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Abstract — Active and passive sonar systems often provide
complementary information. Active systems generally pro-
vide good localization but are subject to high rates of clut-
ter from bottom and volumetric scatterers. Passive systems
generally have good resolution only in bearing and only can
detect objects that emit acoustic energy. By fusing measure-
ments from both types of systems, the passive data can be
used to reduce the clutter in the active data. The result is im-
proved target tracking, as shown in two examples, including
the injection of a single target into a recorded active clutter
dataset.
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1 Introduction

Historically, passive sonar systems and active sonar sys-
tems have been used separately. Passive systems generally ex-
cel in long-range, low-frequency detection and classification,
but are subject to false alarms from far away, loud interferers.
Active systems tend to be used for shorter range detection and
localization, but are subject to local clutter from bathymetric
features and other scatterers. By fusing active and passive
data in a single detection and localization system, one should
realize overall gains in performance due to the complemen-
tarity of the information they provide.

For example, an undersea ridge will lead to significant clut-
ter in an active system. However, an undersea ridge does not
emit its own acoustic energy, and is therefore not detectable
on a passive system. Consequently, the fusion of the active
and passive data should decrease the probability of a false
alarm on the ridge. Similarly, one may only be concerned
with a target of interest (TOI) that emits acoustical energy,
and therefore can be expected to be detectable on both active
systems and passive systems. The result of the fused pro-
cess should be a detection on the true TOI with fewer false
alarms (or false tracks or errors in localization, depending
on the tracker used) than the active system alone. Addition-
ally, the incorporation of the active data into the passive data
should greatly increase the localization of the target, which,

for example, may only be known in bearing on the passive
system.

Bayesian inference is recognized as a general framework
for performing optimal target tracking. Fundamentally, it as-
sumes that the uncertainty in our knowledge of the state of the
target (or targets) may be represented well by probabilities.
Bayes’ theorem then provides the basic mechanism whereby
measurements update these probabilities and, hence, our state
of knowledge of the world. The probabilities serve as a com-
mon interface for different sensors, and thus the problem of
data fusion becomes one of modeling the probabilities for dif-
ferent sensors, as well as a computational issue of how to im-
plement the filter.

In this paper, we demonstrate that fusion of passive sonar
data with active sonar data can reduce clutter and improve
tracker performance. In Sec. 2, we provide an overview of
the Bayesian fusion of active and passive sonar data in a vari-
ation of a track-before-detect system. In Sec. 3, we consider a
simulated example using data generated with the Sonar Sim-
ulation Toolset (SST) [1, 2]. In Sec. 4, the example involves
real world recorded active clutter data, into which we have
injected targets with appropriate active echoes and radiated
noise using SST. A brief summary is given in Sec. 5.

2 Background

There has been extensive work on representations of
Bayesian filters, including variations of Kalman filters [3],
grid-based methods [4], and particle filters [S]. In this paper,
we adopt a grid-based implementation of the filter, based on
details in an article that is under review [6] and summarized
here.

2.1 Grid-based Bayesian tracker introduction

Grid-based Bayesian updating and tracking has a long his-
tory, including recent advances [4, 7, 8, 9, 10, 11, 12]. In a
grid-based Bayesian filter, the state is discretized into a multi-
dimensional grid. If the state space is inherently discrete, then
a grid is an optimal representation. More commonly, the state
space is continuous (or a mixture of continuous and discrete



states). In this case, the grid represents a piece-wise constant
approximation of the posterior density.

We consider a Bayesian tracking scheme for which the
state space consists of the number of targets present (either
zero or one in this paper) and the target’s kinematic state, s,
given that it is present. Let p,, be the probability that a sin-
gle target is present in a particular region of interest, and let
pn(s) be the posterior probability density function after the
n*™ measurement is incorporated, where n = 0 corresponds
to the prior distribution.

Two likelihood functions are relevant. The target likeli-
hood function L, (y,|s) denotes the likelihood of receiving
measurement y,, given that the target is in state s. The no-
target likelihood function L, (y,|@) denotes the likelihood
of receiving measurement y,, when there is no target present.
Measurement updates on the kinematic PDF are performed
using Bayes’ theorem, which for notational purposes we write
as

pn(8) = Lu(yn|s)p,, (s)/En, (1)

where p,, is the motion updated prior distribution and E,, is
the partial Bayesian Evidence [13] for a target being present ,
where F,, is given as

E, = /Ln(yn\s)p;(s)ds. (2)
Similarly, the target probability is updated by

Enp;,
(1 = pn)Ln(yn|@) + pn E, ’

Pn = (3)

where p,, is the motion updated target probability [14].

The target is assumed to follow an Integrated Ornstein-
Uhlenbeck (IOU) process [4]. The kinematic update of the
IOU process is implemented using a particle-filter like model
in which each grid cell is sampled with particles, and then
the IOU model is used as in [5] to update the particle cloud
for each cell. Then, the relocated particles and their asso-
ciated probability weights are aggregated back into the grid
representation. Additional details are provided in [6]. Ad-
ditionally, a birth-death process in which targets can appear

inside the state space or exit the state space is implemented as
described in [15].

2.2 Active sonar modeling

The crucial link between the actual sonar systems and
the Bayesian filter is the definition of the likelihood func-
tions. We choose a model that is based closely on the ac-
tual signal propagation process, as described in more detail
in [11]. We define the likelihood model in terms of mea-
sured signal-to-noise ratio (SNR) values from the normalized
matched filter output of a standard active signal processing
chain. Both frequency modulated (FM) and continuous wave
(CW) transmit waveforms can be considered, but for this pa-
per we limit ourselves to FM data. In general, each SNR
value (in units of squared amplitude) z; is associated with
a particular echo time of arrival (TOA) 74 and angle of ar-
rival (AOA) ¢;. Each measurement y consists of K returns

yi such that y = (y1,...
Yk = (2, Ths Ok)-
2.2.1 Basic active likelihood model

The SNR values are assumed to be independent and fol-
low a generalized Pareto distribution (GPD), so the likelihood
function for the overall measurement y is

, YK ), where for an FM waveform

K —(141/¢)
) N C))

k=1 i (8)

where ¢ is the GPD shape parameter, p(s) represents the
mean SNR (see Sec. 2.2.2) that one would expect to receive
from measurement element yy, given that the target state is s.
The GPD generalizes the exponential distribution presented
in [11] and allows one to account for fatter tails in the ob-
served normalizer output.

We choose to use thresholded measurements in order to re-
duce the false alarm rate and computational cost. Accord-
ingly, only individual elements with SNRs that exceed a set
threshold 7 are incorporated in to the measurement. Let
k = (ki,...,kr) denote an ordered sequence of indices cor-
responding to these threshold crossings. If there are no thresh-
old crossings, then k = &. For such measurements the likeli-
hood is (see [11] for derivation)

I

K
1— Fi(n|s
Lk, yls) = [ Fells) [] ils)
k=1 =1

)
Fi(nls) fi(zils,m), (5)

where f;(z;|s,n) and F;(n|s) are respectively the conditional
probability density and the cumulative probability functions
of the appropriate GPD.

2.2.2 Active SNR predictive modeling

The mean received SNR in units of amplitude squared at
a point k is a sum of the uniform background clutter o3 and
the energy provided by a target with nominal target strength
of o2 in state s, such that

1k () = (@) + o hi(s), (©6)

where hi(s) € [0,1] is the response function, specifically
the product of the array beam response b(¢) and waveform
ambiguity function |x (7, v)|? for a target in state s. The beam
response, as approximated here, is given by

b(¢) = sinc?(¢/Ag), (7)

where ¢ = ¢(s) — Pk, ¢(s) is the bearing to the hypothesized
target state, and A¢ is the nominal beam width. One could
use a more detailed model when necessary.

For a linear FM waveform, the ambiguity function for 7 <
Tis

() = (1 - |;> sinc [(y —rB/T)T (1 — g)} :
(®)

where T is the pulse length, B is the bandwidth, and 7 =
T(8) — T, v = v(8) — v, and 7(s) and v(s) are the TOA and



Doppler shift corresponding to the hypothesized target state s
[16]. For 7 > T, x(7,v) = 0. The predictive SNR modeling
also accounts for detection ranges and blanking regions.

2.3 Passive sonar modeling

Assume there is one narrow-band plane-wave signal im-
pinging on an N-element uniformly-spaced horizontal line ar-
ray (HLA). The AOA of the signal, denoted by ¢, is measured
relative to the line of bearing of the array (i.e. 0° is forward
endfire and 90° is broadside). Note that when a linear array
is used the AOAs from 0° to 180° are indistinguishable from
those at 180° to 360°. This is often referred to as left-right
ambiguity. The frequency domain model used for the sam-
pled array output is then given by the N x 1 vector,

y(f:t5) =s(fity) v (f,0) +n(t), 9

where f represents frequency, j are the times of the signal
snapshots, s (f, ;) is the signal amplitude, v ( f, ¢) represents
the so-called steering vector to a signal in direction ¢ [17],
and n (t;) is additive (spatially and temporally) white noise.
It is assumed that the signal and noise are mutually indepen-
dent, zero-mean Gaussian random processes with variance o2
and o2, respectively. The model ignores ambient noise that
may be colored. Since it is also assumed that the frequency of
interest is known, we will suppress f dependence from here
forward.

Based on the model of (9) and assuming that the signals are
uncorrelated, then the observation data covariance matrix has
the form

R, = E{yt;)y(t)"} (10)
= olv () v (9)" +oil (1

where 02 and o2 represent the signal and noise powers, re-
spectively. Each measurement, y, will consist of a collection
of snapshots y (¢;), 7 = 1,2,...,J. The sample covariance

matrix is then defined to be
1 H
Cy=5> ylt)y(t)". (12)

j=1

Given that the signal and noise are zero-mean Gaussian

random processes, the log-likelihood function (LLF) is given
by [17]

InL(yls) = —NJIn(n)

—JIn(|Ry (s)|) — Jur (R, " (s) Cy) . (13)

Note that there is a non-linear relationship between the state,
s, and AOA, ¢. Substituting the form for Ry, given by (11),
into (13) and removing constants that are independent of ¢
we obtain the simplified expression

o2
InL(yls) =InL(y|@) — Jln (1 + N052>

n

2
N N
+J | 5 —= | Posr(¢) (14)
Oq 1+N7}

where Pegr (¢) = v (¢)” C,v (¢) /N? is the output power
of a conventional beamformer (CBF), and In L (y|9) is the
no-target (o2 = 0) log-likelihood, given as

1
Etr(cy)

InL (y|@) = —K | Nln(c?) + (15)

Unfortunately, the parameters o2 and o2 are usually not
known a priori. To that end, the parameters are replaced with
their maximum likelihood estimates (MLEs) when evaluating
(14). A method for computing these MLEs can be found in
[18]. Although this model assumes only one signal is present,
it may be generalized to account for interferers as discussed
in [19].

3 Example with Simulation data

The first example involves a purely simulated data set and
explores the general concepts and feasibility of the approach
for fusing active and passive sonar data. It also reveals the
value of combining two complementary information sources
for improving target localization.

3.1 Example description

The raw acoustic data is generated using SST [1, 2] as men-
tioned previously. The scenario layout is summarized in Fig.
1. The example consists of a single point target (the TOI)
with initial position of [-12, 28] km and a constant velocity
of [0, -4.5] m/s. The simulation is run for 225 minutes. The
target is modeled to emit a narrowband signal with a center
frequency of 500 Hz and a source level of 141 dB re 1 pPa
in the frequency bins processed. In addition, it has an active
target strength of 27 dB. The ambient noise is 62 dB re 1 uPa
in the frequency bins processed.

In addition to the TOI, two discrete clutter objects are mod-
eled. The motivation for these objects is to approximate
the effects of fixed scatterers such as bathymetric features or
wrecks on the ocean floor. The first fixed clutter object (la-
beled C1) is a point scatterer located at [7.05, -13] km hav-
ing a target strength of 28 dB. The second (labeled C2) is a
point scatterer with a target strength of 28 dB located at [9.15,
71 km. Neither radiates any acoustic energy.

The passive system consists of one 34.5 m long horizon-
tal line array (HLA) consisting of 25 uniformly spaced ele-
ments centered at [-5, 0] km and oriented east-west. The data
is sampled at 2400 Hz and processed over a frequency band
from 498.6 to 502.1 Hz in 90 second scans.

The active systems consists of a source (labeled S in Fig.
1) at [5, -1] km and a receiver (labeled R) at [0,-5] km. The
LFM sweep has a center frequency of 825 Hz, a bandwidth
of 50 Hz, a source level of 215 dB, and a pulse length of 1 s.
Each scan lasts for 30 seconds, leading to a maximum bistatic
range of about 45 km, or loosely speaking a range of about
20-25 km from the receiver, and scans occur every five min-
utes. The receiver consists of a horizontal plane array with an
azimuthal beam width of 13 degrees. The data is simulated
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Figure 1: Scenario layout and root mean squared error
(RMSE) in position estimates for Example 1

at the element level in SST and is then passed through a stan-
dard processing chain of a beamformer, a matched filter, and
a normalizer.

For this active system, the TOI appears to have an ob-
served SNR in the normalizer output of around 13 dB just
as the target enters the detection region around time 51 min-
utes. These numbers were found by analyzing the normalizer
output and comparing the peak returns in the vicinity of the
target’s known true position. For the four scans surround-
ing the closest point of approach, the observed peak SNRs
in the normalizer output near the target’s true position were
about 16-19 dB. For clutter object C1, the observed SNRs
are around 17-19 dB, while for clutter object C2 the observed
SNRs are around 14-15 dB. Note that the TOI has observed
SNRs that are equal to or small than those for clutter object
Cl1.

For the Bayesian tracker settings, we assume that the TOI
has a received SNR of 12 dB (input U% in (6)), the threshold
7 is set to 10 dB, and the GPD shape parameter £ is 0.30.
The fixed grid covers a region from -33 km to 33 km north
and -33 km to 33 km east, as well as velocities in the region
-12 m/s to 12 m/s north and -12 m/s to 12 m/s east. There are
51 grid cells in each position dimension, and 7 grid cells in
each velocity dimension.

3.2 Results

We compare three different scenarios for this example. The
first uses the active system only, while the second considers
only the passive system. The third scenario fuses the mea-
surements from both the active and the passive systems. The
first main criterion that will be used in comparing the results
are the root mean squared error (RMSE) of the position es-
timates (i.e. localization error). In general, it is also impor-
tant to look at the target probabilities, but in this example, the
target probabilities rise to near 1 very quickly for all meth-
ods due to the presence of the clutter objects (for active) and
the relatively loud received level from the TOI on the pas-
sive system. The RMSE:s for all three scenarios are shown in
Fig. 1. There are obvious differences in the results, with the
fused scenario performing much better than the other two, al-
though even the fused does not localize the target until about
30 minutes after it enters the active detection region. While

this is interesting, the real value of the example is derived
from examining each scenario independently before compar-
ing across methods. In this way, the actual complementary
between the active and passive data can be explored.

3.2.1 Active only scenario

The active only scenario fails to track the target for pri-
marily one reason: the persistent clutter objects are tracked
instead. Specifically, the tracker locks on to object C1. At
the start of the simulation, C1 and C2 are inside the detec-
tion region. With received SNRs of around 18 dB and 15 dB
respectively, they are easily identified with the tracker in a
single scan. C1 is louder than C2 for two reasons. First, C1 is
slightly closer (about 1.5 km closer in bistatic distance). Sec-
ond, it is nearly aligned with a beam, whereas C2 falls nearly
midway between beams, resulting in scalloping losses.

As shown in the example posterior from the second active
scan (provided in the top left of Fig. 2), the tracker has al-
ready concluded that the probability of there being a target
in the state space is high, and it has localized the maximum
a posteriori (MAP) estimate (labeled with the arrow), to C1.
There is also some probability collecting near C2, which re-
flects the consistent echos in that region. One can also see
areas of high probability scattered around the detection annu-
lus. These correspond to random clutter returns.

By scan six (top right of Fig. 2), the tracker is doing a
very good job of localizing the two clutter objects. This is
evidenced by the probability mass clustering near each object
and being cleared out from the regions with no consistent re-
turns. The shading is subtle in the figure, but it is important
to note that the regions not contained in the detection annu-
lus have a higher probability than regions inside the detection
region where there have been no consistent returns. Because
the likelihood models (via the predicted SNR) include infor-
mation about detection ranges, the tracker maintains the pos-
sibility that there is a target in regions it cannot “hear.”

Over time, the tracker isolates the stronger of the two clut-
ter objects, as shown in the bottom left of Fig. 2 for scan 31.
At this point, nearly all of the mass is focused near C1.

Occasionally, the returns from C1 are relatively weak,
while simultaneously relatively loud returns from the TOI are
present. However, the prior mass on C1 keeps the tracker fo-
cused there, even though some mass moves to the TOI and
C2, as shown in the lower right of Fig. 2 for scan 37. The
bulk of the probability (including the MAP estimate) remains
with C1, but there is some mass now visible around the TOI
and C2.

The situation shown in the top right of Fig. 2 is a candi-
date for separating out two targets in some manner as part
of the tracker. Alternatively, if the fusion operator becomes
convinced that these are bathymetric features or wrecks, they
can be accounted for as known clutter objects using the tech-
niques outlined in [11].

The example posteriors shown in Fig. 2 help to explain the
RMSE result shown in Fig. 1. The tracker, using the MAP
point estimate, does not track the TOI appropriately because
it instead tracks the louder object C1. However, results such
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Figure 2: Posteriors for active only scenario of example 1.
Gray scale reflects log of probability.

as the example in the lower right of Fig. 2, as well as exam-
ination of the likelihoods (not shown), reveal that there are
detectable echoes arriving from the target. Fusion with a dif-
ferent sensor that can also detect energy from the target but
not the clutter objects may provide complementary informa-
tion that reinforces TOI and downplays C1. Specifically, a
passive sensor can provide this information, as shown in the
following.

3.2.2 Passive only scenario

The inability of the passive receiver alone to localize the
target (shown in Fig. 1) is not surprising, because the pas-
sive receiver only gives an estimate of the bearing to the tar-
get. However, the details of the passive tracking behavior are
important to consider in order to better understand the fused
result.

Due to the linear nature of the array, there is a left-right
ambiguity in the bearing estimate. The ambiguity is clearly
visible on the right side of Fig. 3. Due to numerics, the MAP
estimate will fall on one of the two lines of bearing corre-
sponding to the ambiguity, so it may flip-flop between the
two correct ridges of high probability in bearing.

The MAP estimate is defined as the grid cell with the high-
est posterior probability, which leads to an interesting effect
in the tracker. Because beams spread out in Cartesian space
as range increases, a particular grid cell far from the receiver
spans a smaller angle than a grid cell close to the receiver
spans.

Consider a sequence of grid cells with centers falling ex-
actly on the line of bearing with the highest marginal prob-
ability. The cell that is farther away will have the highest
posterior probability due to simple geometry. The probability
assigned to a grid cell approximates the integral of the true
PDF over the states in that cell, and the PDF falls off as one
moves off beam. Therefore, cells at close range, which cover
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Figure 3: Posteriors for passive only scenario of example 1.
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a wider span of bearings, will have lower total probability.
This decrease in probability at close range is apparent in the
left side of Fig. 3.

On the right side of Fig. 3, a posterior from later in the
simulation is shown. While the same effect is seen near the
receiver, a competing effect is apparent far from the receiver
where the probability falls off again. This is due to the mod-
eling of of the velocity state space. The limit of 12 m/s in
each velocity dimensions bounds the possible motion of the
target in the motion update. For the target to maintain a long
range from the receiver and still achieve the observed bearing
rate, it would have to be traveling with a greater velocity than
modeled. This is a positive effect of the tracker, assuming the
bounds are properly chosen for the type of target of interest.

Another important aspect of the posterior on the left side of
Fig. 3 is the presence of areas of high probability that do not
correspond to the target. These are due to random ambient
noise. Even after 13 scans, there is still some probability that
there is a TOI at various bearings. At the beginning of the
simulation, the received level from the target is around 52 dB
re 1 uPa, whereas the ambient noise is around 62 dB re 1
pPa. Later in the simulation, the effects from the ambient
noise die out because the random noise is not consistent over
a time and because the received level of the target increases
as it gets closer to the array.

3.2.3 Fused scenario

The ability of the passive sensor to localize the bearing of
the TOI in directions that do not correspond to active clutter
objects suggests that it may be used to reduce the clutter in the
active tracking problem. As noted previously, the Bayesian
formulation is a natural mechanism by which to fuse the ac-
tive and passive data. The same target simulation and active
and passive data from the previous two sections is used again
but in a fused manner, with select posteriors shown in Fig. 4.

In the upper left posterior in Fig. 4, the MAP estimate
remains on C1. The passive data retains some ambiguity in
the bearing up to this point. As the received level from the
target increases (by virtue of getting closer to the HLA) and
random noise evens out, the bearing becomes more certain
and accurate. The upper right posterior in Fig. 4 is a few scans
later, and the passive has started to clear out the probability in
the directions corresponding to the clutter objects (which are
not radiating an acoustic energy).



After 18 minutes (bottom left of Fig. 4), the results of the
fusion become more obvious. The passive sensor has isolated
the target bearing, and the active system has cleared out some
of the mass inside its detection annulus where it is not consis-
tently receiving echoes. There is still some probability mass
associated with each clutter object due to the active returns,
but the MAP estimate has now moved outside the active de-
tection region. The MAP estimate is at the boundary due to
the geometric effect discussed in Sec. 3.2.2, and it is again
subject to flipping between the two lines of bearing.

At this point, the active and passive systems are essentially
battling each other. The passive system senses a target in di-
rections that contradicts what the active system is sensing, and
vice versa. The likelihood functions in Sec. 2 provide a nat-
ural scaling between the two systems that is data dependent
and guides this battle.

Once the target enters the active detection annulus, the ac-
tive and passive systems can both sense it. For measurements
near the TOI, the two systems reinforce the probability of a
target in that region. The disagreement in the directions of
the clutter objects persists. Consequently, the agreement in
the area of the TOI leads to an accurate MAP estimate near
the TOI, as shown in the bottom right of Fig. 4. Several im-
portant phenomena are visible in this posterior.

First, the probability along the passive system’s ambigu-
ity lobes is greater outside the active detective region. The
active likelihood model accounts for the detection annulus,
so no matter what the active systems actually receives, there
is always some probability that there is a target outside the
detection annulus. Inside the detection annulus, probabil-
ity increases where there are consistent returns and decreases
where there are either no returns or inconsistent returns over
several scans. Near the TOI, there are active returns consis-
tent with the moving target, and the passive system reinforces
this region as being a likely location for a target. While some
probability mass remains on each clutter object (barely vis-
ible in the figure), the contradictory active and passive data
on those objects is overwhelmed by the consistent data on the
actual TOI. This leads to accurate localization once the target
has entered the active detection annulus.

4 Example with DEMUS Active Clut-
ter Measurements

This example uses data that was collected during the DE-
MUS’04 sea-trial, which was conducted in the Malta Plateau
region during September of 2004. DEMUS’04 was per-
formed as part of the Deployable Multistatic Sonar Joint Re-
search Project formed between the NATO Undersea Research
Centre, the U.S. Office of Naval Research , and the U.K. Min-
istry of Defense. The sea-trial involved the use of, among
other assets, the Deployable Multistatic Undersea Surveil-
lance (DEMUS) system, a set of moored active sonar sources
and receivers.
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4.1 Data description

The configuration is summarized in Fig. 5, which also in-
cludes details about five regions where active clutter is persis-
tently found throughout the recorded data. For the purpose of
this example, three components are of interest: one DEMUS
source, denoted S located at the origin, and two DEMUS re-
ceivers, denoted R1 (located at [5.3814, -8.0006] km) and R2
(located at [-1.8352, -6.1560] km. Each was moored to the
bottom at a depth of about 50 m in an area with some 100 m
of water depth.

For this particular data set, denoted E06, the DEMUS
source pinged once every two minutes, including an LFM
pulse centered at 2350 Hz with a bandwidth of 400 Hz and
1-sec duration. A total of 60 scans, each about 34 sec long,
were performed every two minutes. No targets were present
in the original data.

Using SST, a single point target was injected into the data
set using the same basic source and receiver parameters as
were used in the true DEMUS test. The target has an initial
position of [15, 21] km and a constant velocity of [0, -4] m/s.
The target strength was configured such that the target has
an SNR of around 14 dB at R1 when it enters the detection
annulus, and has a peak SNR of around 18 dB on R1 at closest
approach. A radiated noise profile was also generated for the
target using SST. The passive HLA and target are given the
same parameters as those described in Sec. 3.1, except the
array is now centered at [0, 5] km and scans are 60 seconds
long.

The tracker properties are the same as in the previous ex-
ample. Also shown is the RMSE error performance of each
method. Clearly the fused approach provides an advantage
over the other approaches, as we will explore in more detail
in the following.
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Figure 5: Example 2 layout and RMSE

4.2 Active results with real clutter data

Having considered the posterior distributions in the previ-
ous example, we here focus on the likelihood functions be-
cause they better reveal the information presented by each in-
dividual scan and receiver. For example, clutter regions #2,
#3, and #4 (labeled in Fig. 5) are apparent on the sample scan
from R1 shown in the top left of Fig. 6. On R2, only areas #1
and #2 are apparent, as shown in the sample scan in the top
right of Fig. 6.

Once the TOI enters the detection annulus, some likelihood
exists around it. However, the SNR of the TOI is still not as
high as the SNR of some clutter regions, as shown in the lower
left and lower right images of Fig. 6. In the lower left, the
peak is at some transient clutter object. In the lower right ex-
ample, the peak of the likelihood function in on clutter region
#1. Given these differences in scale of the likelihoods (which
reflect an underlying difference in SNR), it is not surprising
that the active system alone fails to detect the target—it is
much quieter than the clutter. However, the hope is that the
passive system can complement this information while ruling
out the clutter regions.
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Figure 6: Likelihood functions for active only scenario of ex-
ample 2. Gray scale reflects log of likelihood.
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Figure 7: Likelihoods for passive only scenario of example 2.
Gray scale reflects log of likelihood.

4.3 Passive results

The passive results are analogous to those in Sec. 3.2.2,
although the layout of the HLA and TOI differ. Two example
likelihood functions are shown in Fig. 7. At the start of the
simulation, the received signal levels from the TOI are suf-
ficient to isolate the bearing, as the received signal level is
initially around 54 dB re 1 ;Pa with 62 dB re 1 Pa am-
bient noise. Later in the simulation, the TOI is at endfire, so
the localization in bearing is relatively poor, as shown on the
right side of Fig. 7, but it may still be enough to disambiguate
the TOI from all but perhaps clutter region #4.

4.4 Fused results with real active clutter

The active and passive data from the previous two sec-
tions is now fused into one scenario. The RMSE performance
shown in Fig. 5 reveals mostly small errors in the fused result
once the target enters the active detection annulus. However,
there are some large errors even after it is first localized well.
Four posteriors are shown in Fig. 8 in order to examine the
behavior in more detail.

The upper left of Fig. 8 shows the posterior (not the likeli-
hoods, as were shown in the previous two sections) after the
tenth active scan from receiver 1, which occurs just as the TOI
enters the detection annulus for receiver 1. Clutter region #2
is obvious, and regions #4 and #5 also appear faintly. The
TOLI is very near clutter region #3, which is also quite appar-
ent. However, the passive lines of bearing corresponding to
the TOI are also apparent.

The upper right of Fig. 8 shows the posterior 16.5 minutes
later and after a passive scan. Here the MAP estimate is right
on the TOI, and a large mound of probability mass can be seen
surrounding it. The passive lines of bearing are also visible.
There is still some probability mass around clutter regions #2
and #5, and there is a concentration of mass to the east of
the source. The addition of one more active scan leads to the
posterior shown in lower left of Fig. 8, in which nearly all of
the probability is concentrated on the TOL.

The lower right posterior in Fig. 8 shows one example of
when the MAP estimate jumps off of the target. Although
there is a strong concentration of probability still on the TOI,
the MAP estimate jumps to clutter region #5 due to a very
loud active return from that region. Because this clutter is
not pronounced on every scan from receiver 2, is almost non-



existent on receiver 1, and is non-existent on the passive, the
fused MAP estimate quickly returns to the TOL. This reveals
the potential sensitivity of the fused system to a very strong
return from one sensor, while also revealing the robustness of
the long term behavior.
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Figure 8: Example posterior distributions for fused scenario
of example 1. Color map reflects log of posterior probability.

S Summary

Active and passive sonar systems naturally provide com-
plementary information, and Bayesian inference provides a
natural means for fusing different types of information that
can be summarized in a probabilistic manner. Building off of
previous work on separate active and passive modeling and
Bayesian tracking, we have shown the benefit that fusing ac-
tive and passive sonar information provides for target local-
ization, and in particular the mitigation of active clutter. The
first, simulated example has illustrated the basic complemen-
tarity of the active and passive systems. The second example,
which is based on real world, recorded active sonar data con-
taining clutter returns, is a more realistic example of the type
of challenges faced in sonar tracking. The benefit to fusing
active and passive information that was shown in this exam-
ple strongly suggests that the benefit will extend to real world
applications. Future work will continue to explore more real-
istic scenarios, with the eventual goal of using an entire real-
world, active-passive data set.
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