1 + Ty, (1)

h L T th i

where Xy = [Tk, Vsy, Yk, Vy.| » Tk, yx are the position com-

ponents along X, Y directions, vz, , vy, are the corresponding
. T .

velocity components, [-]” is the transpose operator,

1 T, 0 0 TZ/2 0
0o 1 0 0 | T 0
Fe=lo o 17 |'T=| o 12|
0 0 0 1 0 Ty

T} is the current sampling time, v, takes into account target
acceleration and unmodeled dynamics, and is assumed to be
Gaussian with zero-mean with covariance matrix Q. We can
define two different matrices Qg, depending on whether the
motion is along sea lane or off a sea lane.

We handle the motion along a sea lane with the concept of
“directional process noise” [13]. The standard motion models
assume that the target can move in any direction and, therefore,
use equal process noise variances in both the X and Y
directions of the Cartesian system. This means that for off-
sea lane targets the motion uncertainties in both directions are
equal. For on-sea lane targets, the sea lane constraint means
more uncertainty along the sea lane than orthogonal. Thus,
the IMM module representing on-sea lane motion consists of
process noise components along and orthogonal to the sea lane.

In the latter case, the motion model is matched with the
direction of the sea lane 7). From different sea lanes we have
different values of ¢ and therefore different models. In the
off-sea lane target motion model, process noise components
along X and Y directions are given by v, and v,, respec-
tively. Variances of the noise components in the corresponding
directions are given by o2 and o2, where o indicates the
standard deviation. Similarly, for the on-sea lane target motion
model, the process noise component and its variance along the
direction of the sea lane are given by v, and o2, respectively.
The corresponding values orthogonal to the sea lane are given
by v, and o2. Due to the higher motion uncertainty along the
sea lane than orthogonal, we assume o, >> o0,. This is a key
element that is in contrast with the typical assumption o, = oy
used for the off-sea lane motion model, see, e.g. [8].

Starting from Eq. (1), we can have two categories of models
by choosing different covariances of the Gaussian process
noise at time k, i.e. Q. The first one is:

2
ka{? f;] @)

with 02 = o2 used for the off-sea lane targets.
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In the second case, since the state estimation is carried out
in the X-Y coordinate system, the variances of the process
noise components along and orthogonal to the sea lane need
to be converted into the covariance matrix. Thus, we have [13]

—cos?y  siny ] { a2 0 ] { —cos?y siny ]
siny  cos 0 o2 siny cosy |

a

|

Sect. II-D establishes the method selecting the proper
motion dynamic based on the on-line data gathered from the
radar.

C. Observation Model

Assuming a radar located at the origin in spherical co-
ordinates, the target-originated measurement equation can be
expressed as

Zp = h(Xg) + 1y, 4)

the radar measures the target range, bearing (azimuth), and
range rate, then Eq. (4) can be recast as follows

EE A

Zp =
T
n, = [n};,ni,ng] ,
h (xx) [hr(Xk), ho(Xk), he (Xk)] 5
h‘r‘(xk) = \/ I% + yz:
ho(xk) = arctan ("”—")
Tk

hi(x) = Szl U )

VT Y ’

where z7,2% 27 are radar measurements of the target range,
bearing, and range rate. The measurement noise vector ny is
assumed to be Gaussian with zero-mean and covariance matrix
R given by

0—3 0  poroy

0 o O . (6)

2
poroy 0 %

R, =

Note that in literature [11], [14], n},n2,n}, are all assumed to
be statistically independent, except for ny and ny, which are
correlated with a correlation coefficient p defined as in [15].

D. VS-IMM Estimator

We exploit the VS-IMM estimator in the case of a generic
' target. The possible modes are given by all the on/off-sea
lane dynamics described in Sect. II-B. Clearly, we have as
on-sea lane modes all the identified maritime routes.

It is assumed that the generic target r evolves according
to one of the modes at time k. The mode-conditioned state
estimate and the associated covariance of the filter module j,
are denoted by %" and P, respectively. The steps of the
VS-IMM estimator are detailed in [13], [16].
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E. Adaptive Filter Module Selection

1) Entry/Exit Conditions: When an off-sea lane target
enters the vicinity of a sea lane, it could become an on-sea lane
target. Similarly, a target on a sea lane may leave it. Unlike an
off-sea lane target, which is free to move in any direction, the
motion of an on-sea lane target is highly directional along the
sea lane. In view of the highly directional motion of on-sea
lane targets, when it is determined that an off-sea lane target is
in the vicinity of a sea lane, a new mode, representing motion
along that sea lane, is added to the mode set. Similarly, a
decision is made as to whether the considered target leaves the
vicinity of a sea lane, in the case the related mode is removed.

One of the major issue in adding or deleting modes to
handle on-sea lane/off-sea lane motion is deciding when to
add or delete, i.e. how to determine that a target enters or
leaves a sea lane. Thus, at time k&, for each established track r,
a decision is made about which sea lanes the target can follow.
This is carried out by testing whether the predicted location
lies within a certain neighborhood ellipsoid of any sea lane
(for instance, neighborhood ellipsoids for the real cases can
be seen in Fig. 2). A problem of the above decision process
is that the target has several modes at time & — 1 with their
own predicted states and covariances and consequently there
is not a unique state/covariance prediction. A possible solution
is that if at least one of these predicted states lies inside the
ellipsoid then we add the related sea lane mode. At each time
interval a sea lane neighborhood test is carried out for each
track against all the sea lanes defined. Modes corresponding to
sea lanes not validated are removed from the mode set. Using
the above validation strategy, entry into or exit from sea lanes
is handled by the estimator.

2) Obscuration Conditions: Assume that a target follows
a given sea lane and, for some reason (such as, the first order
Bragg scattering or radar synchronization), it is not visible (no
detections are associated). Then, some a priori information
needs to be exploited in order to obtain the target state estimate,
its covariance, and the filter likelihood. The UKF state estimate
and the VS-IMM equations do not take into account the
target visibility, i.e., they assume that the target is always
visible. When a track follows the sea lane mode and there
are no associated observations then the estimator is defined as
follows.

The filter module corresponding to that sea lane is replaced
with a “hidden target” model that modifies the filter estimates
and likelihoods using the information that the target detection
probability Pp, is zero. The hidden-target model is similar to
the “dead-target” model [11] that is commonly used for track
termination. The hidden target model accounts for the event
that the target has become not visible. For this model, the state
estimate of the target r under the mode of the j™ sea lane at
time k, i.e., X) and the associated covariance P}", are given

by:

Xy = igc‘ik—v M
Py = PiTk—l’ ®)
where }Tzi‘"lk_l and Pi‘l"k_l are the predicted estimate and its

covariance under the mode j of the target r at time k as
classically defined in the UKF prediction equations, see [12],
[17].
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Since no detection is used in the state estimate, a similar
modification is required in evaluating the filter likelihood,
which quantifies, in the VS-IMM estimator, the filters con-
fidence in the measurement. The following expression is used
for the likelihood of the hidden target = under the mode of the

4™ sea lane at time k:

def 1

AT = ©
where V is the filter gate volume given by
V ="V, ST, (10)

and V,,, is the volume of the unit hypersphere of dimension
n,, n, is the cardinality of the measurement z (i.e. 3 in this
case), -y is the gate size used for the measurement validation
(equal to 5) and S7” is the innovation covariance of the target
r under the mode 7, at time k. For radar measurements with
range, azimuth and range rate, V,,_ = ‘% [11]. For the “hidden
target” model, which treats the measurement as a spurious one,
V—1 is the filter clutter density A in its validation gate.

The “hidden target” model is removed from the mode set
if one of the following conditions become true: ¢) the target
becomes visible again; i7) the corresponding sea lane segment
is no longer validated.

E Data Association: The Multiple Model JPDA

The VS-IMM approach makes the assumption that for
each target in each frame a measurement is present. In that
case, the measurement is used to update the target track.
However, in multi-target tracking scenarios in presence of
target missed detections and false alarms, it is necessary to
decide which one of the received measurements should be
used to update a particular track. Hence, a data association
mechanism (measurement-to-track association) is required. In
this paper the multiple model JPDA algorithm is exploited to
cope with this issue, for details see [16], [18].

G. Track Management

The adopted track management strategy is briefly resumed
below:

e The M-of-N rule is used for the track initiation [11],
[16]. If the M-of-N rule’s requirements are satisfied,
the track becomes a confirmed track. Otherwise, it is
dropped;

e A confirmed track is said on-sea lane confirmed track
if the target that is generating the track follows the
same on-sea lane mode for a period time (i.e. it has as
main mode an on-sea lane one, at least, for a certain
number of scans W) otherwise it is defined off-sea
lane confirmed track;

e An on-sea lane confirmed track is terminated if one
of the following event occurs:
o  The likelihood in Eq. (9) goes down a given
threshold T;
o  The counter that takes into account the number
of consecutive scans in which the target is not
visible exceeds a given value NNT q4;
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o  The target’s track uncertainty (state covariance
matrix) has grown beyond a certain threshold;

o  The target has reached an unrealistic maximum
velocity vmaz-

e An off-sea lane confirmed track is terminated if one
of the following event occurs:
o No detection has been validated for the past
M* out of N* most recent sampling times;
o  The target’s track uncertainty (state covariance
matrix) has grown beyond a certain threshold;
o  The target has reached an unrealistic maximum
velocity vmaz-

III. EXPERIMENTAL RESULTS

In this section a comparison between the proposed VS-
IMM JPDA and the standard JPDA is provided by using both
simulated and real data of HFSW radar systems. As already
proposed in [8], we use as ground truth for tracking assessment
the AIS static/kinematic reports. AIS ship reports are checked
in order to remove possible outliers, missing position reports,
and unreliable data.

The association procedure between radar and AIS contacts
considers that the time intervals between the AIS reports
and the radar timestamps are not aligned. Thus, we have
to interpolate the kinematic AIS reports in the HFSW radar
timestamps. Then, the association is carried out by searching
for the nearest among all the radar tracks which fall in the
performance validation region centered on the AIS contact.

Some performance metrics, already introduced in [8], are
here described and used. The normalized Time-on-Target
(ToT) is defined as the ratio between the length of an active
track (correctly associated to the AIS) and the AIS track length.
The ideal value is equal to 1. The False Alarm Rate (FAR) is
determined as the number of false track contacts, normalized
with the recording interval and the area of the surveyed region.
A false alarm is defined as a contact that does not belong to
any AIS report. The ideal value is 0 (no false alarm). Finally,
the number of radar tracks NT¥ associated with a single target
is an index that measures the Track Fragmentation (TF). An
ideal system would have NTF = 1, i.e. the radar system is
able to follow the whole track without loosing it.

The main parameters of the proposed VS-IMM JPDA
tracking algorithm can be divided in the following groups:

e IMM - The probability to switch from the off-sea lane
to an on-sea lane mode and vice versa is 0.05;

e  Model - For the dynamic models, the sampling period
Ty is 16.64/33.28 s. The standard deviation process
noise parameters for the off-sea lane mode are o, =
oy = 0.01 m/s? while for an on-sea lane mode are
oo = 0.001 m/s? for the component in the sea lane
orthogonal direction and o, = 0.01 m/s? for the
component in the along sea lane direction. The process
noises related to the observation model are the same
for all the modes. The standard deviation in range (o)
is 150 m, in azimuth (o3) is 1.5°, and in range rate
(or) is 0.1 m/s;

e Hidden - The likelihood threshold 7 is set to 0.001,
the maximum number of scans for which the target
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Fig. 1. ToT Vs. FAR varying N* using a number of MC runs 103,

can be unobservable N NT},.. is set to 25. In order
to add the “hidden target” model, the number of scans
W in which an on-sea lane mode has to be the most
likely is set to 5;

e Logic - The maximum target velocity vpqq iS set to
20 m/s. Furthermore, M is chosen to be equal to 5
while N is 6. Furthermore, we choose M* = N* in
the off-sea lane track termination logic. N* will be
specified for each test case;

e Detection - The detection probability Pp, is set to 0.35
and the clutter density A is 1079 m—2.

In the following, the outcomes on both simulated data and
real data will be shown.

A. Simulation Results

The analysis is related to the behavior of the VS-IMM
JPDA and the standard JPDA varying the parameter N*. The
results are obtained by averaging 103 Monte Carlo (MC) trials.
Half of the simulated target trajectories follows the sea lane
and are generated accordingly to the directional noise dynamic
model described in Sect. II-B. The others do not follow the sea
lane and are generated accordingly to the off-sea lane dynamic
model, see again Sect. II-B. Then, the radar plot is generated
in a uniform cluttered environment with a detection probability
Pp = 0.6. We report the relationship between the T'oT' and
F AR in Fig. 1 for the VS-IMM JPDA and the standard JPDA.
It is worth noting that when the parameter N* grows, the FAR
and the ToT increase. We have that the VS-IMM outperforms
the standard JPDA in terms of ToT/FAR. In other words, for
each value of the FAR, we obtain that the ToT of the VS-IMM
is higher than the one of the standard JPDA. Furthermore,
we point out that in the region where the FAR is small, that
represents the most important region form an operative point
of view, the performance gap between the two approaches is
larger.

B. Real Data Performance Assessment

The proposed KB-tracking has been tested on whole dataset
provided by the NURC BP09 experiment starting from May
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Fig. 2. Real case scenario: In red and cyan the S. Rossore and Palmaria
radar fields of view. Magenta ellipsoids indicate the selected areas for the S.
Rossore dataset, while, in blue the ones for the Palmaria dataset. Gray lines
represent the historical AIS trajectories.

Latitude [deg.]

Longitude [deg.]

Fig. 3.  Graphical representation of the VS-IMM JPDA fragmentation
reduction with respect to JPDA using the same track management parameters.
Tracks generated from both the JPDA and VS-IMM JPDA are depicted in
black, while the tracks generated only by the VS-IMM JPDA are depicted in
red.

7, 2009 to June 4, 2009. Data from the Palmaria and S.
Rossore WERA radar systems (named Palmaria and S. Rossore
datasets) have been separately processed using the CFAR algo-
rithm developed at the University of Hamburg. The detections
are then provided to the KB-tracking and to the standard
JPDA [8] for comparison purposes. Fig. 2 depicts the selected
areas to test the two approaches.

In Fig. 3 an example of the two approaches under test is
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TABLE L MEANS ON BOTH THE DATASETS FOR TOT AND FAR
INDEXES.
(a) Palmaria
N JPDA VS-IMM JPDA
ToT% | FAR [U/(sm?)] | ToT% | FAR [U(sm>)]
1 3604 | 0.656-107" | 63.03 | 1401 .10 F
5 5284 | 1.266 .10~ | e8.11 1.769 -10— 11
10 6162 | 1.681 -10711 | 6955 | 1.997 .10~
(b) S. Rossore
N JPDA VS-IMM JPDA
ToT% | FAR [U(sm2)] | Tol% | FAR [/(sm>)]
1 2824 | 02262 -10 T | 55.92 | 04169 -10 T
5 4265 | 04735 .10~ | 5862 | 0.5985 .10~
10 | 5279 | 06563 -107*' | 60.58 | 0.7445 10711

reported. Tracks generated from both the JPDA and VS-IMM
JPDA are depicted in black, while the tracks generated only by
the VS-IMM JPDA are depicted in red. No track is generated
only by the standard JPDA. The results are obtained by using
the parameter setting detailed before with N* = 5. It is worth
pointing out that thanks to the correct identification of the
on-sea lane target dynamic, the KB-tracking is able to visibly
reduce the NT¥ and increase the ToT by properly propagating
the track when no target-originated observations are received.

The first quantitative analysis is performed to show the
improvements in terms of Time-on-Target (I'oT’). In Fig. 4,
the daily ToT indexes are reported and obtained by averaging
the results on all the on-sea lane targets per a certain day. The
advantage of using the VS-IMM JPDA is clear: We have larger
ToT for all the days on both the datasets. Generally speaking,
the lower the probability to detect a target is, the greater is
the improvement in terms of ToT. Hence, the improvement
in terms of performance is more evident when N* decreases,
see Tab. I. Furthermore, the differences in ToT between the
Palmaria and S. Rossore datasets are clear. Indeed, the ToT
exhibited by S. Rossore is generally lower than the one on the
Palmaria dataset (see, again, Tab. I), as already pointed out
in [8].

The previous analysis lacks the contribution of the FAR. In
order to have a fair comparison, we compare the ToT for both
the approaches at fixed FAR values. This curve is obtained by
varying the parameter N *. Fig. 5 reports the convex hulls (solid
lines) of daily couples (I'oT,FAR) (square markers) for the
compared approaches varying the N* (assuming values in the
range [1, 10]). The performance advantages are straightforward
and, confirming the simulations, more evident in the low false
alarm region. Furthermore, the improvements, for the case of
S. Rossore, are better than the ones for Palmaria, because of
a worse capability of the radar in S. Rossore to detect the
vessels, see also [8]. An improvement of 10% on average is
observed.

The last analysis is performed by exploiting the fragmenta-
tion index NTF, In Tab. II, the daily values of the means and
the standard deviations of the NT¥ calculated for each day
on all the on-sea lane tracks are shown. The overall means for
Palmaria are 1.63 for JPDA and 1.32 for the VS-IMM, and
1.59 and 1.38, respectively, for S. Rossore. These outcomes
confirm the capability of the KB-tracking to reduce the track
fragmentation.

Finally, a computational analysis is performed. The elab-

CMRE-PR-2019-132

TABLE IL DAILY MEANS AND STANDARD DEVIATIONS OF NTF
INDEX FOR BOTH THE DATASETS.
(a) Palmaria
Date JPDA VS-IMM JPDA
(p.o) (n.0)
07/05 (1.18,0.40) (1.29,0.49)
08/05 (1.62,0.83) (1.40,0.65)
09/05 (1.67,1.17) (1.36,0.49)
10/05 (1.86,1.28) (1.45,0.89)
11/05 (1.67,1.24) (1.60,1.12)
12/05 (1.65,0.71) (1.43,0.60)
13/05 (1.89,1.19) (1.59,0.89)
14/05 (1.56,0.93) (1.16,047)
15/05 (1.52,0.82) (1.17,0.39)
16/05 (1.77,1.41) (1.39,0.79)
17/05 (1.52,1.29) (1.16,0.50)
18/05 (1.42,0.69) (1.29,0.69)
19/05 (1.66,0.94) (1.23,0.53)
20/05 (1.33,0.82) (1.50,0.58)
21/05 (1.43,077) (1.00,0.00)
22/05 (1.69,1.16) (1.14,0.36)
23/05 (1.96,1.51) (1.46,0.90)
24/05 (1.57,0.79) (1.26,0.45)
25/05 (1.75,1.07) (1.39,0.70)
26/05 (1.62,0.95) (1.27,0.56)
27/05 (1.75,1.36) (1.50,0.88)
28/05 (1.62,1.01) (1.27,0.46)
29/05 (1.50,1.05) (1.37,0.88)
30/05 (1.83,1.62) (1.33,0.96)
31/05 (l.61,1.46) (1.24,0.56)
01/06 (1.45,0.94) (1.13,0.35)
02/06 (1.65,1.23) (1.18,0.39)
03/06 (1.90,1.72) (1.28,0.70)
04/06 (1.75,1.29) (1.37,0.56)
(b) S. Rossore
Date JPDA VS-IMM JPDA
(n.o) (p.o)
07/05 (1.13,0.35) (1.13,0.35)
08/05 (1.67,0.99) (1.37,0.56)
09/05 (1.82,1.33) (1.41,0.80)
10/05 (1.31,0.60) (1.12,0.34)
11/05 (1.38,0.87) (1.23,0.83)
12/05 (1.64,1.15) (1.36,0.63)
13/05 (1.62,0.96) (1.31,0.60)
14/05 (1.60,0.83) (1.43,0.65)
15/05 (2.11,1.76) (1.32,0.58)
16/05 (1.78,1.44) (1.58,0.84)
17/05 (1.48,0.59) (1.35,0.57)
18/05 (1.13,0.35) (1.00,0.00)
19/05 (1.27,0.46) (1.07,0.26)
20105 (1.00,0.00) (1.00,0.00)
21/05 (1.62,0.51) (1.33,0.49)
22/05 (1.69,0.87) (1.35,0.61)
23/05 (1.79,0.80) (1.64,0.74)
24/05 (1.44,0.63) (1.50,0.65)
25/05 (1.72,1.07) (1.50,1.03)
26/05 (2.56,1.98) (2.24,1.82)
27/05 (1.87,1.54) (1.56,0.96)
28/05 (1.47,0.64) (1.20,0.41)
29/05 (1.65,1.11) (1.35,0.79)
30/05 (1.50,0.89) (1.44,0.63)
31/05 (1.56,0.73) (1.37,0.52)
01/06 (1.40,0.52) (1.30,0.48)
02/06 (1.83,1.15) (1.78,1.11)
03/06 (1.24,0.75) (1.19,0.54)
04/06 (1.86,1.46) (1.50,0.94)

oration times for both the compared approaches have been
calculated on one day of data provided by Palmaria on May
17, 2009 using an Intel Xeon 3.73 GHz processor. We have that
the VS-IMM JPDA requires 4754 s to be executed (i.e. 1.925 s
per frame on average), while, the JPDA requires 4730 s (i.e.
1.915 s per frame on average). Practically, the two algorithms
reach very close average elaboration times and only a little
increase, due to the introduction of the IMM estimator, can be
observed. However, in both the cases, the real-time requirement
is guaranteed.
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and the VS-IMM JPDA, respectively.

IV. CONCLUSION

HFSW radars can be reliable long-range early-warning
tools for maritime situational awareness applications. In this
paper, a VS-IMM JPDA approach has been presented for
tracking ships in a multi-target environment. More specifically,
motion uncertainties due to on-sea lane/off-sea lane motion and
sea lane entry/exit conditions have been managed. In addition,
obscuration of the targets, due to the radar synchronization and
first order Bragg scattering reasons, has been also handled.

Experimental results from both simulated data and one
month of real data acquired by two HFSW radars have been
presented. The advantages, in terms of, time-on-target, false
alarm rate, and track fragmentation of the proposed VS-
IMM JPDA with respect to the standard JPDA [8] have been
shown and confirmed by AIS data used as ground-truth. The
better capability of the proposed approach of following targets
without increasing the false alarm rate has been shown. This
increment in the time-of-target index can be over the 30%

CMRE-PR-2019-132

100 — . T T :

; g ! | [EEE VS-IVM JPDA
) I b R PDA T

| SO S

0L i@ - T .
sok- MM -- N A B HCEH

B0

ToT %

40

20

30 }

ToT %

10k et e . ‘ —T n
. : . |=—=VsINim JpPDAJ|
R 4 6 8 10 12
FAR [1/(sm?)] x107®

(b)

ToT Vs. FAR varying N* in the case of (a) Palmaria and (b) S. Rossore. Black and red little squares indicate the daily values for the standard JPDA

in some regions for both the HFSW systems. Finally, we also
obtain an average reduction in track fragmentation of about the
20% and the 13% for Palmaria and S. Rossore, respectively.
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