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Distributed Information Fusion in Multistatic Sensor
Networks for Underwater Surveillance

Paolo Braca,Member, IEEE, Ryan Goldhahn, Gabriele Ferri,Member, IEEE, and Kevin D. LePage

Abstract— Surveillance in antisubmarine warfare has
traditionally been carried out by means of submarines or frigates
with towed arrays. These techniques are manpower intensive.
Alternative approaches have recently been suggested using
distributed stationary and mobile sensors, such as autonomous
underwater vehicles (AUVs). In contrast with the use of standard
assets, these small, low-power, and mobile devices have limited
processing and wireless communication capabilities. However,
when deployed in a spatially separated network, these sensors
can form an intelligent network achieving high performance
with significant features of scalability, robustness, and reliability.
The distributed information FUSION (DIFFUSION) strategy,
in which the local information is shared among sensors, is one
of the key aspects of this intelligent network. In this paper, we
propose two DIFFUSION schemes, in which the information
shared among sensors consists of: 1) contacts, generated by
the local detection stage and 2) tracks, generated by the local
tracking stage. In the first DIFFUSION scheme, contacts are
combined at each nodes using the optimal Bayesian tracking
based on the random finite set formulation. In the second
DIFFUSION scheme, tracks are combined using the track-to-
track association/fusion procedure, then a sequential decision
based on the association events is exploited. A full validation of
the DIFFUSION schemes is conducted by the NATO Science
and Technology Organization—Center for maritime research
and experimentation during the sea trials Exercise Proud Manta
2012–2013 using real data. Performance metrics of DIFFUSION
and of local tracking/detection strategies are also evaluated
in terms of time-on-target (ToT) and false alarm rate (FAR).
We demonstrate the benefit of using DIFFUSION against the
local noncooperative strategies. In particular DIFFUSION
improves the level of TOT (FAR) with respect to the local
tracking/detection strategies. In particular, the TOTisincreased
over 90%–95% while the FAR is reduced of two order of
magnitude. The problem of communication failures, data not
available from the collaborative AUV during certain periods of
time, is also investigated. The robustness of DIFFUSION with
respect to these communication failures is demonstrated, and
the related performance results are reported here. In particular,
with 75% of communication failures the ToT is over 90%–95%
with a relatively small increase of the FAR with respect to the
case of perfect communication.

Index Terms— Collaborative data fusion, antisubmarine
warfare, multistatic active sonar, target tracking, underwater
sensor networks, autonomous underwater vehicles, real-world
experimentation.
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I. INTRODUCTION ANDMOTIVATION

AUTONOMOUS systems have a wide range of
applications [1], especially in the underwater domain

where it is preferable or mandatory to avoid a human
presence. Autonomous Underwater Vehicles (AUVs) with
sensing capabilities are used in different applications,
especially when the autonomy in the operations is of the
utmost importance. This is typically the case when difficulties
in communication hamper the possibility of sending remote
commands to the vehicles during their navigation, for instance
see [2]–[5].
Submarine detection and tracking, referred to as Anti-
Submarine Warfare (ASW), is one important surveillance
underwater application in whichAUVs can be effectively
used [6]. There are several approaches toASW which can
be mainly divided in passive and active systems. In active
ASWsystems the echoes revealing the presence of a target are
originated by the reflection of an acoustic waveform produced
by the surveillance system itself, while in passive systems
sound directly produced by the target is recorded. Even in the
presence of active sonars, detection/tracking is difficult since it
depends on the complex physics of the underwater channel and
can be made more difficult by a careful design of submarine
shapes, profiles, materials, and by the use of tactical navi-
gation. ActiveASWsystems can be classified as monostatic,
when the acoustic source and receiver are co-located, as
opposed tomultistatic systems in which the sources and
the receivers are different entities, spatially separated from
one another [7]–[9]. The minimum multistatic configuration,
consisting of a single source-receiver pair, is referred to as
bistatic
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.
The geometry between source, target, and receiver which
yields the best probability of detecting echoes from the target,
is referred to as the “glint” geometry, and it strongly depends
on the usually poorly known target heading. Moreover, with
a monostatic system a clever submarine’s navigation strategy
can minimize its sonar cross section with respect to a particular
direction, while with a multistatic system this strategy is much
more difficult.
Acoustic sources include hull mounted sonars, active
sonobuoy sources, towed variable-depth sonars, and fixed
sources, while towed line arrays are commonly used as
receivers [10]. Traditionally these arrays have been towed
by submarines or frigates, however this approach is man-
power intensive. More recently, alternative approaches have
been suggested in which the system is made of distributed
mobile and stationary sensors, such as sonobuoys and
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Fig. 1. Sketch of theCMREcooperativeASWmultistatic network. Thec2is
on board of theNRVAlliance. EachAUVacts as receiver of the multistatic
setup, towing a passive hydrophone array. The source node can be fixed or
mobile,i.e.,towed by theNRV. The components of the network (e.g.,AUVs,
source,c2, etc.) communicate using underwater or RF data links. Fixed and
mobile gateways, such as wave gliders, are used to guarantee the connectivity
of the network.

AUVs [1], [6], [11], [12]. As opposed to the use of standard
assets, these small, low-power, and mobile devices have
limited on board processing and wireless communication capa-
bilities. Consequently, individual sensors can only perform
local computation and, because of the underwater channel
limitations, communicate over a short range at low data rates.
But when deployed across a spatial domain and properly
interconnected, these relatively simple sensors can form an
intelligent network achieving high performance with signifi-
cant features of scalability, robustness, reliability. The concept
is to develop autonomous systems providing effectiveASW
capabilities at a fraction of the cost of traditional assets while
providing persistent surveillance of an area. An overview on
underwater Wireless Sensor Networks (WSNs) is provided
in [1]. This is the solution we have been pursuing atNATO
Science and Technology Organization - Centre for Maritime
Research and Experimentation (CMRE, formerly known as
SACLANTCENandNURC). In theCMREunderwater network,
sensorisedAUVs act as autonomous mobile nodes, see Fig. 1.
Multistatic sonar systems have the potential to greatly increase
ASWcoverage and performance. The possibility to use several
sources and receivers generates different geometric distrib-
utions of source-target-receiver increasing the probability of
detection and classification for a target.
However, for anAUV,theASWscenario is challenging from

the tracking point of view. Several clutter-generated tracks may
be simultaneously present, with some of them possibly lasting
for several pings. In addition, the target may not be observable
for some time due to particular sound channel conditions or
low probability of detection (e.g. due to a particular aspect
angle with respect to the receiver arrays). In addition, inASW
systems based employingAUVs, receiving sensors have limited
on board computational capabilities and therefore linear arrays
with a conventional (rather than adaptive) beamformer are
usually employed. In addition, horizontal line array receivers
are cylindrically symmetric; they cannot discriminate if

a detected echo comes from the port or from the starboard,
i.e., they suffer from Port–Starboard (PS) ambiguity [13]–[15].
Thus ambiguous tracks may be produced by the on board
tracker.
The mobility and thenumber of the mobile nodes can be
used to solve these problems. Their mobility and autonomy
can be used to implement data-driven approaches, enabled
by the computational power currently available on board the
vehicles. Data-driven approaches and autonomous decisions
taken by the vehicles can increase the efficiency of missions
by deviating from the pre-planned tracklines traditionally used
forAUVs in some real world operations [3], [16], [17]. The
AUVs can navigate to optimize some metric of interest, such
as the signal-to-noise ratio (SNR), the detection probability,
or the estimated tracking error over a future horizon [17]–[21]
potentially increasing the tracking performance. The nodes can
also share locally collected information. For instance, solutions
for thePSambiguity in combination with the data association
problem are provided in [13]–[15] where the assumption, that
the target of interest is always assumed present, is made.
In this paper we propose a Distributed InFormation FUSION
(DIFFUSION) protocol, in which the local information is shared
among sensors. We demonstrate thatDIFFUSION can bring
clear benefits since clutter-generated or ambiguous tracks can
be identified and eliminated. On the other hand, tracks origi-
nated by targets can be validated and the detection capability
of the target can be improved. In particular, we propose and
describe twoDIFFUSIONschemes, in which the information
shared in the network consists ofi)contacts andii)tracks.
The final validation of the proposed approach is performed
using real data collected during sea trial experiments, con-
ducted by theNATO CMRE in 2012 and 2013. TheNATO
Research Vessel (NRV)AllianceandCMRE’s underwater net-
work with multistatic sonar system have been used during the
experimentation. The results of these underwater experimental
campaigns are here reported.
Performance metrics are evaluated in terms of Time-on-
Target ( TOT) and False Alarm Rate (FAR). The TOTisdefined
as the percentage of time in which the algorithm correctly
estimates the target trajectory. TheFARis instead the rate of
false target presence declared by the algorithm and normalized
by unit of time and space. See more details about TOTand
FARin [22] and [23]. We demonstrate the benefit of using
DIFFUSIONagainst local strategies, such as the local detector
and the local tracker on board a singleAUV. The robustness
ofDIFFUSIONwith respect to communication failures is also
demonstrated.
The paper is organized as follows. In Sec. II there is a
description of theDIFFUSIONarchitectures while the deriva-
tion of theDIFFUSIONprocedures based on detection and track
sharing is presented in Sec. III and Sec. IV, respectively.
In Sec. V a description of the experiments and the related
results are reported. Finally, in Sec. VI the final remarks are
presented.

II. DIFFUSIONARCHITECTURES

CMRE Reprint Series

One problem of a distributed system is that the informa-
tion contained in the observed data is only locally available
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Fig. 2. Sketch of theDIFFUSION scheme, in which theAUVsshare
information with one another and thec2system by using a data link provided
by the underwater acoustic modem. The block diagram shows the signal
processing chain (array processing, detector, tracker) on board of theAUV.

and must be shared among theAUVs and the Command
and Control (c2) system using an underwater communication
system. Unfortunately, underwater acoustic communication
suffers from severe limitation in terms of bandwidth, and
for this reason very little information can be shared between
platforms. The objective is to share as much meaningful infor-
mation as possible in order to improve the detection/tracking
performance of the individualAUVs.
The standard approach to the target tracking problem can be

divided in two main parts:i)detection andii)tracking [24].
A natural choice for exchanging information is thus to
sharei)detections (often referred as contacts) orii)tracks.
An overview of the on board signal processing chain is
depicted in Fig. 2. The main blocks are the array processing,
the detector, and the tracker. The navigation block is used
not only to control theAUVtrajectory but also to provide the
AUVgeolocation. The modem block is dedicated to underwater
communication.
In this section we present twoDIFFUSION architectures,
in which the information provided by eachAUVis given by:
i)detections andii)tracks. Note that both detections and
tracks can be also generated byfalsetargets (often referred
as false alarms and false tracks, respectively) or ghost targets
because of thePSambiguity. ThePSambiguity is the impossi-
bility for theAUVto discriminate port from starboard contacts,
this ambiguity complicates the detection and tracking algo-
rithms and may severely degrade performance. In [13] and [14]
the target is always assumed to be present and a Bayesian
tracking approach is proposed to track the target state in
presence ofPSambiguity and measurement origin uncertainty
(missed detections and false alarms) [24]. The purpose of
DIFFUSION is to provide an improvement in terms of the
overall capability of detecting the target (quantified in terms of
TOT) and in terms of false alarm reduction (quantified in terms
ofFAR) with respect to the case in which the information on
board the singleAUVis available.
In the firstDIFFUSION architecture, based on detection
sharing, at every time scankeachAUVbroadcasts its local
detections, position and orientation to the network and receive
the same information from other nodes. EachAUV,aswell
as thec2system, updates its posterior distribution of the
target state (target presence and position/dynamic) based on

the detections collected by itsAUVcollaborators. In the case
that the communication fails then theAUVupdates its posterior
based only on its own detections. The posterior distribution
is computed numerically by using anad hocparticle filter,
detailed in Sec. III.
In the secondDIFFUSION architecture, based on track

sharing, at every time scankeachAUVbroadcasts its local
tracks and related covariance matrices to the network and
receives the tracks and covariance matrices from other nodes.
EachAUV and thec2perform a track-to-track association/
fusion [24]. Based on the association events a sequential
decision rule is used to classify(disambiguate) the local tracks
deciding if a track is true or false/ghost. If theAUVgeometry if
favorable and the target is detected by at least twoAUVsthis
procedure is able to correctly disambiguate the tracks. This
architecture is detailed in Sec. IV.
The challenge of DIFFUSION practical implementation is
related to the real-time constraint required by the surveillance
application. Clearly, as well known in tracking literature,
particle filters are among the most demanding techniques in
terms of computational effort. For this reason the proposed
DIFFUSION particle filtering, which is Bayesian optimal,
risks to be unfeasible on low cost AUV technologies. The
second DIFFUSION scheme is instead not optimal but very
efficient in terms of computational effort.

III. DIFFUSIONBASED ONDETECTIONSHARING

AnetworkofNAUV AUVs monitoring a certain surveillance
region is considered. The objective of the network is to
estimate the absence or presence of a target and, in the latter
case, its kinematic components at each time scank.
The target stateXkcan be conveniently formalized as a

Bernoulli random finite set (RFS) [25]–[27], whereXk={∅}
when the target is absent, orXk={xk}when the target is
present withxk=[xk,̇xk,yk,̇yk]

T, where the two positions

arex
(p)
k = [xk,yk]

T and [̇xk,̇yk]
T are the corresponding

velocities. In this work, when the target is present, we assume
a nearly constant velocity model [24]:

xk=Fkxk−1+vk, (1)

where Fkis the state transition matrix, andvktakes into
account the target acceleration or unmodeled dynamics.
At each time scanka set of contacts are observed by
thesthAUV,definedby

Zk,s= zk,s,i
mk,s
i=1
, (2)

wheremk,sis the number of measurements. Given thePS
ambiguity problem,zk,s,iin (2) are just the contacts on the
port side, since they form a sufficient statistic, because of the
deterministic dependence of the starboard contacts on the port
contacts [13].

A. Target Presence/Absence

Under the hypothesis of target absence (hypothesisH0
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),
the contacts are independent from each others and identically
distributed with a known clutter distribution. The set density
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of the measurements underH0, at timekand at thes
thsensor

can be formally written as:

fk,s(Z|H0)=μc(m;λ)

m

i=1

f(c)(zi), (3)

whereμc(m;λ)is the probability mass function (PMF)of
the clutter cardinality (often assumed as a PoissonPMFwith
rateλ), andf(c)(z)is probability density function (PDF)ofthe
clutter location (typically modeled as uniform in the region of
interest), see further details in [13], [24], and [28]–[31].
When the target is present (hypothesis H1), it can be

observed with a certain detection probability. This may vary
dramatically over the surveillance region, and is in general a
function of the receiver array parameters, source parameters,
source-target-receiver geometry, and environmental parame-
ters as such as bottom scattering strength, water column
and bottom sediment density and sound speed, and bottom
and surface roughness and reflection loss. Numerical and/or
closed-form acoustic propagation models [32]–[34] are then
used to calculate the predictedPD. We borrow from [15] an
acoustic model to predict the detection probability of the target
in any position in the surveillance region, taking into account
the relevant environmental acoustic effects. This will be key
for enhancing the performance of the tracking algorithm, as
well as for the path planning optimization proposed in [20].
The aforementioned acoustic model provides us with a

detection probabilityPD(x
(p)
k ,pk,s,sk), which is a function

on the target positionx
(p)
k , of the receiver positionpk,sand

of the source positionsk. In this work we assume a stationary

source, thensk=sandPD(x
(p)
k ,pk,s,sk)≡PD(x

(p)
k ,pk,s).

Since we assume that at most one target is present, all the
other contacts are clutter, independent from the target’s state.
Then, the set density of data underH1is given by

fk,s(Z|H1)= 1−PD(x
(p)
k ,pk,s)μc(m;λ)

m

i=1

f(c)(zi)

+m−1PD(x
(p)
k ,pk,s)μc(m−1;λ)

×

m

j=1

f
(t)
k,s(zj)

i=j

f(c)(zi), (4)

wheref
(t)
k,s(z)is the target-originatedPDFwithPSambiguity,

see details in [13]. In order to make explicit the relation
between the target state and the data, eqs. (3) and (4) can
be equivalently rewritten as:

fk,s(Z|Xk={∅})= fk,s(Z|H0), (5)

fk,s(Z|Xk={xk})= fk,s(Z|H1). (6)

B. Optimal Bayesian Tracking

In Bayesian tracking, the objective is to construct the
posterior distribution of the target stateXk. Let us denote by
Zs1:k=[Z

s
1,Z

s
2,...,Z

s
k]the aggregate in time of the data up to

time stepkreceived by thesthAUV. Let us indicated withNs,k
the set ofAUVs able to communicate with thesthAUV.The
measurements collected by thesthAUVareZsk= Zk,ii∈Ns,k

,

which is the aggregate of detection sets received from each

AUVi∈Ns,k, including its own detectionss∈Ns,k.The
target state posterior of thesthAUVcan be thus written as:

PsXkZ
s
1:k =

L Zsk|XkPsXkZ
s
1:k−1

PsZ
s
kZ

s
1:k−1

, (7)

where PsXkZ
s
1:k−1 is the prior at timek and

PsZ
s
kZ

s
1:k−1 is the scaling factor. Since the sensors

are conditionally independent given the target state, the
likelihoodL Zsk|Xk can be factorized as:

L Zsk|Xk =

i∈Ns,k

fk,iZk,i|xk, (8)

where fk,s Zk,s|Xk is the likelihood of thes
thsensor at

timek, given in eqs. (5)-(6). We assume that theAUVshave
the ability to communicate not only their local detectionsZk,s,
but alsoAUVpositionspk,sand orientations. Analogously, we
can proceed to update the target state posterior at thec2.
Unfortunately, closed-form solutions of the posterior distri-
bution (7) are seldom available in practice. As a consequence,
one should typically resort to some form of approximation that
are both accurate and computationally tractable. Specifically,
in this work we focus on the powerful technique of particle
filtering to obtain a numerically efficient approximation
of (7), [28], [35], [36]. The posterior distribution (7) at time
kis represented by

P̂s Xk|Z
s
1:k =

⎧
⎪⎨

⎪⎩

w∅k, Xk=∅,
Np

i=1
wikδxik

(x),Xk={x},
(9)

where w∅k is the weight approximatingPsXk=∅|Z
s
1:k,

xikis thei-th sample of the target state,w
i
kis thei-th weight

approximatingPsXk= xik |Z1:k,Npis the number of
particles,δx0(x)is the delta function located inx0.
Algorithm 1 presents the pseudo-code of the particle filter
implementation, wheref(xk|xk−1)is a Gaussian centered
inFxk−1with covariance given by Qv,UL(x;z)is a 2-D
uniform distribution centered inzwith lengthL,pbandps
are respectively the target birth and survive probabilities,
NZsk = i∈Ns,k

|Zk,i|is the total number of contacts at the

sthAUV,φX(·)is theRFStransition distribution andq(·)is
the importance sampling distribution. Note that the resampling
algorithm is standard and given in [37].

C. Detection and Estimation of the Target

In this subsection we describe the estimation procedure
for obtainingXkfrom the posterior distributionPsXk|Z

s
1:k.

As discussed in the RFS literature, see [29], [38], in this work
we opt for a two-stage procedure in which first we decide if
the target is present or absent and then estimate its state. Given
our Bayesian detection framework, the optimal decision rule
is formulated as follows [39]

Ps(Xk=∅|Z1:k)≥pγ, declareH1,

Ps(Xk=∅|Z1:k)>1−pγ,declareH0,

CMRE Reprint Series
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Algorithm 1Diffusion Particle Filter
IMPORTANCE SAMPLING

Drawxik∼fxk|x
i
k−1 ,∀i=1,...,Np;

forjs∈Ns,kdo

Draw N new samples x
Np+n
k from UL x;zk,js,n ∀n =

1,...,Zk,js;
end for

UPDATE
fori=1toNp+NNZsk

do

Xik= xik, wik=LZ
s
k|X
i
k

φX X
i
k|X
i
k−1

qXik|X
i
k−1,Z

s
k

wik−1;

end for
w∅k=L Z

s
k|Xk=∅ (1−pb)w

∅
k−1+(1−ps)1−w

∅
k−1 ;

Drop the particles with the lowestNNZsk
weights;

NORMALIZATION

wt=w
∅
k+

Np

j=1
wik;{Totalweight}

w∅k=
w∅k
wt
; wik=

wik
wt
,∀i=1,...,Np;

RESAMPLING

Nef f=
Np

j=1
wik
2
−1

; {Effective sample size}

ifNef f<NpTdthen
resampling;
end if

where pγ is named as target probability threshold. The
estimator is then given by

Xk=
{xk},if decidedH1,

∅, if decidedH0,
(11)

wherexkis the estimator of the target state. A convenient
choice for the target state, optimal in terms of mean square
error, is the posterior meanxk=Exk|Z

s
1:k,whereE[·]is

the posterior mean operator.

IV. DIFFUSIONBASED ONTRACKSHARING

In this section theDIFFUSION, based on the T2T procedure,
is detailed and discussed. The T2T procedure is performed
in two steps: the T2Tassociation(T2T-A) and the T2T
fusion(T2T-F) [24]. A local tracker, running on eachAUV,is
available. At theAUVs, the tracker is feed sequentially by the
local detections at each time scan and provides a number of

tracks, denoted by xs,ik|k i∈Tsk
, and their related covariance

matrices Ps,ik|k i∈Tsk
,whereTsk is the set of active tracks

atAUVs.
The T2T-A is a procedure which associates the tracks of

AUVs1, to those of theAUVs2. Let us begin assuming that
just a single track is active at eachAUV:xs1,ik|kats1andx

s2,j
k|k

ats2. The true target states are respectivelyx
i
kandx

j
kfor

s1ands2. Let us define:

ij
k xs1,ik|k−x

s2,j
k|k,

ij
k xik−x

j
k. (12)

Thesame targetand thedifferent targethypotheses, namely
HijandH̄ij, are formulated as

Hij:
ij
k=0, H̄ij:

ij
k=0. (13)

The error in the difference of the state estimates is defined as

ij
k=

ij
k−

ij
k, (14)

with covariance, under the independence assumption,1

given by

T
ij
k=P

s1,i
k +P

s2,j
k . (15)

The decision is based on the testing rule

Dij
ij
k

T
T
ij
k

−1 ij
k

H̄ij

Hij

Dα, (16)

where the threshold Dα is computed such that
P{Dij>Dα|Hij}=α. Exploiting the Gaussian assumption,
the threshold corresponds to the 1−αpoint of the chi-square
distribution.
Let us consider the case in which there are multiple tracks
on eachAUV. Therefore, the previous testing rule must be
extended as follows. Assume thats1ands2AUVshavea
set of active tracksTs1k, withNs1 = Ts1k ,andT

s2
k, with

Ns2 = Ts2k , respectively. We define the binary assignment
variableδij, which is unity if the trackiofs1is associated
with the trackjofs2, and null otherwise. The list of tracks
at each site is augmented with a dummy element, indicated
with the null index, to incorporate the case in which the track
of oneAUVshould not be associated with any of the tracks
of the otherAUV. For instance,δi0represents the case that
the trackiis not associated. If we assume that the track
association events among different track pairs are independent,
then the 2-D assignment formulation finds the most likely
(joint) T2T-A hypothesis by solving the following constrained
optimization [24]

minδij

Ns1

i=0

Ns2

j=0

δijcij (17)

s.t.

Ns1

i=0

δij=1, j=1,...,Ns2,

Ns2

j=0

δij=1,i=1,...,Ns1,

δij∈{0,1},i=0,...,Ns1, j=0,...,Ns2,

where
cij=−lnLij. (18)

Fori,j≥1,Lijis the likelihood ratio of the two tracks
being from the same target versus being from two different
targets and is proportional toDij.Fori=0(orj=0)Lijis
the likelihood ratio of an incomplete assignment, see further
details in [24]. The optimization problem of eq. (17) can be
solved using standard procedures,e.g.the Auction algorithm,
linear programming by relaxing the integer constraint, etc.
Defining δ∗ijthe T2T-A pairs, the fusion target state is
computed for all the associated tracks,δ∗ij=1i,j≥1 leading

1Note that the track estimatesx
s1,i
k|k andx

s2,i
k|k

CMRE Reprint Series

are not independent [24].
However, in this work we use this simplification since the procedure to carry
out the dependency would requirea higher computational load.
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Fig. 3. Main research equipments for the sea trials. (a)NRVAlliance is used asc2of the sensor network system. (b) Echo repeater used to simulate an
underwater target and towed by theNRV.(c)TheDEMUSis the acoustic source of the multistatic network. (d) TheOEX-AUVwith theBENStowed-array.
(e) Acoustic and radio frequency gateway. (f) Wave glider.

to higher accuracy than the individual state estimates. For all
the unassociated tracks the fusion system is equivalent to the
single sensor.

A. Sequential Decision Based on the T2T-A Events

Because of thePSambiguity problem, the set of tracksTsk
at eachAUVis constituted by true tracks andghosttracks.
Let us assume that a true track, sayi, is generated by port
side contacts then the tracker likely would generate a ghost
track, sayi, by using the symmetric contacts, in terms of
bearing, on the starboard side. In principle, by using a linear
array there is not a procedure able to disambiguate without
a sharp maneuvering of theAUV[13]. Here we propose the
T2T-A events as decision statistic to disambiguate.
In general two ambiguous tracksiandicannot be both

true at the same time, unless there are two true targets in
exactly the same location relative to the array. In other words
one of them is alwaysghost. Let use define the sets of

ambiguous tracks T̄sk,̃T
s
k =Tsk, with an index operator

i=gki ∈T̃
s
k,∀i∈T̄

s
k. (19)

Define a sequential score functionlk(i),∀i∈T
s
k for each

track, initialized to zero. If trackiis associated with one track
of the otherAUVs(δ∗ij=1), then we update the sequential
score function as follows

lk(i)=lk−1(i)+1, (20)

lk(gk(i))=lk−1(gk(i))−1.

When a positive threshold γ≥0 is reached the track is
declared to be disambiguated or correct, otherwise when a neg-
ative thresholdγ−<0 is reached the track is declared ghost,

lk(i)≥γ, Trackiis declared correct, (21)

lk(i)<γ
−,Trackiis declared ghost. (22)

V. DIFFUSIONEXPERIMENTALRESULTS

In this section the full validation of theDIFFUSION
schemes is provided using real data from experiments con-
ducted byNATO CMREduring the sea trialsExercise Proud
Manta 2012(EXPOMA12) andExercise Proud Manta 2013
(EXPOMA13). Specifically,DIFFUSION basedondetection
sharing is tested using the EXPOMA12 dataset, while
theDIFFUSION basedontracksharingistestedusingthe
EXPOMA13 dataset.
In EXPOMA12 we simulate the presence of communica-
tion failures, in which anAUVdoes not receive information
from its collaborator. In the case of perfect communication,
theAUVs, as well as thec2, perform equivalently because they
use the same data. In EXPOMA13 we use the data correctly
received at thec2during the experimentation. Coherently, we
define the communication error rate (CER) as the percent of
communication failures.
In the next subsections we briefly describe the experiments
conducted during EXPOMA12 and EXPOMA13 and the
technical details of the main research equipments (see Fig. 3)
which constitute the CMRE cooperative ASW multistatic
network schematically depicted in Fig. 1. Then, we report the
results obtained by adopting theDIFFUSIONschemes.

A. CMRE Cooperative ASW Multistatic Network

As the acoustic source, we used the Deployable
Experimental Multi-static Undersea Surveillance System
DEMUS [40]. The source is bottom-tethered and was not
moved during the experiments. The source transmitted a
hyperbolic frequency modulated (HFM) sweep with 48 s
ping repetition rate. TheDEMUS
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source was equipped with
a modem to enable remote activation via underwater acoustic
communications, and a radio buoy to allow wireless activation
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and monitoring of the source, as well asGPSsynchronization
for timing and accurate position estimates.
The vehicles used as receiving nodes of the

multistatic network were two Ocean Explorer (OEX)
AUVs (shown in Fig. 3(d)). These vehicles are approximately
4.3 m long and 0.53 m wide. They can reach a speed of
1 m/s with a maximum operating depth of 300 m. TheOEX
AUVs are both deployed with theBENS slim towed array
SLITA[11]. The arrays are deployed approximately 3.5 m
behind the vehicle. In the experiments both vehicles suffered
fromPSambiguity, as discussed before.
AUVs communicated between each other and with the

c2 centre acoustically. Each vehicle was equipped with
a 7/17 kHz Evologics [41] low-frequency modem. The
adopted channel access method isthe Time Division Multiple
Access (TDMA).
To communicate fromc2centre with the vehicles a gateway

buoy is deployed. The gateway buoy has a radio link with
thec2 centre and is equipped with an acoustic modem.
Starting from EXPOMA13, a Waveglider autonomous surface
vehicle [42] has been used in the network as an additional
gateway. The Waveglider’s mobility is used to position it in
favorable locations to improve the communication with the
vehicles. With this configuration, four nodes are present in the
communication scheme and the usedTDMAframe was 54 s.
The vehicles usually sends messages containing navigation
data and information related to their operative state. When
contacts and/or tracks are present, theAUVs try to send them
in a message containing the five highestSNRcontacts and
in a message containing the three longest tracks produced by
the tracker. Given the available bandwidth and the messages
to be sent, when present, these two messages are sent with
a maximum delay of oneTDMAframe (in the frame later to
their production).
All the assets were deployed from theNRVAlliance. The
vessel acted as thec2centre during the experiments. The dis-
cussed datasets were collected by using an echo-repeater (ER)
as a target.
TheERwas towed by the NRV Alliance, and recorded

the waveforms received following theDEMUStransmissions,
then re-transmitted the recorded signals with a user-specified
amplitude gain after a user-specified delay.
During the experiments described in this work, the echo

repeater re-broadcast the incoming sonar signal with a tunable
gain over the received level. This gain serves as a substitute
for the target sonar cross-section or reflectivity.
1) Auv Control System:TheAUVcontrol system is based on

the “backseat-driver” paradigm: a backseat computer executes
the processes managing the mission and produces commands
for a frontseat computer in charge of the low-level vehicle
control [43].
The software architecture running on the vehicles is based

on MOOS-IVP [43]. MOOS-IVP is an open source C++
framework for providing autonomy to robotic platforms,
in particular marine vehicles. MOOS-IVP is based on the
publish/subscribe paradigm: a community of processes
subscribe to receive and publish variables from/to a database
(MOOSDB). For the management and control of vehicles, the

MOOS framework works according to the backseat-driver and
fits with the described hardware: MOOS processes managing
the mission run on the backseat computer receiving data
from/issuing commands to the frontseat computer. The IvP
Helm is a MOOS application that enables behaviour-based
autonomy [43]. A behaviour is a self-contained vehicle control
law that achieves and/or maintain goals [44]. Behaviours can
run simultaneously and can be grouped into behaviour sets,
which are active based on certain conditions. The IvP Helm
is able to reconcile the different active behaviours outputs by
using interval programming technique. It combines the objec-
tive functions generated by the different active behaviours to
produce the commands for the frontseat controller, specifically
speed, heading and depth commands. The different behaviours
offer a set of navigation primitives, such as waypoint naviga-
tion, racetracks or collision avoidance. These are the building
blocks to create theAUVmissions.
In the MOOS framework, the signal processing software is
run [6], [45]. At each ping,pProcessSlitaBB, a MOOS front-
end to the active sonar signal processing algorithm libraries,
receives the acoustic data coming from the array and acquired
by the frontseat computer, and produces the contacts (range
and bearing data). In particular, it executes the beamform-
ing, matched filtering, normalization and finally creates the
contacts. Contacts are fed to the on board tracker process, in
this case theCMREmulti-hypothesis tracker (MHT) [46]. The
tracker processes the contact data, first geolocating them using
the source location and the array location/heading angle. Then
it combines (spatially) relatedcontacts over time, generating
tracks.
During the two described experiments, pre-planned
racetracks were executed by theAUVs. Pre-planned tracklines
assure coverage of the area with the area coverage timing com-
putable prior the experiment. These features were important
to fulfill the mission requirements.

B. Exercise Proud Manta 2012

The EXPOMA12 was held in the Mediterranean Sea off the
coast of Sicily, Italy during February-March 2012. The setup
of the experiment is reported in Figs. 4–5, where we depict
the location of theDEMUSsource (yellow diamond), position
ofAUVs,Harpo(blue square) andGroucho(green square),
and the trajectory of the target (black dashed line). The
ERtowed by theNRVAlliance is used in the experiment as a
reproducible and controllable target.
TheDEMUS is located at(12.3km,23.2km).Thetarget
sails from the location(16.5km,16.9km)to(17.2km,9.8km)
and then goes to (11.3km,15.8km). TheAUVs sail
south-east of the source position and the target trajectory.
The duration of the experiment is approximately two hours.
Further details about the experimental setup are also available
in [13].
A key element of this procedure is that the SNR
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,and
consequently the detection probability at each AUV, depends
on the geometry of the bistatic system and on the environment,
e.g. multipath time spread, reverberation, bathymetry, sound
speed, see further details in [13], [15], [19], and [20].
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Fig. 4. Sea trial EXPOMA12. Behaviour of theDIFFUSIONscheme, based on detection sharing and with perfect communication, using the EXPOMA12
data set, with the detection probability of Harpo and Groucho provided by the acoustic model. Time scank=15 andk=75. Right-side detection detection
probability map of Harpo and Groucho at time scank, Groucho and Harpo positions (white square ‘’), source position (white diamond ‘♦’). Left-side we
report the target trajectory (dashed black line), current target position (‘x’), estimated target track at timek(red ‘’), Harpo contacts at timek(blue ‘’),
Groucho contacts at timek(green ‘’), Harpo position at timek(blue square ‘’), Groucho position at timek(green square ‘’),DEMUSposition
(yellow diamond ‘’). (a) k=15. (b) k=75.

Fig. 5. Sea trial EXPOMA12. Results of theDIFFUSIONscheme, based on
detection sharing and with perfect communication, using the detection prob-
ability of Harpo and Groucho provided by the acoustic model. We report the
target trajectory (dashed black line), the estimated target trajectory (red ‘’),
overall Harpo contacts (blue ‘’), overall Groucho contacts(green ‘’),
Harpo trajectory (blue square ‘ ’), Groucho trajectory (green square ‘’),
DEMUSposition (yellow diamond ‘’).

The detections of eachAUVare combined by usingDIFFU-
SION, defined in Sec. III. TheDIFFUSIONis implemented by
a particle filtering strategy derived in Sec. III-B.
In Fig. 4, we report the behaviour ofDIFFUSIONin which

the detection probability of eachAUVs is not constant over
the surveillance region. Fig. 4(a)-(b) (right-side) show the so-
called blanking region between theAUVand the source and
also the degradation of the detection probability (<0.3) near
the edges of the surveillance region. However, note that the
target is mostly moving in the region where the detection
probability is high (≈0.7−0.9).

Fig. 6. Sea trial EXPOMA12. Posterior target presence probability of the
DIFFUSIONscheme, based on detection sharing and with perfect communica-
tion, versus the timek. The decision thresholdpγ=0.8 is also reported.

TABLE I

SEATRIALEXPOMA12. COMPARISON INTERMS OFTOTANDFAR

AMONGDIFFUSIONWITHPERFECTCOMMUNICATION(CER=0),

CER=75%ANDDETECTOR ONBOARD THESINGLEAUV

Using the proposed procedure we are able to correctly
estimate the target trajectory and to reject most of the ghost
and false contacts, see Fig. 5. In Fig. 6 the posterior target
presence probability is depicted. It is worthwhile to note that
for 25<k<40 the target is erroneously considered absent,
this is caused by the fact that there is a mismatch between
the expectedAUV
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detection probability and the true one.
This problem can be overcomed using an adaptive tracking
strategy developed in [48] and [49]. In Tab. I we report the
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Fig. 7. Sea trial EXPOMA13. Behaviour of theDIFFUSIONscheme, based on track sharing. Time scank=86,87,90,93. We report the target trajectory
(dashed black line), current target position (’x’), current position and related covariance of the tracks on boardAUVs (dashed blue for Harpo and dashed green
for Groucho) and the fused tracks usingDIFFUSION(dashed red). The trackIDis reported, as well as the ambiguousIDreferred as twinID. The Association
events are present in time scank=87,90,93 leading toID=212 to be declared as target by theDIFFUSIONscheme. (a) k=86. (b) k=87. (c) k=90.
(d) k=93.

performance of theDIFFUSIONscheme in terms of TOTand
FAR. The detector on board ofAUVsisabletocorrectly
declare the target presence 78% (TOT of Harpo) and
53% (TOT of Groucho) of the overall target time at the cost
ofFAR=7.5·10−5(Harpo) andFAR=9.1·10−5(Groucho).
The use of theDIFFUSIONcollaboration amongAUVsisable
to sensibly increase the performance reducing theFARof two
order of magnitude and increasing the TOT over the 90%.
Specifically when there is a perfect communication (CER=0)
the TOT for bothAUVs is 94% withFAR=2.5·10−7while
when the communication is affected by remarkable issues,

CER=75%, theDIFFUSIONexhibits still good performance,
TOT = 95% and TOT = 91% for respectively
Harpo and Groucho, but at the price of an increase of
theFAR,5.8·10−7for Harpo and 6.7·10−7for Groucho.

C. Exercise Proud Manta 2013

The EXPOMA13 was held in the Mediterranean Sea off
the coast of Sicily, Italy during February-March 2013. TheER
towed by theNRV

CMRE Reprint Series

Alliance is used in the experiment as a
reproducible and controllable target. We have two trajectories
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Fig. 8. Sea trial EXPOMA13. Results of theDIFFUSIONscheme, based on tracks collected atc2on board of theNRV. On the left side, we report
the target trajectory (dashed black line), overall Harpo tracks (blue ‘’), overall Groucho tracks (green ‘’). On the right side, we report the target

trajectory (dashed black line) and theDIFFUSIONtracks (red circles “”) generated at thec2.

of the target, each of them is about one and a half hour. In the
first trajectory the target sails from the location(7km,12 km)
to(11 km,17 km)and finally goes to(10 km,16 km),inthe
second one the target sails from the location(10 km,15 km)
to(12 km,18 km)and finally goes to(8km,13 km).
TheDIFFUSION based on track sharing is adopted here,

in which the tracks collected byAUVs during the experiment
are combined at thec2on board of theNRVAlliance. TheCER
of theAUVs observed at thec2was quite good, around 10%
for Harpo and 30% for Groucho.
In Fig. 7 we report the behaviour of theDIFFUSIONscheme.
In time scank=86, Fig. 7(a), only two active tracks from
Harpo are available, consequentlyDIFFUSIONtracks are the
same of Harpo with a null score. TheDIFFUSION IDis taken
by the set of HarpoIDin this case. In time scank=87,
Fig. 7(b), two tracks are provided by Groucho. An association
event betweenID=212 of Harpo andID=533 of Groucho is
observed. Given thatID=212 andID=533 have ambiguous
tracks respectivelyID=217 andID=532 the association
event entails thatlk(212)=1andlk(217)=lk(532)=−1.
In time scank=90, Fig. 7(c), andk=93, Fig. 7(d), the same
association event is observed leading finally tolk(212)=3.
In time scank=90 the trackID=217 is substituted by track
ID=249, then finally at scank=93 we havelk(249)=−2,
lk(532)=−3.
Using DIFFUSION we are able to correctly estimate the

target trajectory and to reject most of the ghost and false
contacts, see Fig. 8. In Tab. II a comparison is reported in
terms of TOTandFARamong theDIFFUSION scheme and
the tracker on board the vehicles. In this case we report
an increment of the TOT(γ= 0) from the local tracker
83−70% (Harpo and Groucho) to 92% reducing theFAR

TABLE II

EXPOMA13. COMPARISON INTERMS OFTOTANDFAR AMONG

DIFFUSION ANDMHTONBOARD THESINGLEAUV

from 1.2−1.6·10−5to 0.9·10−5. Increasingγwe reduce the
FARof two orders of magnitude by decreasing the TOTtoa
level of 82% and of three orders of magnitude by decreasing
the TOTtoalevelof78−72%.

VI. CONCLUSION

In this paper we report recent advances in anti-submarine
warfare applications using a multistatic network of AUVs.
In particular we propose two distributed information fusion
(DIFFUSION) schemes, in which the information in the form
of contacts and tracks is shared among theAUVsandthe
command and control.
A full validation of theDIFFUSION schemes using real-

world experiments conducted by the NATO Science and
Technology Organization – Centre for Maritime Research and
Experimentation, during the sea trialsExercise Proud Manta
2012-2013, is reported. Significant performance improve-
ments ofDIFFUSIONschemes are observed in terms of both
TOTandFARagainst the use of a singleAUVasset. Specif-
ically, the TOT is increased over 90−95% while theFAR
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is reduced of two order of magnitude. The robustness of
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DIFFUSION with respect to communication failures is also
demonstrated, and the related performance results are reported
in this paper. Specifically, with 75% of communication failures
the TOT is over 90−95% with a relatively small increase of
theFAR.
Possible directions for future studies include the adaptive

AUVs deployment and dynamics, exploiting techniques like
dynamic programming and stochastic control. Considering the
shallow water environment the tracker can be also enhanced
using optimization strategies to maximize the target detection
probability. Another future work involves the use of a band-
width efficientfullydistributed target tracking collaborative
strategy.

REFERENCES

[1] I. F. Akyildiz, D. Pompili, and T. Melodia, “Underwater acoustic
sensor networks: Research challenges,”Ad Hoc Netw., vol. 3, no. 3,
pp. 257–279, Mar. 2005.

[2] D. R. Yoerger, M. Jakuba, A. M. Bradley, and B. Bingham, “Techniques
for deep sea near bottom survey using an autonomous underwater
vehicle,”Int. J. Robot. Res., vol. 26, no. 1, pp. 41–54, Jan. 2007.

[3] G. Ferri, M. V. Jakuba, and D. R. Yoerger, “A novel trigger-based method
for hydrothermal vents prospecting using an autonomous underwater
robot,”Auto. Robots, vol. 29, no. 1, pp. 67–83, Jul. 2010.

[4] A. A. Bennett and J. J. Leonard, “A behavior-based approach to adaptive
feature detection and following with autonomous underwater vehicles,”
IEEE J. Ocean. Eng., vol. 25, no. 2, pp. 213–226, Apr. 2000.

[5] S. T. Tripp, “Autonomous underwater vehicles (AUVs): A look at coast
guard needs to close performance gaps and enhance current mission
performance,” USCG Res. Develop. Center Studies, Groton, CT, USA,
Tech. Rep. 0704-0188, 2006.

[6] M. J. Hamilton, S. Kemna, and D. Hughes, “Antisubmarine warfare
applications for autonomous underwater vehicles: The GLINT09 sea trial
results,”J. Field Robot., vol. 27, no. 6, pp. 890–902, Nov./Dec. 2010.

[7] S. Coraluppi, “Multistatic sonar localization,”IEEE J. Ocean. Eng.,
vol. 31, no. 4, pp. 964–974, Oct. 2006.

[8] R. Georgescu and P. Willett, “The GM-CPHD tracker applied to real
and realistic multistatic sonar data sets,”IEEE J. Ocean. Eng., vol. 37,
no. 2, pp. 220–235, Apr. 2012.

[9] H. Cox, “Fundamentals of bistatic active SONAR,” inUnderwater
Acoustic Data Processing, Y. T. Chan, Ed. Norwood, MA, USA: Kluwer,
1989.

[10] S. G. Lemon, “Towed-array history, 1917–2003,”IEEE J. Ocean. Eng.,
vol. 29, no. 2, pp. 365–373, Apr. 2004.

[11] A. Maguer, R. Dymond, M. Mazzi, S. Biagini, and S. Fioravanti,
“SLITA: A new slim towed array for AUV applications,” inProc.
Acoust., 2008, pp. 141–146.

[12] A. Baldacci and G. Haralabus, “Signal processing for an active sonar
system suitable for advanced sensor technology applications and envi-
ronmental adaptation schemes,” inProc. 14th Eur. Signal Process.
Conf. (EUSIPCO), Sep. 2006, pp. 1–5.

[13] P. Braca, P. Willett, K. Lepage, S. Marano, and V. Matta, “Bayesian
tracking in underwater wireless sensor networks with port-starboard
ambiguity,”IEEE Trans. Signal Process., vol. 62, no. 7, pp. 1864–1878,
Apr. 2014.

[14] P. Braca, K. Lepage, P. Willett, S. Marano, and V. Matta, “Particle
filtering approach to multistatic underwater sensor networks with left-
right ambiguity,” inProc. 16th Int. Conf. Inf. Fusion (FUSION),Istanbul,
Turkey, Jul. 2013, pp. 266–271.

[15] R. Goldhahn, P. Braca, K. D. LePage, P. Willett, S. Marano, and
V. Matta, “Environmentally sensitive particle filter tracking in multistatic
AUV networks with port-starboard ambiguity,” inProc. IEEE Int. Conf.
Acoust., Speech, Signal Process. (ICASSP), Florence, Italy, May 2014,
pp. 1458–1462.

[16] K. Rajan, “The role of deliberation (and AI) in marine robots,” inProc.
Workshop Marine Robot., Looking Crystal Ball, Eurocast, Gran Canaria,
Spain, Feb. 2013, pp. 1–7.

[17] G. Ferri, A. Munafò, R. Goldhahn, and K. LePage, “A non-myopic,
receding horizon control strategy for an AUV to track an underwater
target in a bistatic sonar scenario,” inProc. CDC, Los Angeles, CA,
USA, Dec. 2014, pp. 5352–5358.

[18] K. LePage, “An SNR maximization behavior for autonomous AUV
control,” inProc. 10th Eur. Conf. Underwater Acoust.,Istanbul,Turkey,
2010, pp. 1–8.

[19] R. Goldhahn, P. Braca, and K. LePage, “Environmentally sen-
sitive behaviours for collaborating autonomous underwater vehi-
cles in multistatic surveillance networks,” NATO, La Spezia, Italy,
Tech. Rep. CMRE-FR-2013-012, Nov. 2013.

[20] P. Braca, R. Goldhahn, K. D. LePage, S. Marano, V. Matta, and
P. Willett, “Cognitive multistatic AUV networks,” inProc. 17th Int.
Conf. Inf. Fusion (FUSION), Salamanca, Spain, Jul. 2014, pp. 1–7.

[21] G. Ferri, A. Munafó, R. Goldhahn, and K. LePage, “Results from
COLLAB13 seatrial on tracking underwater targets with AUVs in
bistatic sonar scenarios,” inProc. Oceans, St. John’s, NL, Canada,
Sep. 2014, pp. 1–9.

[22] S. Maresca, P. Braca, J. Horstmann, and R. Grasso, “Maritime surveil-
lance using multiple high-frequency surface-wave radars,”IEEE Trans.
Geosci. Remote Sens., vol. 52, no. 8, pp. 5056–5071, Aug. 2014.

[23] G. Vivone, P. Braca, and J. Horstmann, “Knowledge-based multitarget
ship tracking for HF surface wave radar systems,”IEEE Trans. Geosci.
Remote Sens., vol. 53, no. 7, pp. 3931–3949, Jul. 2015.

[24] Y. Bar-Shalom, P. K. Willett, and X. Tian,Tracking and Data Fusion:
A Handbook of Algorithms. Storrs, CT, USA: YBS Pub., 2011.

[25] B.-T. Vo, B.-N. Vo, and A. Cantoni, “The cardinality balanced multi-
target multi-Bernoulli filter and its implementations,”IEEE Trans. Signal
Process., vol. 57, no. 2, pp. 409–423, Feb. 2009.

[26] A. Gning, B. Ristic, and L. Mihaylova, “Bernoulli particle/box-particle
filters for detection and tracking in the presence of triple measurement
uncertainty,”IEEE Trans. Signal Process., vol. 60, no. 5, pp. 2138–2151,
May 2012.

[27] B. Ristic, B.-T. Vo, B.-N. Vo, and A. Farina, “A tutorial on Bernoulli
filters: Theory, implementation and applications,”IEEE Trans. Signal
Process., vol. 61, no. 13, pp. 3406–3430, Jul. 2013.

[28] P. Braca, S. Marano, V. Matta, and P. Willett, “A linear complexity
particle approach to the exact multi-sensor PHD,” inProc. IEEE
Int. Conf. Acoust., Speech, Signal Process. (ICASSP), May 2013,
pp. 4061–4065.

[29] P. Braca, S. Marano, V. Matta, and P. Willett, “Asymptotic efficiency
of the PHD in multitarget/multisensor estimation,”IEEE J. Sel. Topics
Signal Process., vol. 7, no. 3, pp. 553–564, Jun. 2013.

[30] P. Braca, S. Marano, V. Matta, and P. Willett, “Multitarget-multisensor
ML and PHD: Some asymptotics,” in Proc. 15th Int. Conf. Inf.
Fusion (FUSION), Singapore, Jul. 2012, pp. 2347–2353.

[31] P. Braca, M. Guerriero, S. Marano, V. Matta, and P. Willett, “Selective
measurement transmission in distributed estimation with data associ-
ation,”IEEE Trans. Signal Process., vol. 58, no. 8, pp. 4311–4321,
Aug. 2010.

[32] C. H. Harrison, “Closed-form expressions for ocean reverberation and
signal excess with mode stripping and Lambert’s law,”J. Acoust. Soc.
Amer., vol. 114, no. 5, pp. 2744–2756, 2003.

[33] C. H. Harrison, “Fast bistatic signal-to-reverberation-ratio calculation,”
J. Comput. Acoust., vol. 13, no. 2, pp. 317–340, Jun. 2005.

[34] C. H. Harrison, “Target time smearing with short transmissions
and multipath propagation,”J. Acoust. Soc. Amer., vol. 130, no. 3,
pp. 1282–1286, 2011.

[35] C. Kreucher, K. Kastella, and A. O. Hero, “Multitarget tracking using
the joint multitarget probability density,”IEEE Trans. Aerosp. Electron.
Syst., vol. 41, no. 4, pp. 1396–1414, Oct. 2005.

[36] B.-N. Vo, S. Singh, and A. Doucet, “Sequential Monte Carlo methods
for multitarget filtering with random finite sets,”IEEE Trans. Aerosp.
Electron. Syst., vol. 41, no. 4, pp. 1224–1245, Oct. 2005.

[37] M. S. Arulampalam, S. Maskell,N. Gordon, and T. Clapp, “A tutorial
on particle filters for online nonlinear/non-Gaussian Bayesian tracking,”
IEEE Trans. Signal Process., vol. 50, no. 2, pp. 174–188, Feb. 2002.

[38] R. P. S. Mahler,Statistical Multisource-Multitarget Information Fusion.
Norwood, MA, USA: Artech House, 2007.

[39] H. V. Poor,An Introduction to Signal Detection and Estimation.
New York, NY, USA: Springer, 1988.

[40] R. Been, D. T. Hughes, and A. Vermeij, “Heterogeneous
underwater networks for ASW: Technology and techniques,” in
Proc. UDT Eur.

CMRE Reprint Series

, Glasgow, U.K., Jun. 2008. [Online]. Available:
http://www.cmre.nato.int/about-cmre/fact-sheets/doc_download/64-
heterogeneous-underwater-networks-for-asw-technology-and-techniques

[41] [Online]. Available: http://www.evologics.de/
[42] [Online].Available: http://liquidr.com/
[43] [Online]. Available: http://oceanai.mit.edu/moos-ivp/pmwiki/pmwiki.

php

CMRE-PR-2019-098

11



[44] R. Arkin,Behavior-Based Robotics. Cambridge, MA, USA: MIT Press,
1998.

[45] S. Kemna, M. J. Hamilton, D. T. Hughes, and K. D. LePage, “Adaptive
autonomous underwater vehicles for littoral surveillance,”Intell. Service
Robot., vol. 4, no. 4, pp. 245–258, Oct. 2011.

[46] S. Coraluppi and C. Carthel, “Distributed tracking in multistatic sonar,”
IEEE Trans. Aerosp. Electron. Syst., vol. 41, no. 3, pp. 1138–1147,
Jul. 2005.

[47] G. Papa, P. Braca, S. Horn, S. Marano, V. Matta, and P. Willett,
“Adaptive Bayesian tracking with unknown time-varying sensor
network performance,” inProc. 40th IEEE Int. Conf. Acoust., Speech
Signal Process. (ICASSP), Brisbane, Qld., Australia, 2015.

[48] G. Papa, P. Braca, S. Horn, S. Marano, V. Matta, and P. Willett,
“Adaptive Bayesian tracking under time-varying target detection
capability of sensor networks with measurement origin uncertainty,”
IEEE Trans. Signal Process., to be published.

Paolo Braca(M’14) received the Laurea (summa
cum laude) degree in electronic engineering and
the Ph.D. (Hons.) degree in information engineering
from the University of Salerno, Salerno, Italy, in
2006 and 2010, respectively. In 2009, he was a Vis-
iting Scholar with the Department of Electrical and
Computer Engineering, University of Connecticut,
Storrs, CT, USA, working with Prof. P. K. Willett.
In 2010, he was a Senior Engineer with D’Appolonia
S.p.A., Rome, Italy. From 2010 to 2011, he was
a Post-Doctoral Associate with the University of

Salerno.
He joined the Centre for Maritime Research and Experimentation, NATO
Science and Technology Organization, in 2011, as a Scientist with the
Research Department. He is involved in developing signal processing tech-
niques for different kinds of sensor network technologies, including low-power
radar sensor network (X-band and HF surface wave), sonar AUV network, and
transponder-based satellite/terrestrial sensors. A special emphasis is given to
the study of distributed and autonomoussignal processing techniques applied
to networked systems. Typically, these techniques are scientifically validated
and tested during NATO experimentation in the field of maritime security and
antisubmarine warfare.
Dr. Braca has co-authored over 70 publications in international scientific
journals, conference proceedings, and NATO technical reports. He is currently
an Associate Editor of theIEEE Signal Processing Magazine(E-Newsletter)
and theJournal of Advances in Information Fusion, and a Reviewer for
several scientific journals and conferences. He has been a Co-Organizer with
Prof. P. K. Willett of the special session Multisensor Multitarget Tracking at
the European Signal Processing Conference in 2013. He was a recipient of
the Best Student Paper Award (First Runner-Up) at the 12th Conference on
Information Fusion in 2009.

Ryan Goldhahn received the B.A. degree from
Dartmouth College in 2004, and the M.S. and Ph.D.
degrees in electrical and computer engineering from
Duke University, in 2007 and 2010, respectively.
Since 2010, he has been with the NATO Centre for
Maritime Research and Experimentation, CMRE, La
Spezia, Italy, in model-based underwater acoustic
signal processing. His current research interests
include autonomous vehicles and distributed sensor
networks.

Gabriele Ferri (S’06–M’08) received the Laurea
(Hons.) degree (M.S.) in computer engineering from
the University of Pisa, Pisa, Italy, in 2003, and the
Ph.D. degree in biorobotic science and engineering
jointly from Scuola Superiore Sant’Anna, Pisa, and
IMT Advanced Studies, Lucca, Italy, in 2008. From
2003 to 2005, he was a Software/System Consul-
tant Engineer with WASS, a Finmeccanica group
company, Livorno, Italy, developing a new system of
control and guidance for alight-weighted torpedo. In
2007, he was a Visiting Researcher with the Woods

Hole Oceanographic Institution, Woods Hole, MA, USA. He was involved in
the Dustbot FP6 European project developing the navigation system of urban
autonomous land robots.
After a period as a Post-Doctoral Investigator with Scuola Superiore
Sant’Anna, where he worked as a Project Leader of the HydroNet FP7
European Project, in 2012, he won a position as a Research Scientist with the
NATO Centre for Maritime Research and Experimentation, La Spezia, Italy.
His research interests include multi-robot systems for littoral surveillance,
robotic systems for environmental monitoring/exploration, control theory, and
robot navigation topics.
He is the Technical Director of Student Autonomous Underwater Vehicle
Challenge Europe (SAUC-E) and the euRathlon 2014 and 2015 robot com-
petitions.

Kevin LePage

CMRE Reprint Series

received the B.S. degree in naval
architecture and marine engineering from Webb
Institute, in 1983, the Ph.D. degree in ocean engi-
neering from the Massachusetts Institute of Technol-
ogy (MIT), in 1992, and the M.S. degree from MIT
in 1987. He was a Naval Architect with DTNSDRC,
Cabin John, MD. He joined CMRE in 2008, where
he has been the Project Leader for the Concepts
for Littoral Surveillance Project within the Coop-
erative ASW Programme from 2010 to 2012, and
the Programme Manager for that programme since

2013. In this time, he has worked on the development and deployment of an
autonomous active ASW prototype based on the concept of AUVs acting as
receivers in a multistatic active ASW network. This demonstrator has been
taken to sea seven times since 2008, and most recently has been deployed
in national experimentation with the Italian Navy twice (2011 and 2013) and
twice during NATO ASW exercises (POMA12 and 13). He was a Research
Physicist with the U.S. Naval Research Laboratory, Washington, DC, USA,
from 2002 to 2008, a Senior Scientist with the SACLANT ASW Research
Centre from 1997 to 2002, and a Scientist and later a Senior Scientist with
Bolt Beranek and Newman, Cambridge, MA, USA, from 1992 to 1997. He has
expertise in reverberation and scattering modeling, multistatic ASW, Arctic
and global scale acoustics, and structural acoustics and vibration. He is a
fellow of the Acoustical Society of America.

CMRE-PR-2019-098

12



 

0B0B0BDocument Data Sheet  
  
Security Classification 

 

Project No. 

 

Document Serial No. 

CMRE-PR-2019-098 

Date of Issue 

June 2019 

Total Pages 

12 pp. 

Author(s) 

Paolo Braca, Ryan Goldhahn, Gabriele Ferri, Kevin D. LePage 

Title 

Distributed information fusion in multistatic sensor networks for underwater surveillance 

Abstract 

 
Surveillance in antisubmarine warfare has traditionally been carried out by means of submarines or 
frigates with towed arrays. These techniques are manpower intensive. Alternative approaches have 
recently been suggested using distributed stationary and mobile sensors, such as autonomous underwater 
vehicles (AUVs). In contrast with the use of standard assets, these small, low-power, and mobile devices 
have limited processing and wireless communication capabilities. However, when deployed in a spatially 
separated network, these sensors can form an intelligent network achieving high performance with 
significant features of scalability, robustness, and reliability. The distributed information FUSION 
(DIFFUSION) strategy, in which the local information is shared among sensors, is one of the key aspects 
of this intelligent network. In this paper, we propose two DIFFUSION schemes, in which the information 
shared among sensors consists of: 1) contacts, generated by the local detection stage and 2) tracks, 
generated by the local tracking stage. In the first DIFFUSION scheme, contacts are combined at each 
nodes using the optimal Bayesian tracking based on the random finite set formulation. In the second 
DIFFUSION scheme, tracks are combined using the track-to-track association/fusion procedure, then a 
sequential decision based on the association events is exploited. A full validation of the DIFFUSION 
schemes is conducted by the NATO Science and Technology Organization-Center for maritime research 
and experimentation during the sea trials Exercise Proud Manta 2012-2013 using real data. Performance 
metrics of DIFFUSION and of local tracking/detection strategies are also evaluated in terms of time-on-
target (ToT) and false alarm rate (FAR). We demonstrate the benefit of using DIFFUSION against the 
local noncooperative strategies. In particular DIFFUSION improves the level of TOT (FAR) with respect 
to the local tracking/detection strategies. In particular, the TOT is increased over 90%-95% while the FAR 
is reduced of two order of magnitude. The problem of communication failures, data not available from the 
collaborative AUV during certain periods of time, is also investigated. The robustness of DIFFUSION 
with respect to these communication failures is demonstrated, and the related performance results are 
reported here. In particular, with 75% of communication failures the ToT is over 90%-95% with a 
relatively small increase of the FAR with respect to the case of perfect communication. 

Keywords 

Collaborative data fusion, antisubmarine warfare, multistatic active sonar, target tracking, 
underwater sensor networks, autonomous underwater vehicles, real-world experimentation 

Issuing Organization  

NATO Science and Technology Organization 
Centre for Maritime Research and Experimentation 

Viale San Bartolomeo 400, 19126 La Spezia, Italy 
 
[From N. America: 
STO CMRE 
Unit 31318, Box 19,  APO AE 09613-1318] 

 

Tel: +39 0187 527 361 
Fax:+39 0187 527 700 
 
E-mail: library@cmre.nato.int 
 

  

  
 

mailto:library@cmre.nato.int


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




