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Abstract
This paper discusses the application of belief propagation to the reconstruction of bathymetric sonar images. Belief
propagation is a powerful technique for probabilistic reasoning on Bayesian and Markov networks. It allows
a priori information to be easily incorporated, in this case the expected seafloor height variation. We show that the
algorithm works well without multipath interference but only a small improvement is obtained in the presence of
multipath using a simple model. While a more sophisticated model incorporating multipath could be employed,
the use of belief propagation would be computationally expensive.
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1 Introduction

Swath bathymetric sidescan (SBS) is a sidescan imag-
ing sonar technology that provides bathymetric infor-
mation using two hydrophones configured as an inter-
ferometer. The time delay of an echo impinging on
the hydrophones can be estimated to infer the angle of
arrival of the incoming plane wave. While this tech-
nique has been successfully employed with radar, its
application to sonar has been limited by sea-surface
multipath and the footprint shift effect.

Standard interferometric phase techniques for estimat-
ing the angle of arrival assume that there is only a sin-
gle plane wave incident upon the hydrophones at any
instant [1]. Unfortunately in a shallow water environ-
ment, echoes from the seafloor are also scattered by
the sea-surface; a phenomenon known as multipath [2].
Thus at any instant there can be two or more echo sig-
nals measured; the direct path signal plus the inter-
fering indirect path signals. Moreover, some seafloor
geometries, such as a proud object, can produce multi-
ple echoes with the same delay. These multiple echoes
interfere and cannot be resolved by a two hydrophone
interferometer. The resulting angle of arrival estimate
varies according to the relative phase and strength of
the interfering signals [3, 4] and can lie well outside
the range of incoming angles [5].

The footprint shift effect reduces the coherence
between the received signals and thus results in noisy
angle of arrival estimates [6]. The effect is simply
due to the misregistration between the echoes received
by the hydrophones. The misregistration can be
compensated by time shifting of the echoes but this

requires an accurate estimate of the seafloor height.
Iterative schemes have been proposed to deal with
this problem [6, 7]. An alternative technique is to use
a probabilistic approach to estimate the most likely
scattering surface. A promising approach is to generate
a compatability metric for all possible scattering voxels
and to employ belief propagation to find the most likely
solution [8]. Priors for the expected surface geometry
can be easily added so that a maximum a posteriori
(MAP) estimate of the scattering surface can be found.

In this paper we examine the effects of sea-surface
multipath on the reconstruction of seafloor bathymetry
using belief propagation techniques. We start with
developing a simple model for the echo signals
received by a hydrophone array for an active sonar and
then extend the model in Section 3 to consider sea-
surface multipath. Bathymetric reconstruction using
back-projection with belief propagation is presented
in Section 4, followed by results of simulations in
Section 5 and a discussion in Section 6.

2 Echo signal model

Consider a linear array of H hydrophones vertically
spaced by d. After pulse-compression the measured
baseband signal from the hth hydrophone can be mod-
elled (ignoring the angular dependence of the beam pat-
terns) using

dh(t) =
I

∑
i=1

aiss
(
t − τh,i

)
exp
(− j2π f0τh,i

)
+nh(t).

(1)
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Figure 1: Sonar geometry showing the direct path and
a sea-surface reflected multipath.

where ss(t) is the autocorrelation of the transmitted sig-
nal, f0 is the centre frequency, ai is a complex am-
plitude (incorporating spreading losses and assuming
matched hydrophones) for the ith scatterer, τh,i is the
propagation delay for the ith scatterer, and nh(t) rep-
resents any noise. The propagation delay depends on
the range ri between the projector and the ith scatterer
and the range rh,i between the the ith scatterer to the hth

hydrophone,

τh,i =
ri + rh,i

c
. (2)

where c is the speed of acoustic propagation. If the
scatterer is in the far-field of the hydrophone array, the
ranges can be approximated by

rh,i ≈ r1,i +(h−1)d sinψi, (3)

and so the propagation delays are

τh,i = τ1,i +∆τh,i, (4)

where the differential propagation delays are

∆τh,i ≈ (h−1)(d/c)sinψi = (h−1)∆τi. (5)

Using this approximation, (1) becomes

dh(t) ≈
I

∑
i=1

aiss
(
t − τ1,i −∆τh,i

)
× exp(− j2π f0(h−1)∆τi)+nh(t).

(6)

where the additional phase shift 2π f0τ1,i has been in-
corporated into ai. When the signal is narrowband, the
shift of the envelope can be ignored, so

dh(t) ≈
I

∑
i=1

aiss(t − τ1,i)exp(− j2π f0(h−1)∆τi)+nh(t).

(7)

3 Sea-surface multipath

Consider a point T on the seafloor at (x1,0,z1) pro-
ducing an echo measured by a hydrophone at (0,0,zh).
From Figure 1, the range and angle of arrival are re-
spectively,

rh,1 =
√

x2
1 +(zh − z1)2, (8)

ψh,1 = tan−1 zh − z1

x1
. (9)

Here rh,1 is the range from the scatterer to the hth

hydrophone assuming a direct straight path. Now also
consider a second point M at (x2,0,z2) on the seafloor.
If the sea-surface is smooth compared to the sonar
wavelength then it will act as a mirror and the scatterer
will also appear above the sea-surface at (x2,0,−z2).
This is known as the Lloyd’s mirror effect. An echo
from the scatterer reflected from the sea-surface will
take a longer indirect path to reach the sonar and will
have a different angle of arrival:

r′h,2 =
√

x2
2 +(zh + z2)2, (10)

ψ ′
h,2 = tan−1 (zh + z2)

x2
. (11)

These multipath echoes generate ghost artefacts
masking other scatterers and corrupting bathymetry
estimates.

There are also other indirect paths involving additional
seafloor and sea-surface reflections. Except in ‘bright’
acoustic environments, these additional indirect echoes
have less energy than the single reflection sea-surface
reflected echoes.

Of interest is the portion of the echo signal where the
direct echo from scatterer 1 overlaps with the indirect
echo from scatterer 2. Assuming that the hydrophone
array has a small vertical extent compared to the range
resolution of the sonar, the shifts of the echo envelope
are similar and so the echo signal in the range bin of
interest has the form

dh,n ≈ a1 exp(− j2π f0(h−1)∆τ1)
+a′2 exp(− j2π f0(h−1)∆τ2′)+nh,n.

(12)

4 Belief propagation

Belief propagation is an efficient technique based on
local message passing that can be used to find the most
likely state of a system given any available evidence.
By appropriately modelling the system, this approach
can be applied to bathymetric data to produce an im-
proved estimate of the sea floor height [8]. Although
originally proposed by Pearl [9] for performing proba-
bilistic reasoning on Bayesian networks, the technique
has since been successfully applied to the stereo imag-
ing field [10, 11, 12]. In most of this work, the system
is modelled as a hidden pairwise Markov Random Field
(MRF) [13]. Belief propagation is then applied to this
model, acting as a statistical filter to find the most likely
surface, given initial evidence for each voxel and the
expected variation between neighbouring points.
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Belief propagation iterates to find the most likely sur-
face within the reconstruction volume given a priori
information of the expected surface and the evidence
for each voxel being a surface point. This a priori in-
formation is expressed in terms of neighbourhood func-
tion that describes the expected relationship between
voxels. The evidence of a voxel being a surface point
is estimated from the consistency of the back-projected
images from each hydrophone.

To apply belief propagation to bathymetric data, the
scene is represented as a connected 3D array of nodes,
whose values correspond to the surface heights. Asso-
ciated with each node are a set of beliefs which give
a measure how likely the surface is at any particular
height. The objective is to calculate these beliefs as ac-
curately as possible, by propagating the original belief
estimates throughout the network.

The evidence estimates are calculated by back-
projecting the image data for each hydrophone over
circular arcs into the reconstruction volume (compare
this with stereo vision where the camera data is
back-projected along rays [14]). These arcs have a
radius corresponding to the range of each image pixel.
The points in the volume where the measured data is
consistent is likely to correspond to the position of a
scatterer. The evidence for each voxel is calculated
using

E = exp

(
−π

σ2
q

σ2
n

)
, (13)

where σ 2
n is the estimated noise variance, σ 2

q is the
backprojected echo variance at each voxel,

σ2
q =

1
H

H

∑
h=1

|qh −q|2 , (14)

qh is the backprojected echo value for hydrophone h,
and q is the mean backprojected echo value,

q =
1
H

H

∑
h=1

qh. (15)

5 Results

To demonstrate the algorithms, the echoes received
by three hydrophones from a rough seafloor were
simulated for a single ping using the parameters of the
KiwiSAS sonar [15]. The salient parameters include
a centre frequency f0 = 30 kHz, three hydrophones
spaced by d = 75 mm, a sonar depth zs = 5 m, and
a mean water depth of 10 m. A sinusoidal seafloor
profile with a 2 m peak-peak variation and a 5 mm
rms Gaussian roughness was represented using a point
scatterer model [16].

Fig. 2(a) shows an example of a bathymetric image
reconstructed using two hydrophones as a phase inter-
ferometer. The height estimates are noisy primarily due
to the misregistration caused by the footprint shift ef-
fect [6]. Fig. 2(b) shows the evidence image calculated
using (13). Note that the evidence is greatest at the po-
sition of the seafloor surface and that there are a number
of artefacts. These are primarily due to grating lobes
resulting from the hydrophone separation being greater
than half the wavelength. Also note that the evidence is
the same at all angles for ranges shorter than the sonar
altitude above the seafloor. This is reasonable since all
angles are equally likely when there is no information.

The computed beliefs after two and twenty iterations of
belief propagation as shown in Fig. 2(c) and (e) and the
corresponding most likely surface profile is shown in
Fig. 2(d) and (f). Note how the artefacts are removed
and how the most likely surface has converged after
twenty iterations. Also note that the most likely surface
height has become less sinusoidal. This is due to the
simple choice of neighbourhood function to describe
the expected surface height variation.

Fig. 3 shows the equivalent images to Fig. 2 but with
additive multipath from a smooth sea-surface. Note
how reasonable height estimates are obtained out to
about 15 m. This is to be expected since in this region
there is no multipath component. After about 30 m
the evidence estimates are invalid since they are com-
puted assuming a single scattering point in each range
bin. While the belief propagation algorithm generates
a smoother height estimate, the results are invalid due
to the invalid initial evidence estimates.

6 Discussion

While the use of bathymetric reconstruction using
belief propagation can remove some sea-surface
multipath on the basis of surface continuity, it does not
discriminate between a direct and indirect path echo.
Apart from some blurring of the indirect path echoes
due to motion of the sea-surface over the synthetic
aperture formation time, the only difference between
an indirect path echo and a direct path echo is the angle
of arrival.

The failure of the technique is not surprising since it
is using an incorrect model. Currently only the angle
of arrival of the direct path echo is estimated but this
is corrupted by the multipath echo. However, to model
the multipath component it is necessary to estimate the
angle of arrival of the multipath and the complex am-
plitudes of the direct and multipath echoes. In princi-
ple, belief propagation could be used to find the most
likely solution but this is not computationally practica-
ble. This is because evidence needs to be determined
over a six dimensional space for each range bin rather
than a one dimensional space for each range bin. Fur-
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Figure 2: Reconstructed images of data without multipath: (a) reconstructed bathymetric image using a pair of
hydrophones as an interferometer with no footprint shift compensation, (b) initial evidence provided to the belief
propagation algorithm, (c) beliefs after two iterations of belief propagation, (d) most probable height estimate after
two iterations of belief propagation, (e) beliefs after twenty iterations of belief propagation, (f) most probable
height estimate after twenty iterations of belief propagation.

thermore, it is likely that an even larger search space
would be required to deal with multiple bounce multi-
path (where multipath echoes are also re- reflected from
the seafloor).

An alternate approach is to estimate the multipath di-
rectly. Techniques have been proposed for resolving
the multiple angles of arrival using a small vertical ar-
ray of hydrophones, for example, Computed Angle-of-
Arrival Transient Imaging (CAATI) [5] and Coherent
Source Direction Estimation (CSDE) [17]. For fully
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Figure 3: Reconstructed images of data with simulated multipath: (a) reconstructed bathymetric image using a
pair of hydrophones as an interferometer with no footprint shift compensation, (b) initial evidence provided to
the belief propagation algorithm, (c) beliefs after two iterations of belief propagation, (d) most probable height
estimate after two iterations of belief propagation, (e) beliefs after twenty iterations of belief propagation, (f) most
probable height estimate after twenty iterations of belief propagation.

uncorrelated arrivals CAATI with H hydrophones can
resolve H − 1 arrivals or H/2 fully coherent arrivals
while CSDE is claimed to resolve 2 coherent arrivals
with H = 3 hydrophones. However, both these tech-
niques are only applicable to narrowband systems.

The CAATI algorithm determines the six unknowns at
each range bin (the complex amplitudes a1 and a′2 and
the angles ψ1 and ψ ′

2) by solving the null steering equa-
tion
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H

∑
h=1

whdh = 0, (16)

for the unknown weights wh in a least squares sense [5].

A better approach would be to maximise the posterior
probability using prior information such as the
expected angles of arrival of the direct and multipath
echoes based on the expected continuity of the seafloor.
While the gradients can be calculated to speed up the
search, it is more computationally expensive.

7 Conclusion

In this paper we have presented some preliminary re-
sults assessing the effect of sea-surface multipath on
bathymetric reconstruction using back-projection with
belief propagation. While some rejection of the mul-
tipath is shown, the model employed is inadequate to
properly suppress its effect. However, extending the
model to incorporate multipath does not appear to be
computationally feasible using belief propagation.
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