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INTRODUCTION

Maritime surveillance (MS) is an important domain for many na-

tional and international institutions, agencies, and bodies. In this
context, the MS initiatives are aimed to enhance search and rescue
operations, provide effective response to accidents and disasters,
monitor fisheries, prevent pollution and support law enforcement
and national defence. This means that it is of vital importance to
generate real-time wide-area maritime operational pictures. How-
ever, many are the issues at stake. For instance, deriving mission
planning tools with multiple stakeholders and achieving coverage
with a wide choice of platforms (coastal, airborne and satellite)
are just some of the problems. In addition, it could be required
to correlate results with intelligence data and to integrate radar
systems with the automatic identification system (AIS) and vessel
traffic services (VTS). Other issues could be providing naviga-
tional risk detection to support operators, as well as improving
resource allocation for greater efficiency and cost savings. Hav-
ing access to other services, such as weather and environment
information, could be precious for route planning. Additionally,
timely and robust ways of sharing data and information between
the authorities need to be developed with the objective of maxi-
mizing the sustainable use of oceans and seas, while enhancing
the knowledge and innovation potential in maritime affairs.

In support to the MS framework comes the rapid development
of information and communications technology, with the increas-
ing availability of surveillance sensors, data stored in databases,
networked system solutions and robust signal processing tech-
niques. However, in order to provide comprehensive operational
pictures, this data needs to be condensed in the right way, in order
not to overwhelm the human decision-making process. As a mat-
ter of fact, the concept of data fusion (DF) has been introduced
and, over the years, several solutions have been proposed to face
the many operational challenges [1]-[6]. In this context, asset
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allocation, route planning and anomaly detection tasks are just
some of the possible applications.

In the MS domain, it is easy to understand that long-range
cost-effective sensors operating continuous-time may play a key
role. Among these, in recent times low-power oceanographic
high-frequency surface-wave (HFSW) radar systems have started
to raise significant attention. Although their principal task is ocean
remote sensing, they have been demonstrated to be very promis-
ing for ship detection and tracking purposes at over-the-horizon
(OTH) distances. Multiple HFSW radar sensors, if used in combi-
nation with other types of sensors, such as the navigation reports
from the AIS system, can grant continuous-time coverage of large
sea areas and, thus, act as cost-effective early-warning sensors. In
this paper, an experimental multitarget tracking data fusion (MTT-
DF) system for ship traffic monitoring is described [7] based on
multiple Wellen radar (WERA) systems [8]. Specifically for a
single operating WERA system, a preliminary MTT system was
proposed in [9] and then a more sophisticated one in [10].

This paper briefly explores the HFSW radar technology in
general, and WERA in more detail. Then it describes the MTT-
DF network architecture developed at Science and Technology
Organization (STO) Centre for Maritime Research and Experi-
mentation (CMRE) and discusses its capabilities in two real study
cases: the first in the Ligurian Sea, Mediterranean (see Figure
1(a)) [11]-[13], and a second in the German Bight, North Sea
(see Figure 1(b) and Figure 2) [14], [15]. In both cases, the main
task of the HFSW radars is to estimate sea surface currents. In
the second study case, the data recorded by the single stations are
sent directly to the Centre’s Data Base (DB) and then processed in
real-time. The historical information about ship traffic can be ex-
ploited not only for assessing system performance, but also in the
field of knowledge-based (KB) tracking, for improving system
capabilities. In this sense, simulation results are presented and
discussed. Finally, a tool developed at STO CMRE, the so-called
maritime situational awareness (MSA) viewer, allows displaying
from the operator’s point of view the maritime picture of the sur-
veyed area.

THE HFSW RADAR SYSTEM

HFSW radars exploit the HF band, i.e., the 3-30 MHz frequency
interval, with wavelengths between 100 and 10 m, respectively.
In this frequency range, vertically polarized electromagnetic
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waves also have the ability to propagate as ground waves, along a
conductive surface, such as the ocean due to its salinity. The abil-
ity to look over the horizon, together with the low-power require-
ments of each site (i.e. about 30-50 W on average, exploiting
continuous-wave instead of pulsed signals), have made HFSW
radars ideal for long-range ocean remote sensing applications
[16], e.g. surface currents [17], wind extraction, wave retrieval
[18] and lately the application for tsunami early-warning detec-
tion [19]. An interesting walk-through of HFSW radars can be
found in [20] and references therein.

THE SYSTEM SETUP

The design of WERA involves a combination of hardware and
software solutions, in order to grant good dynamic range and
modularity [16]. A typical WERA system installation along the
coast is shown in Figure 3. In order to maximize the coupling
with the sea surface, these systems should be deployed close to
the shore. The transmitter (Tx) and receiver (Rx) are made by
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A/4 monopole arrays, where A is the electromagnetic carrier
wavelength. The Tx has a rectangular arrangement, while the Rx
has a linear arrangement, with 12 or 16 array elements. The two
separate locations for the Tx and Rx allow for simultaneous trans-
mit and receive operations. Depending on the desired operation,
the system requires hundreds of meters of available space along a
straight line. The angle w.r.t. north of the Rx array installation is
denoted with ¢ and measured clockwise. The final field of view
of the radar is about 120° around the broadside direction, i.e. ¢, —
90°. WERA operates at 35 W on average and uses linear frequen-
cy modulated continuous wave (LFMCW) chirps, with a repeti-
tion interval of 7. In the following, the chirp bandwidth will be
denoted with B and the corresponding range resolution with AR.

THE SYSTEM COMPONENTS AND PREPROCESSING
SCHEME

The most crucial component of an FMCW radar is the chirp gen-
erator. The direct digital synthesizer (DDS) allows generating a
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Setup of the HFSW radars in the Ligurian Sea (a) and German Bight (b) and their areas of coverage. Subfigure (a): Palmaria (green), San Rossore (red).

Subfigure (b): Sylt (green), Biisum (red), and Wangerooge (magenta).
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Images of Sylt, Blisum, and Wangerooge transmitters-receivers in the German Bight.

[

Figure 3.
Typical WERA system setup along a shore.

linear chirp with low phase noise, and is controlled by a high-
speed counter. For completeness, a block diagram depicting the
hardware realization of WERA is presented in Figure 4. Start and
stop frequencies can be easily changed, thus allowing modifying
both the mean carrier frequency and range resolution. The gener-
ated chirp is split into 13 or 17 channels, depending on the num-
ber of Rx antennas. One controls the transmitter and is amplified
to 47 dBm, while the others are used for the phase-coherent I/Q
demodulation. This is performed by 12 or 16 independent direct-
conversion receivers. Before analog-to-digital (A/D) conversion,
a low-pass filter suppresses those frequencies above Nyquist,
while a high-pass filter attenuates the strong signals received di-
rectly from the Txs. The characteristics of the filters are measured
and eventually compensated.

The successive steps of the data acquisition/display process
are implemented in the software. The A/D converters are connect-
ed to a VME-bus and controlled by a CPU, which performs all the
processing steps in real-time. The VME-bus system is connected
to a digital Unix workstation by an Ethernet line, and measured

raw data are directly stored on the workstation disks. The final
processing, e.g. data storage, beamforming, direction finding, es-
timation of the sea surface current velocities, or vessel detection,
is done directly on the workstation [16].

Figure 5 illustrates the built-in signal processing scheme im-
plemented in WERA. After the A/D conversion of the complex
demodulated signal, an interchannel amplitude calibration is ap-
plied to compensate the gain variations at the Rxs. Range resolu-
tion is obtained applying the fast Fourier transform (FFT) to all
channels. The azimuth is resolved using a windowing function,
usually the Hamming window, with linear Rx arrays, as described
in [16]. In the case of a square Rx array, the direction finding al-
gorithm is used instead [16]. An interchannel phase calibration is
performed on the complex time series and the data are stored for
further processing. Amplitude and phase calibrations are crucial
for the accurate performance of azimuthal resolution techniques.

THE RANGE-DOPPLER POWER SPECTRUM

In the HF-band the contribution of sea clutter is produced by spe-
cific spectral components of the surface-height wave-field. Given
a fixed azimuthal direction, the main features of the range-Dop-
pler power spectrum (i.e., two visible lines extending along range)
are due to first-order Bragg scattering and are generated by those
gravity waves of half the radar wavelength, travelling towards and
away from the radar site (Figure 6). These frequencies are valid
in nonmoving waters and with respect to antenna look direction.
In the presence of an underlying surface current, they can deviate
from the theoretical values. Second-order Bragg scattering gener-
ates other side-band contributions, due to wave-spectrum. With
increasing distance, sea clutter tends to become a white random
process. In Figure 6, the power spectrum is evaluated from sample
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ionosphere (at lower HF frequen- Figure 4.
cies and at ranges greater than 200
km), echoes from meteor trails
and lightning. Radio frequency interference (RFI) is also pres-
ent and manifests as vertical lines (i.e., almost constant along
range and at given frequencies) in the range-Doppler spectrum.
All these features can be observed in Figure 6; see also [20]. The
main theoretical elements for modelling the backscatter signal
can be found in [21], while the analysis and modeling of sea clut-
ter and noise, both in the amplitude and frequency domains, can
be found in [22], [23].

THE HFSW RADAR EXPERIMENTS

The proposed MTT-DF network architecture is presented in two
real study cases: the first in the Ligurian Sea, Mediterranean (see
Figure 1(a)) [11], and a second in the German Bight, North Sea
(see Figure 1(b)) [14]. The setup parameters of the radar systems
are given in Table 1. The radars transmit and receive signals from
the sea for about 56 min and then search for the best available
RFI-free channel. This procedure is repeated every hour.

THE LIGURIAN SEA EXPERIMENT

STO CMRE conducted an experiment with two HFSW radars in
2009 to investigate the possibility of ship detection. Two WERA
systems were deployed at the Italian coast of the Ligurian Sea, one
on Palmaria Island near La Spezia (green) and another at San Ros-
sore park near Pisa (red). The angles of the two antenna arrays were
296.2° and 12.0°, respectively. The radars and their coverage, which
extends over an area of 150 km x 120°, are shown in Figure 1(a).
The two systems were operated using the same frequency at
around f; = 12.5 MHz, but with orthogonal modulating wave-
forms for avoiding cross-interference. Range resolution was AR
= 1.5 km, with a chirp bandwidth B = 100 kHz. It is important to
note that the WERA on Palmaria Island was mounted at about
150 m above the mean sea level, on a rocky cliff going straight
down to the sea. This was a quite unusual setup, since the HF

WERA system description and main components.
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Figure 5.

WERA system processing scheme.

radars are mostly operated as close as possible to the sea. How-
ever, this specific installation granted better results in terms of
coverage than the setup at San Rossore, as discussed in [11]. A
possible explanation can be found in the significant contribution
of the line-of-sight propagation and, probably, also in the more
favourable ship-sensor geometries.
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Typical range-Doppler power spectrum in the HF-band.

THE GERMAN BIGHT EXPERIMENT

The second experimentation is currently ongoing in the German
Bight. Here, three WERA radars are installed at Biisum (red) and
on the islands of Wangerooge (magenta) and Sylt (green). The
three HFSW radar sites and their areas of coverage are shown
in Figure 1(b). Sylt and Biisum share the same frequency carrier
J, and transmit with orthogonal modulating waveforms. In this
specific case, the three HFSW radars are operating as part of the
experimental Coastal Observing System for Northern and Arctic
Seas (COSYNA) [24]. This operational integrated system com-
bines observations and numerical models for the German Bight
sea, for monitoring the status of both the sea and the shores. In
this context, the HFSW radars are operated to measure currents
and wave parameters and are successively assimilated to numeri-

Table 1.

CMRE-PR-2019-094

cal modelling algorithms. This information is aimed to detect or
predict possible variations and changes in the ecosystem, in the
water quality and the effects that these can have on both the local
and global climate. However, this region of the North Sea is also
one of the busiest areas in the world in terms of maritime traffic.
This is ideal for testing the proposed network architecture and for
stressing it in a scenario dense with targets.

THE AIS DATA

Reasonably, the majority of boats and ships moving inside the
so-called exclusive economic zones (EEZ) are cooperative. De-
pending on their size and type, some of these can be equipped
with one, or more, transponder-based position-reporting systems.
In the AIS message, a VHF transponder repeatedly broadcasts
the ship name, position and other details for automatic display
on nearby ships equipped with AIS. This allows ships to keep
track of other ships in their immediate vicinity, while coastal au-
thorities are also able to receive, plot and log the data from AIS
base stations (BS) and repeaters. As established by the Interna-
tional Maritime Organization (IMO), AIS transponders transmit
at 161.975 Mhz and 162.025 Mhz, and there are two classes of
transmitters: A (min 12 W) and B (min 2 W). The transmission
rate can vary between 2 s and 180 s for class-A, and 30 s for class-
B. The coverage of a single transponder is expected to be in the
order of tens of nautical miles, depending on the capability and
coverage of the installed BS. However, while most targets will be
cooperative, a smaller but still significant number is expected to
be noncooperative, or too small to carry an AIS system.

STO CMRE collects historical AIS data directly from the
Maritime Safety and Security Information System (MSSIS)

Setup Parameters of the HFSW Radars in the two Campaigns

ﬁ::::‘_ Palmaria San Rossore Wangerooge Sylt Biisum
Operation 2009 - 2010 2009 - 2010 2010 — ongoing 2010 — ongoing 2010 — ongoing
period

Longitude E 9° 50" 36” 10° 16’ 52” 7° 55" 8” 8° 16’ 59” 8°51"28”
Latitude N 44° 2’ 30” 43° 40’ 53” 53° 47’ 25” 54° 47 197 54° 7" 10”
h, a.m.s.l. [m] 150.0 0.0 0.0 0.0 0.0

0, [°] 296.2 12.0 97.0 5.0 349.0

f, [IMHz] 12.5 12.5 12.2-13.5 10.8 10.8

A, [m] 24.0 24.0 24.6-22.2 278 278

T, [s] 0.26 0.26 0.26 0.26 0.26

B [kHz] 100.0 100.0 100.0 100.0 100.0

A R [km] 1.50 1.50 1.50 1.50 1.50

sweep sign up down up down up

Rx antennas 16 16 16 12 12
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Setup of the proposed MTT-DF processing chain with three sensors in the German bight.

sensor networks, from other external providers and from single
ground-based stations. These navigation data, together with other
experimental data, are used for scientific purposes, for developing
algorithms and testing systems. Among the possible applications,
a tool, named Traffic Route Extraction for Anomaly Detection
(TREAD), has been recently developed [25]. The aim is to obtain,
from the historical data, automated knowledge about the maritime
traffic and main vessel routes. In this context, the possibility of
combining AIS and HFSW radar data for vessel detection, track-
ing and classification is currently investigated. Having access
also to navigation information could be precious for developing
KB approaches to the MTT-DF problem [26], for discriminating
noncooperative targets and/or possible threats, for providing use-
ful information for anomaly detection or malicious behaviours
[27], and for assessing system performance [11].

THE PROPOSED MTT-DF SYSTEM
THE PROCESSING CHAIN

The processing chain is depicted in Fig. 7, for the three-sensor Ger-
man Bight scenario. In the first step, radar observations undergo a
quality check and RFI removal. Target detection is then performed
by the 3-D ordered statistic constant false alarm rate (OS-CFAR)
algorithm presented in [9]. Coherent processing intervals, not sta-
tistically independent, are made of 512 samples with an overlap of
75%, i.e., a detection occurs every 33.28 s. These steps are directly
performed by the WERA workstation at each site and then data are
transmitted to CMRE databases in real-time. The MTT strategy is
based on the joint probabilistic data association (JPDA) paradigm,
i.e., a Bayesian approach which associates all the validated mea-
surements to the tracks by probabilistic weights [3]. The track ini-
tiation/confirmation and track termination logics are respectively
based on the 2/2&M/N and N*/N* criteria [3], while the filtering
stage is performed by the unscented Kalman filter (UKF). The use
of the UKF is motivated in [10] based on the discussion in [28]
related to the polar to Cartesian coordinate transformations and the
study reported in [29]. Indeed, the use of range-rate measurements

(correlated to the range measurement [30]), as reported in [29],
would recommend to work with the UKF (instead of extended
Kalman filter (EKF) and converted measurement-Kalmann filter
(CM-KF) especially because in the case the same order of compu-
tational effort would be required [31].

The confirmed tracks generated by the MTT at each site are
then combined by means of a track-to-track (T2T) association
and fusion logic [3]. Better results, in terms of time-on-target
(ToT) and estimation accuracy, have been achieved compared
with the single sensor outputs [11]. Further information about the
algorithms and the system parameters can be found in [11] and
[14] for the two study cases, respectively.

TARGET MOTION AND MEASUREMENT MODELS

The target state vector x, at time & is defined in Cartesian coordi-
nates x; = [xk,)'ck Vi Vi ]T where x,, y, and x;, y; are the position
and velocity components along x,y directions, respectively. The
nearly constant velocity (NCV) model is used to model the mo-
tion of large vessels [3]. The state-update equation is

X = Fxp g+ Tywy (1)

The motion relation matrices F, = diag([F, F|]) and T', = diag
([T, T,]) are described by (3), and where (X)" and diag(x) are
the transpose and diagonal matrix operators, respectively, while
T 27T is the time interleaved between sampling times & — 1 and
k. Vector v, accounts for unmodelled target accelerations and
is assumed to be Gaussian with zero-mean and covariance ma-

trix @y, =diag (0'3,0'3 ) The measurement vector z, is defined as

AT .
b
= [ZZ,Z/C,ZH , Where Z;C,Z;?,Z;ﬁ are the measured range, bear-
ing, and range rate. The target-originated measurement equation
is thus

Zk:h(xk)+nk, (2)

where
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with h(.) being the measurement function. The instrument noise
vector n, is assumed to be Gaussian with zero-mean and diagonal
covariance elements 0',2 , 0';3, and 0',% . In literature its elements, i.e.
n,’é,ni,n,ﬁ, are all assumed to be statistically independent, except
for nj, and ny, which have correlation coefficient p. This correla-
tion index can be computed and the range-Doppler offset com-
pensated, as described in [32].

THE MTT PROCEDURE

Let us assume that at time k a set of tracks are active/preliminary
Ty ={Tl(k),...,TJ(k)}, where T/_(k) is a natural number defining
the identifier (ID) of the j” track. A validation gate region g;(k),
forallj=1, ..., J, is constructed. Given that the target-originat-
ed measurements are Gaussian distributed around the predicted
measurement ZZ\k—l of target j, the gate is [3]

g,(k) = {z (2= )T (s,{‘)*1 (2= 2pa )< y}, )

where S,{ is the innovation covariance of the predicted measure-
ment, while the threshold y determines the gating probability P,
i.e., the probability that a measurement originated by target ; is
correctly validated.

Track Management

With no loss of generality, track management can be roughly
divided into three main steps: track initiation, track update and
track termination. In the track initiation phase, a measurement is
associated to the track T/_(k) if it satisfies (4). Every unassociated
measurement is called initiator and yields a tentative track, which
becomes preliminary if a detection falls in the gate at the next
timestamp (2/2 logic), otherwise the track is dropped. For each
preliminary track, the JPDA-UKF can be initialized and used to
set up a gate for the next sampling time, see (4). Starting from the
third scan, a logic of M detections out of N scans is used for the
successive validation gates. If at scan N + 2 the logic requirement
is satisfied, the track becomes active, otherwise it is terminated.
In the track update phase, for each active and preliminary
track, the target state is updated applying the JPDA-UKEF, as de-
scribed in [11]. In the track termination phase, an active track is
terminated if no detections have been validated in the past N*
most recent sampling times, if the track uncertainty has grown too
much, or if the target has reached an unlikely maximum velocity

max®

Target State Prediction and lpdate

Given the target state and its covariance at time k — 1, the pre-
dicted state and its covariance are obtained using the algorithms

CMRE-PR-2019-094

Table 2.

Parameter Value Specification

T, 16.64s/33.28s | Sampling period

o, 1x102ms? | Std of process noise

o, 150 m Std of range meas.

o, 1.6° Std of bearing meas.

o; 0.1 ms™' Std of range-rate
meas.

P, 0.35 Detection probability

A 10°* m=?/scan | Clutter density

Y 332 Gate threshold

o, 500 m Init. filter (pos.)

Oy 10 ms™ Init. filter (vel.)

Voo 25 ms™ Maximum velocity

M/N 7/8 Track confirmation
logic

N*/N* 3/3 Track termination
logic

summarized in [11]. In the data association phase, a validation
matrix is set up for all the targets, both preliminary and active.
Rows and columns of each matrix are indicized with all the vali-
dated measurements falling in the gate, also considering the case
of no-measurements. From the validation matrix, all the feasible
joint association events are constructed, assuming that each mea-
surement is generated from a target or from clutter, and that each
target generates at most one measurement, with detection prob-
ability P, . The probabilities of the joint events are evaluated as-
suming that the target-originated measurements are Gaussian dis-
tributed around the predicted location of the corresponding target
measurement, and that the false alarms are distributed in the sur-
veillance region according to a Poisson point process of param-
eter A, The association probabilities of target j; with measurement
i, namely ﬁl_,,, are obtained from the joint association probabilities.
Details can be found in [3], [33]. In the update phase, the target
state at time k and its covariance are updated by averaging the
UKF updates with the association probabilities ﬂU All the param-
eters of the MTT system are given in Table 2.

DATA FUSION PROCEDURE

The T2T paradigm, which is the core of the DF strategy, can be
divided into T2T association and T2T fusion [3] procedures.

171 Procedure

The multidimensional assignment (MDA) approach can be ap-
plied both to single- and multiple-sensor data association prob-
lems [4]. The problems of single-sensor data association over
multiple scans and single-scan over multiple sensors can be
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equivalently addressed resorting to the Lagrangian relaxation
method [34]. At each new time scan k, each sensor produces its
own set of M (k) observations (i.e. the track contacts), where n =
1, 2, 3. For brevity, we will omit k. With the binary variable Ziiniy
we define the track formation hypothesis for which observations

i, i,, and i, are originated from the same target. This variable is 1

if t}ie track association is correct, 0 otherwise. A dummy associa-
tion (the index is set to zero) corresponds to a missed detection
event. Thus, the final data association problem will be made by
such track-to-track hypotheses, which account for all the sensor
observations. Similarly, we define ¢;; ; as the track formation cost
[11].

The optimization problem presented in [4] becomes, in the
case of three sensors, the minimization of an objective function
v(0) defined by

M, M, M,

V(@) =ming > "> c;6;, (5)
i=0 j=0 =0

subject to the constraints

M, M,

ZZ% =1,  Vi=l,..,Ms, (6a)

i=0 j=0

M, M,

D3 G=t Vi=leoM,, (6b)

i=0 [=0

M, M,

DD G=t Vi=looM, (6¢)

=0 1=0

Let us define with u, the / Lagrange multiplier, where / =
0, ..., M, and u, = 0. In the Lagrangian relaxation approach, we
can remove one set of constraints, e.g. (6a), using the Lagrangian
multipliers in the original objective function [see (5)]. This re-
duces the 3-D to a 2-D assignment problem. The proper choice of
the Lagrangian multipliers tends instead to force the satisfaction
of the constraints. The iterative procedure is described in [14] and
further details in [4].

Note that possible measurement bias, see e.g. [32], has been
compensated in the filtering and considered negligible here dur-
ing the T2T association procedure. However, in the long run all
the sensors can exhibit registration errors, and in this case the
MDA approach should be enhanced with more advanced tech-
niques able to compensate such registration errors between the
radar systems, see e.g. [35].

THE KB TRACKING METHODOLOGY

Recently, it has been shown that the tracking stage can effectively
take advantage of a priori information on ship traffic [26]. This
concept is known as KB tracking. Considering the historical AIS
contacts, we can observe that there are some geographical regions
where most of the maritime traffic is concentrated. These regions
are the so-called sea lanes or routes. In [26] a variable structure
interactive multiple model (VS-IMM) tracking procedure has
been proposed to mitigate track fragmentation, mostly caused by
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the target obscuration phenomenon. In the case of ground target
tracking, target obscuration can be provoked by the presence of
hills or tunnels, which hide the target from the sensors point of
view. In our case, this effect is present when the radar is turned
off to reallocate operative HFSW frequencies, when there is a low
signal-to-clutter ratio (e.g. when the target is moving in the Bragg
scattering region), and when the target aspect angle produces a
weak return.

The specification of a ship sea lane map can be tabulated in-
cluding sea lane segments, visibility conditions, and initial/final
points of sea lanes. Unlike an off-sea lane target, which is free
to move in any direction, the motion of an on-sea lane target is
highly constrained. To handle motion along the sea lane, the con-
cept of directionally dependent noise is introduced [36]. For on-
sea lane targets, the constraint means more uncertainty along the
route than orthogonal to it.

Extensive simulations were performed in [36]. Different algo-
rithms were analyzed in the context of ground tracking. However,
the best performance was obtained using VS-IMM, able to handle
the on/off-road transitions and the change from one road to anoth-
er more smoothly than the fixed IMM. In addition, once the target
begins to move along a road, the VS-IMM yields better course
estimate than the fixed IMM, which uses only an open field model
[37]. In [26], a significant improvement of the KB-tracking pro-
cedure, in terms of system performance, has been demonstrated
in comparison with the standard approach recently presented in
[11]. On the other hand, a gain in terms of ToT can be observed
without losing in terms of false alarm rate (FAR).

THE MSA VIEWER

STO CMRE is developing a tool, named MSA viewer [38]-[40],
which is a Web browser map application integrating different
data and fusion services, and relying on a service-oriented archi-
tecture (SOA) implementation. This work, which takes forward
the NATO Network-Enabled Capability (NNEC) concept, is de-
signed to allow information to be available and useful to all au-
thorized users, with the main objectives of supporting operations
in a network-enabled environment and providing users with a bet-
ter comprehension of the maritime picture. The services granted
by this tool can be classified in data (e.g. data from different sen-
sors and sources), and fusion services, (e.g. providing with the
capability of fusing radar data). The idea is to increase the degree
of automation, in order to provide the operator with useful infor-
mation and to help her during the decision-making process.

The tool exploits an SOA architecture for sharing, processing
and visualizing big data in the MSA domain. This architectural
model permits the development of distributed applications. These
make use of the Windows Communication Foundation (WCF)
[41] which is a Microsoft framework for building reliable, secure
and interoperable distributed applications. The WCF implements
many advanced Web service standards, and enables interoperabil-
ity with other Web services built on different platforms.

The MSA viewer provides users with a graphical visualiza-
tion of the maritime scene, by integrating it with geospatial infor-
mation. Users can visualize both real-time and historical vessel
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traffic from different data sources, and combine data by using
data fusion algorithms and other integration services. The user
interacts with the viewer through an interface to control the input,
the processing and the visualization of maritime data. However,
it is important to say that the viewer is not a command and con-
trol system, and has no operational capabilities. As mentioned, it
has been developed solely for scientific purposes. However, using
a standard workstation, we are able to achieve quite good real-
time performance; basically we can always process the radar data
faster than real-time (depending on the amount of ship traffic) and
visualize the output by the MSA viewer. The main computer lan-
guage is C#. Furthermore, the algorithm kernel is implemented
in Matlab. Algorithmic routines interact with C# framework by
using an ad hoc interoperability module developed at CMRE.

Two sample snapshots describe the maritime pictures in the
Ligurian Sea and German Bight, as shown in Figures 8 and 9,
respectively. The fused HFSW radar tracks (blue) and their uncer-
tainty ellipsoids can be superimposed to the AIS routes (red). As
we can observe, the amount of traffic is far greater in the second
case and many radar tracks have no corresponding AIS report.
Therefore, in such a context it is important to discriminate false
tracks and to provide a measure of noncooperative ship traffic.
However, this suggests that HFSW radars can provide a supple-
mentary coverage for regions not covered by the AIS navigation-
reporting system.

EXPERIMENTAL RESULTS
ANALYSIS OF THE RADAR TRACKS

The two scenarios are analyzed in Figures 8, and 9, respectively,
for the Ligurian Sea and German Bight campaigns. In the first
study case (see Figure 8), AIS data and fused tracks from the two
radars were recorded on May 8, 2009, during the interval 13:00
—14:00 UTC. As we can observe, there is a good coverage of the
AIS system, thanks to a BS receiver mounted at Castellana, at
about 180 m above the mean sea level. Figure 9 shows instead the
AIS available dataset and the T2T system exploiting contempora-
neously the three HFSW radar systems in the second study case,
with data recorded on Aug. 1, 2013, during the interval 12:00
— 13:00 UTC. In this case, the coverage of the AIS data is lim-
ited to the coastal areas, with the exception of a few trajectories.
However, in both cases, most of the main traffic routes are well
tracked by the MTT-DF system. In fact, there is a good agree-
ment between the estimated tracks and the available ground-truth
trajectories represented by the AIS system. In addition, a lot of
maneuvering ships can be observed closely moving in front of
Wangerooge, entering and leaving the main traffic lanes. Thus,
each particular MS application scenario could require a differ-
ent MTT-DF solution to address the vessel detection and tracking
problems.

VALIDATION DF THE RADAR TRACKS

Onmitting the time index, the AIS report X’ AIS

represents the set
of the target state vectors x" during a given recording interval
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xS 2 {x"}enr» where N is the list of ships reporting their static

and kinematic information in the same interval. Kinematic infor-
mation, i.e., longitude, latitude, course-over-ground (COG) and
speed-over-ground (SOG), are converted into the Cartesian data
vector. Each AIS data vector is filtered and interpolated at the
radar timestamps, thanks to the high data-rate of the AIS w.r.t.
the radar. However, it is possible that no AIS information from
the vessel is received for a long period of time. In this case the
interpolated route could not represent a meaningful ground-truth
anymore. For this reason, in order to eliminate these cases we
define a flag index 1), which is 1 if AT, <AT,,,., and 0 otherwise.
Here m represents the time instant 7,,, at which the n” ship trans-
mits its position, and AT}, =7,, —T,,_; is the time interval between
two AIS transmissions of the n” vessel. The parameter AT _rep-
resents the maximum acceptable time from the last report. In the
time interval when I, =0 the AIS data from the n" vessel are
not used for performance evaluation. With no loss of general-
ity, detections (e.g. OS-CFAR) and tracks (e.g. JPDA-UKF and
T2T), can be considered as the target state estimates at time £,
ie,. X,f’FSW 2 {x]{}jeTk, where 7, is the set of detections for the
OS-CFAR or the set of confirmed tracks for the JPDA-UKF and
T2T at time step k.

An association procedure between the AIS and the radar data
is required to compute the system performance. At time k each
AIS contact X} € X', with n e N, is associated to a single track

contact fc,{ e xsw

, with j e 7;. The association is carried out
by searching the nearest among all the HFSW radar reports fall-
ing inside a 3-D (range, azimuth, range-rate) performance valida-

tion region (PVR) centered on the AIS contact

(% 9j—>ne/\/k):d(”,{,§;g)=g¥qd(ﬁ,’;,;};) %
k

The j” radar contact is validated if this distance, represented
by the operator d(.,.), is below a given threshold. If the n” AIS
report has a validated track contact, we have a correct detection,
otherwise a missed detection. At a given £, the single AIS report
can be associated with at most one radar report. All the radar con-
tacts, which are not validated in this way, are instead false alarms.

STATISTICAL ANALYSIS

The detection and tracking capabilities of the proposed MTT-
DF system can be evaluated quantitatively by using the metrics
proposed in [11]. These performance metrics have been defined
to compare the signal processing chain from the detection to the
fusion stages. Among these, we have 1) the pair ToT and FAR,
2) the track fragmentation, and 3) the root mean square error
(RMSE) of the target position and velocity. The ToT is the per-
cent of time that a target is successfully observed by the system,
while the FAR is the normalized number of false track contacts
(or detections) generated in the surveillance region per unit of
space and time. The track fragmentation is quantitatively charac-
terized by the ToT and the number of subtracks associated with
the same target. Ideally we would like to have 100% as ToT with
just one single track, while in a real scenario this is very rare. At
last, the RMSE measures the accuracy of the radar system. Tracks



CMRE Reprint Series CMRE-PR-2019-094

1ate Ligiirs. gyt Ricco del
- ~ Mg o difhacra Camsorgianc Far
e a \ THhves colf Aaidgiane s i
\ By X : ciESian
' . Facafegionake UL Cutigand
e Carrara’ - 2ele ApApiare. it
\ Tellare N Gallizeng. Sa1Mercele
o Mg Pono 31 Pistoiese
5 Tk Massa Cieata en
\ b N5 By iith L
~ Capanne-Prato-Cincusle
(3 Mantidnose.
! ﬁ WMazzano
\ \ N Eare e,
Marri
? \ \§ f < T Ganion: vaktottavo |
\ T san Maring In ’ -
b X Camadre Freddana-morisagr Pescia ’
¥ = wh =R Monte:
N\ b S Viggegtip Mesroga Is Casaiguic
- i3 ¥ ~{mhezEm i ¢
b~ aoradel sLiler s Caparrori ol
L A% ot Lage Puceni ] s e SanFoceo
e o J o Sogascio
\ > ey Vinei
-~
) v b e
LeBotteghe
/ 5 Colei bus Fucezcio
|2 ¥ Satel m
v - Lo Uieapisans, e
9 __ etarinad Bisa . Cascina Montaper oo Miniata
- i, -
% Tirena —
\ | Poncaseo
A stagme Perignans Forcoi  Pelais Bast
~ collesanzi SRR
\ Fugle
o e Wb Voo
g reapserina protcits { toremmne
3 Secthe dela Me'og 2 Sl
s |
3. . { \
i e Chianr
‘ \ 7 cace
\ s
Zastellina
\ Rosighano} M Velteira
Sojvay |
\ U Riavela
vica
1 Ceciria
t Pomaiance
by Bibare
FiseraNatuac
4 Monresufor
Castelniova
al 0 Ceeing
o

Cstagrete
Sardees

U Uy & W /

apeETs 22014 Google T

Figure 8.
The Ligurian Sea MSA picture using the viewer: AIS contacts (red), T2T system tracks (blue).
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Figure 9.
The German Bight MSA picture using the viewer: AIS contacts (red), T2T system tracks (blue).
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and detections are validated or labeled as false using the AIS ship
reports from the AIS. Unfortunately there are also several vessels
from which, for a number of reasons, we do not receive any AIS
reports. Thus, the FAR we consider represents the worst case.

In Figure 10, the ToT confidence intervals, depicting the
mean and standard deviation, are estimated and represented for
ship lengths of multiples of 50 m. Results from the Ligurian Sea
experiment are averaged over the defined range, azimuth and
range-rate intervals and over a recording interval of 29 days. As
expected, an increase in the ship length brings an increase in the
ToT. This is especially clear for very large ships, i.e. those longer
than 250 m. The data fusion strategy improves the ToT of about
5-10% for Palmaria and 15-25% for San Rossore on average.
This result suggests that the T2T procedure relies more on the
Palmaria tracker than on the San Rossore one. Moreover, it gives
us confidence that the main issues related to single-operating
HFSW radars can be overcome by multiple sensors, with no ad-
ditional costs [7], [11].

In Figure 11, the same ToT confidence intervals are evaluated
for the German Bight experiment, over a recording interval of
38 days. The radar at Sylt was under maintenance for the most
of the period and could not offer a satisfying statistical dataset.
The same increasing trend shown in Figure 10 can be observed,
however with some clear differences. The capability of the sys-
tems is significantly smaller than in the previous experiment. This
fact can be explained by the different traffic scenarios, in which
several ships move in cluster-like trajectories. The MTT-DF sys-
tem is limited by the inherent low resolution of the radars. The
environmental issues that affect this region could be a further rea-
son for the degradation of the performance. The two standalone
sensors have similar performance, and the final T2T output seems
not to rely mostly on one of the two.

As known, the ToT is related to the FAR, as an increase in
the probability of detection bears an increase in the probability
of false alarm. In the scatterplot analysis of Figure 12, which re-
fers to the experiment in the Ligurian Sea, the green circles and
squares represent instead the two JPDA-UKF outputs, while the
blue triangles are the output pairs of the T2T system. In terms of
ToT, the JPDA-UKEF (green circles and squares) provides results
comparable to those of the detection algorithm (red circles and
squares). However, most of the false alarms are pruned and the
FAR is about one order of magnitude smaller. Finally, the T2T
cloud (blue triangles) spreads along larger ToTs, with interme-
diate FARs, even if its distribution is closer to the JPDA-UKF
of Palmaria than of San Rossore. In conclusion, the OR fusion
strategy allows to improve single-sensor performance, but the
increased system detection capabilities are paid in terms of in-
creased number of false tracks [11].

BENEFITS FROM THE APPLICATION OF KB TRACKING

In this section the use of a KB tracking methodology that takes
advantage of a priori information on the ship traffic is presented,
see [26], [42], [43]. This a priori information is given by the ship
sea lanes and by their related motion models, which together con-
stitute the basic building blocks of a VS-IMM procedure. False
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Figure 10.

Confidence intervals for the ToT vs ship length from the Ligurian Sea

dataset: JPDA-UKF at Palmaria (green) and San Rossore (red), T2T
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Confidence intervals for the ToT vs ship length from the German Bight
dataset: JPDA-UKF at Biisum (red) and Wangerooge (magenta), T2T
system (blue).
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ToT vs FAR scatterplot analysis: red circles (OS-CFAR at Palmaria),
red squares (OS-CFAR at San Rossore), green circles (JPDA-UKF at
Palmaria), green squares (JPDA-UKF at San Rossore), blue triangles
(T2T). Values for each day are represented by empty symbols, averaged
values are represented by full symbols. The dataset is from the Ligurian
Sea experiment.
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ToT versus FAR at the varying of N*. Blues and red squares depict the daily values for the JPDA and the VS-IMM JPDA, respectively. Blue and red
lines describe the convex-hull resulting curves obtained from these values. Subfigure (a): Palmaria; subfigure (b): San Rossore.

alarms and missed detections are dealt with using the JPDA rule
and nonlinearities are handled by means of the UKF. The overall
performance is defined in terms of ToT, FAR, track fragmenta-
tion, and accuracy. A full statistical characterization is provided
using one month of data. A significant improvement of the KB-
tracking procedure, in terms of system performance, is demon-
strated in comparison with a standard JPDA tracker. The main
improvement is the better capability of following targets without
increasing the FAR. This increment is much more evident in the
region of low FAR, where it can be over the 30% for both the
HFSW radar systems. The KB-tracking exhibits on average a re-
duction of the track fragmentation of about the 20% and the 13%
of the utilized HFSW-radar systems.

The analysis compares the behaviour of the VS-IMM JPDA-
UKF and JPDA-UKF algorithms, at the varying of N*, i.e., the
variable characterizing the track termination logic. When the pa-
rameter N* grows, the FAR and the ToT both increase, because
the track termination requirement becomes less strict [26]. The
choice of N* has been done such that the daily FAR values of the
two tracking algorithms are similar. Then, two cases have been
considered: N* = 1 and N* =5 for the VS-IMM JPDA-UKF al-
gorithm and N* = 5 and N* = 10 for the standard JPDA-UKF,
respectively. The daily ToT-FAR pairs are depicted by the full
square markers, color-coded with blue for the JPDA-UKF and red
for the VS-IMM JPDA-UKEF, respectively. In both scenarios, the
VS-IMM outperforms the standard JPDA in terms of both ToT
and FAR. This result means that for each value of the FAR, the
ToT of the VS-IMM is larger than the one of the JPDA. More-
over, it is worth observing that the ToT statistics are better than
those described by the receiver operating characteristic (ROC)
scatterplots in Figure 12. In fact, for this analysis only a number
of radar tracks has been considered, i.e., those in the immediate
vicinity of the selected AIS vessel routes. An average improve-
ment of 10% can be achieved, as described in [26].

The gain we obtain by exploiting the information derived from
the AIS routes is well represented by the solid line curves of Fig-
ure 13. The curves depict the convex hulls of daily pairs ToT-FAR,
for the two radars at Palmaria [see Figure 13(a)] and San Rossore
[see Figure 13(b)]. However, it is worth considering that those re-
gions, which have the smallest values of FAR, represent the most
important areas from an operative point of view. In these specific
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cases, the performance gap between the two approaches is larger,
see Figure 13(a). Figurel3 demonstrates how the performance
gain advantages are more significant in the low false alarm region.
However, the ToT improvement is larger in the case of San Ros-
sore than in the case Palmaria. The reason must be found in the
worse detection capability of the radar at San Rossore, as already
pointed out in the previous sections and more extensively in [11].

CONCLUSIONS

In this work, an MS system based on multiple simultancously
operating low-power HFSW radars has been presented. The pro-
posed radar systems could operate in more complex integrated
maritime surveillance (IMS) systems, but also in combination
with other kinds of data. In addition, they can effectively grant
continuous-time wide-area coverage in a cost-effective manner. In
the paper, two study cases have been analyzed and described. In
the former case, two sensors have been deployed along the Liguri-
an coast of the Mediterranean Sea, while, in the latter, three radars
are currently operated by HZG in the German Bight for measur-
ing sea state parameters and surface currents. In both cases, the
experimental data recorded by the radars have been demonstrated
to provide reliable information on ship detection and tracking,
with thus no additional costs on the system installation. A whole
processing chain, consisting of a 3-D OS-CFAR detection algo-
rithm, the JPDA-UKEF tracking strategy and a T2T logic, has been
considered to tackle the MTT-DF problem. A methodology for
validating the output tracks, exploiting the AIS reports as ground-
truth information, has been proposed and performance metrics
have been evaluated for assessing the system performance. In the
second study case, the data stream from the three stations is ac-
quired in real-time and a web-based MSA viewer displays, from
the operator’s point of view, the maritime situation in the region
of interest. Further results have been shown demonstrating the ef-
fectiveness of KB tracking exploiting historical ship trajectories,
for overcoming the problem of vessel obscuration and increasing
the final ToT with no additional costs in terms of FAR.

For these reasons, we think that the HFSW radar technology
applied to the field of MS could be a cost-effective solution for
granting continuous coverage of wide open-sea areas. Multiple
sensors can exploit different ship-sensor geometries and, thus,
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overcome most of the limitations deriving from the use of stand-
alone sensors. In addition, they can grant coverage of large areas
and provide tracks also for nonreporting ships or detect anomalies
in the vessel routes. Information about vessel routes can be used
to improve the final performance, thus providing a more choral
vision of the MS scenario.

PERSPECTIVES

Despite the promising results, this analysis opens new research
directions, all aimed to improve the system capability and con-
fidence in the maritime picture. For instance, the reliability and
coverage of the AIS reports could be monitored from radar data,
as addressed in [27]. More advanced techniques could be used
for tracking (e.g. based on multiple kinematic modes) and data
association algorithms (e.g. exploiting the signal-to-clutter-ratio
(SCR) information). Different types of sensors, as well as the AIS
system itself, could be used to produce a more complete maritime
picture of the region under analysis. This situation could require
a different tracking algorithm, able to deal also with ship ma-
neuvers, e.g. the interacting multiple model (IMM), see also [3].
As already observed, another problem is represented by the high
density of the vessel traffic out of river Elbe and from the main-
land and along the main traffic routes. Ship discrimination could
be a possible problem for the low-resolution radar system, as well
as the JPDA data association rule, which combines probabilis-
tically all the neighboring contacts. Target tracking techniques,
working with unresolved targets, which can be able to mitigate
such kinds of problems are reported in [44], [45]. A different ap-
proach to the MTT problem could be to apply group-tracking or
clustering algorithms, see e.g. [46], [47]. However, results should
be presented and discussed also taking into account a number of
different issues related to the maritime scenario, such as different
meteorological and oceanographic (METOC) conditions affect-
ing the signal propagation, different coastline profiles and high
vessel traffic. Although their impact on the system performance
has been qualitatively investigated [48], and a dependency has
been shown between the system detection and tracking capabili-
ties and the significant wave height, all these analysis directions
are currently undergoing further investigations. Results of an
adaptive tracker to environmental time-varying change have been
reported in [49], [50]. Clearly, the solution in [49] exhibits a sen-
sible improvement in terms of performance w.r.t. the nonadaptive
strategy but at the cost of a sensible higher computational effort.

Some target tracking procedures could require an unreachable
computational effort when a large number of detections per scan are
provided if the targets are close to each other (there is an exponential
complexity in the number of targets with overlapped gates). Scal-
able MTT solutions are under investigation in which the processing
cost of several HF radars is linear in terms of both number of detec-
tions (targets/clutter) and number of radars, see e.g. [51]. 4
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