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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, 

and national defence. This means that it is of vital importance to 
-

ever, many are the issues at stake. For instance, deriving mission 

are just some of the problems. In addition, it could be required 

-

-

-

-
ing availability of surveillance sensors, data stored in databases, 

-

-
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 

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 

remote sensing, they have been demonstrated to be very promis-
ing for ship detection and tracking purposes at over-the-horizon 

-

this paper, an experimental multitarget tracking data fusion (MTT-

proposed in [9] and then a more sophisticated one in [10].

-

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 

the second study case, the data recorded by the single stations are 

-
ploited not only for assessing system performance, but also in the 

capabilities. In this sense, simulation results are presented and 

-
veyed area.

THE HFSW RADAR SYSTEM

In this frequency range, vertically polarized electromagnetic 
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conductive surface, such as the ocean due to its salinity. The abil-
-

radars ideal for long-range ocean remote sensing applications 
[16], e.g.

-

found in [20] and references therein.

THE SYSTEM SETUP

0 0 is the electromagnetic carrier 

-
mit and receive operations. Depending on the desired operation, 
the system requires hundreds of meters of available space along a 

0

of the radar is about 120° around the broadside direction, i.e. 0 – 
-
-

tion interval of Tc

B R.

THE SYSTEM COMPONENTS AND PREPROCESSING 

SCHEME

-

Figure 1.



speed counter. For completeness, a block diagram depicting the 

both the mean carrier frequency and range resolution. The gener-
-

demodulation. This is performed by 12 or 16 independent direct-

-

and eventually compensated.
The successive steps of the data acquisition/display process 

-

-
timation of the sea surface current velocities, or vessel detection, 

Figure 5 illustrates the built-in signal processing scheme im-

demodulated signal, an interchannel amplitude calibration is ap-
-

tion is obtained applying the fast Fourier transform (FFT) to all 

-

performed on the complex time series and the data are stored for 

for the accurate performance of azimuthal resolution techniques.

THE RANGE-DOPPLER POWER SPECTRUM

-

-

In the presence of an underlying surface current, they can deviate 
from the theoretical values. Second-order Bragg scattering gener-

Figure 2.

Figure 3.



-
cording interval (  2 min).

several factors, including not only 

and the temperature (jointly af-
fecting the dielectric constant) and 
the possible presence of land. In 
addition to sea clutter, a variety of 
interference sources, both natural 
and man-made, can degrade the 
reception of ship echoes. Natural 

propagation modes through the 
-

cies and at ranges greater than 200 
km), echoes from meteor trails 

-
ent and manifests as vertical lines (i.e., almost constant along 
range and at given frequencies) in the range-Doppler spectrum. 

main theoretical elements for modelling the backscatter signal 
-

ter and noise, both in the amplitude and frequency domains, can 
be found in [22], [23].

THE HFSW RADAR EXPERIMENTS

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 

THE LIGURIAN SEA EXPERIMENT

-

around f0 -
R 

B

150 m above the mean sea level, on a rocky cliff going straight 

-

of the line-of-sight propagation and, probably, also in the more 
favourable ship-sensor geometries.

Figure 4. 

Figure 5.



THE GERMAN BIGHT EXPERIMENT

The second experimentation is currently ongoing in the German 

f0

-
bines observations and numerical models for the German Bight 
sea, for monitoring the status of both the sea and the shores. In 

-

cal modelling algorithms. This information is aimed to detect or 
predict possible variations and changes in the ecosystem, in the 

THE AIS DATA

-
pending on their size and type, some of these can be equipped 

the ship name, position and other details for automatic display 

-

-

B. The coverage of a single transponder is expected to be in the 
order of tens of nautical miles, depending on the capability and 

Maritime Safety and Security Information System (MSSIS) 

Figure 6.

Table 1.

Setup Parameters of the HFSW Radars in the two Campaigns

Setup 

Param.
Palmaria San Rossore Wangerooge Sylt Büsum

Operation 
period

2009 – 2010 2009 – 2010 2010 – ongoing 2010 – ongoing 2010 – ongoing

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  19 54° 7  10

h0 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

f0 [MHz] 12.5 12.5 12.2 – 13.5 10.8 10.8

0 [m] 24.0 24.0 24.6 – 22.2 27.8 27.8

Tc [s] 0.26 0.26 0.26 0.26 0.26

B [kHz] 100.0 100.0 100.0 100.0 100.0

 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



-

also to navigation information could be precious for developing 

noncooperative targets and/or possible threats, for providing use-
ful information for anomaly detection or malicious behaviours 

THE PROPOSED MTT-DF SYSTEM

THE PROCESSING CHAIN

-

-

-
-

based on the 2/2&M/N and N*/N

study reported in [29]. Indeed, the use of range-rate measurements 

(correlated to the range measurement [30]), as reported in [29], 

-

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 

algorithms and the system parameters can be found in [11] and 

TARGET MOTION AND MEASUREMENT MODELS

The target state vector xk at time k -
nates xk, yk and  are the position 
and velocity components along x,y directions, respectively. The 

-
tion of large vessels [3]. The state-update equation is

(1)

The motion relation matrices Fk = diag([Fk, Fk]) and k = diag 
([ k, k )T and diag( ) are 

k – 1 and 
k vk accounts for unmodelled target accelerations and

-

trix . The measurement vector zk

 are the measured range, bear-
ing, and range rate. The target-originated measurement equation 
is thus

(2)

Figure 7.



(3)

h(.) being the measurement function. The instrument noise 
vector nk

covariance elements , and . In literature its elements, i.e. 
, are all assumed to be statistically independent, except 

for  and . This correla-
tion index can be computed and the range-Doppler offset com-
pensated, as described in [32].

THE MTT PROCEDURE

k a set of tracks are active/preliminary 
Tj(k

jth , 
for all j = 1, , J, is constructed. Given that the target-originat-
ed measurements are Gaussian distributed around the predicted 
measurement  of target j, the gate is [3]

(4)

 is the innovation covariance of the predicted measure-
 determines the gating probability PG, 

i.e., the probability that a measurement originated by target j is
correctly validated.

Track Management

divided into three main steps: track initiation, track update and 
track termination. In the track initiation phase, a measurement is 
associated to the track Tj(k

becomes preliminary if a detection falls in the gate at the next 

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 

In the track update phase, for each active and preliminary 
-

scribed in [11]. In the track termination phase, an active track is 
terminated if no detections have been validated in the past N* 

much, or if the target has reached an unlikely maximum velocity 
vmax.

Target State Prediction and Update

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

summarized in [11]. In the data association phase, a validation 
matrix is set up for all the targets, both preliminary and active. 

-
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 

-
ability PD. 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-

-
eter , The association probabilities of target j
i, namely ij, 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 

ij -
eters of the MTT system are given in Table 2.

DATA FUSION PROCEDURE

divided into T2T association and T2T fusion [3] procedures.

T2T Procedure

-
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 

Table 2.

MTT Parameters

Parameter Value Specification

Tk 16.64s/33.28s Sampling period

v 1  10–2 ms–2 Std of process noise

r 150 m Std of range meas.

b 1.5° Std of bearing meas.

0.1 ms–1 Std of range-rate 
meas.

PD 0.35 Detection probability

10–9 m–2/scan Clutter density

3.32 Gate threshold

x,y 500 m Init. filter (pos.)

10 ms–1 Init. filter (vel.)

vmax 25 ms–1 Maximum velocity

M/N 7/8 Track confirmation 
logic

N*/N* 3/3 Track termination 
logic



k, each sensor produces its 
Mn(k n = 

k

i1, i2, and i3 are originated from the same target. This variable is 1 
-

tion (the index is set to zero) corresponds to a missed detection 

 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(

(5)

subject to the constraints

(6a)

(6b)

(6c)

ul the lth l = 
0, , M3 and u0

multipliers in the original objective function [see (5)]. This re-
duces the 3-D to a 2-D assignment problem. The proper choice of 

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 
-

the sensors can exhibit registration errors, and in this case the 
-

radar systems, see e.g. [35].

THE KB TRACKING METHODOLOGY

are the so-called sea lanes or routes. In [26] a variable structure 

been proposed to mitigate track fragmentation, mostly caused by 

the target obscuration phenomenon. In the case of ground target 
tracking, target obscuration can be provoked by the presence of 

-

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.

-

the on/off-road transitions and the change from one road to anoth-

-
cedure, in terms of system performance, has been demonstrated 

THE MSA VIEWER

data and fusion services, and relying on a service-oriented archi-

-
-

-
ter comprehension of the maritime picture. The services granted 

. data from different sen-
sors and sources), and fusion services, (e.g.
capability of fusing radar data). The idea is to increase the degree 

-
mation and to help her during the decision-making process.

model permits the development of distributed applications. These 

-

-
-



data fusion algorithms and other integration services. The user 

-

-
guage is C#. Furthermore, the algorithm kernel is implemented 

C

-

Therefore, in such a context it is important to discriminate false 

-

reporting system.

EXPERIMENTAL RESULTS

ANALYSIS OF THE RADAR TRACKS

-

-

tracked by the MTT-DF system. In fact, there is a good agree-

maneuvering ships can be observed closely moving in front of 

each particular MS application scenario could require a differ-
ent MTT-DF solution to address the vessel detection and tracking 
problems.

VALIDATION OF THE RADAR TRACKS

 represents the set 
of the target state vectors xn during a given recording interval 

 is the list of ships reporting their static 
-

the vessel is received for a long period of time. In this case the 
interpolated route could not represent a meaningful ground-truth 

m represents the time instant nth ship trans-
mits its position, and 

nth vessel. The parameter Tmax rep-
resents the maximum acceptable time from the last report. In the 

nth vessel are 
-

ity, detections (e.g.
T2T), can be considered as the target state estimates at time k, 
i.e,.  is the set of detections for the 

T2T at time step k.

k each 
, is associated to a single track 

contact . The association is carried out 
-

ing inside a 3-D (range, azimuth, range-rate) performance valida-

The jth radar contact is validated if this distance, represented 
by the operator d nth

k
-

STATISTICAL ANALYSIS

The detection and tracking capabilities of the proposed MTT-
DF system can be evaluated quantitatively by using the metrics 

to compare the signal processing chain from the detection to the 

2) the track fragmentation, and 3) the root mean square error
-

cent of time that a target is successfully observed by the system, 

(or detections) generated in the surveillance region per unit of 
space and time. The track fragmentation is quantitatively charac-



Figure 8.

Figure 9.



mean and standard deviation, are estimated and represented for 

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 

This result suggests that the T2T procedure relies more on the 

-

for the German Bight experiment, over a recording interval of 

of the period and could not offer a satisfying statistical dataset. 

-

several ships move in cluster-like trajectories. The MTT-DF sys-

environmental issues that affect this region could be a further rea-

the probability of detection bears an increase in the probability 
-

blue triangles are the output pairs of the T2T system. In terms of 

comparable to those of the detection algorithm (red circles and 

-

increased system detection capabilities are paid in terms of in-
creased number of false tracks [11].

BENEFITS FROM THE APPLICATION OF KB TRACKING

see [26], [42], [43]. This a priori information is given by the ship 
-

Figure 10.

system (blue).

Figure 11.

system (blue).

Figure 12.

Sea experiment.



-

tracking procedure, in terms of system performance, is demon-

-

N*, i.e., the 
-

rameter N
the track termination requirement becomes less strict [26]. The 
choice of N

considered: N* = 1 and N -
gorithm and N* = 5 and N

-

scatterplots in Figure 12. In fact, for this analysis only a number 
of radar tracks has been considered, i.e., those in the immediate 

-

-

-

-

pointed out in the previous sections and more extensively in [11].

CONCLUSIONS

-
posed radar systems could operate in more complex integrated 
maritime surveillance (IMS) systems, but also in combination 

-

-
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, 

-

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-

-

for overcoming the problem of vessel obscuration and increasing 

sensors can exploit different ship-sensor geometries and, thus, 

Figure 13.



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 

vision of the MS scenario.

PERSPECTIVES

directions, all aimed to improve the system capability and con-

for tracking (e.g. based on multiple kinematic modes) and data 
association algorithms (e.g. exploiting the signal-to-clutter-ratio 

system itself, could be used to produce a more complete maritime 
picture of the region under analysis. This situation could require 

-
neuvers, e.g. the interacting multiple model (IMM), see also [3]. 

-

-
tically all the neighboring contacts. Target tracking techniques, 

-
proach to the MTT problem could be to apply group-tracking or 

be presented and discussed also taking into account a number of 
different issues related to the maritime scenario, such as different 

-

-

adaptive tracker to environmental time-varying change have been 
-

strategy but at the cost of a sensible higher computational effort.
Some target tracking procedures could require an unreachable 

provided if the targets are close to each other (there is an exponential 
-

-
tions (targets/clutter) and number of radars, see e.g. [51]. 
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