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Abstract

Acoustic scattering as the perturbation of an incident acoustic field from an arbitrary object is a critical part of the target-
recognition process in synthetic aperture sonar (SAS) systems. The complexity of scattering models strongly depends on the
size and structure of the scattered surface. In accurate scattering models including numerical models, the computational cost
significantly increases with the object complexity. In this paper, an efficient model is proposed to calculate the acoustic scattering
from underwater objects with less computational cost and time compared with numerical models, especially in 3D space. The
proposed model, called texture element method (TEM), uses statistical and structural information of the target surface texture by
employing non-uniform elements described with local binary pattern (LBP) descriptors by solving the Helmholtz integral
equation. The proposed model is compared with two other well-known models, one numerical and other analytical, and the
results show excellent agreement between them while the proposed model requires fewer elements. This demonstrates the ability
of the proposed model to work with arbitrary targets in different SAS systems with better computational time and cost, enabling
the proposed model to be applied in real environment.

Keywords Underwateracousticscattering - Synthetic aperture sonar (SAS) - Texture - Local binary pattern (LBP) - Targetstrength
(TS) - Discretization method

1 Introduction

Article Highlights Synthetic aperture sonar (SAS) is a prominent technique used

* An efficient acoustic scattering model called TEM is proposed which is
based on a new discretization method that uses object surface texture
descriptors.

+ TEM uses non-uniform element-based LBP descriptors that efficiently
reduces computational time and cost.

* The size and number of non-uniform elements are related to the surface
roughness; for a given surface, few elements with large size are required
for smooth portions, and for more complex portions, large numbers of
elements with small size are required.

+ The proposed model can efficiently improve scattering models such as
BEM and FEM.

* The proposed model can work with arbitrary targets in different SAS
systems with better computational time and cost, enabling it to be ap-
plied in real environment.
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for underwater high-resolution and optical-like imaging of the
seafloor. Using coherent combined multiple pings from a
moving platform, SAS systems create a long synthetic aper-
ture and provide a frequency- and range-independent resolu-
tion in acoustic imagery. This advantage of SAS distinguishes
it from traditional imaging sonars, including the side-scan
sonar, and makes it an appropriate technique for many under-
water applications including target recognition, search for
small objects, and inspection (Hayes and Gough 20009;
Hansen and Kolev 2011) (Galusha et al. 2018; Tesfaye et al.
2019). Figure 1 compares side-scan sonar with SAS in terms
of the image quality of a towrope on the seabed. The SAS
technology can create an image with higher resolution com-
pared with the side-scan sonar system. An SAS image is an
intensity representation of the scattered acoustic energy at the
SAS receiver; therefore, acoustic scattering is the main param-
eter in sonar equations.

Acoustic scattering due to an arbitrary object in free space
is defined as the irregular refraction of an incident acoustic
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Figure 1 Comparison of image
quality between a side-scan sonar
and a SAS system of a 20-m
towrope on the seabed (Marine
technology news 2019)

(a) side-scan sonar

wave. The scattered fields are propagated along different di-
rections according to the object geometry, with varying inten-
sities (Dashen et al. 1990). An underwater acoustic scattering
model is an important parameter in different types of sonar-
system applications including SAS imaging, underwater in-
spection, and target detection (Qin et al. 2018) (Fischell and
Schmidt 2017; Zhang et al. 2017). Acoustic scattering due to
underwater objects is the most important factor that embodies
the characteristics of objects to find interesting targets in the
ocean environment, in military, scientific, and commercial
domains (Li et al. 2018).

Therefore, a precise model that describes scattered fields of
the scattered surface is essential. Theoretical researches on
acoustic scattering are extended from underwater targets with
simple shapes to those with increasingly complex geometric
shapes; the scattered fields contain the characteristic informa-
tion of the target, and this information is used for underwater
target structure modeling. The interesting objects in this field
are commonly occurring natural objects (e.g., marine life and
bobbles) and artificial objects (e.g., pipelines, mines, and sub-
marines) (Flax et al. 1978; Yang and Li 2016).

Many researches have been conducted to develop acoustic
scattering models. Generally, scattering models are grouped
into two basic categories: numerical and analytical, both of
which differ from each other in terms of efficient frequency
range, accuracy, and required computational resources
(Bonomo et al. 2015). High-accuracy full-field theories, such
as finite element method (FEM) and boundary element method
(BEM), numerically solve the Helmholtz integral equation to
the degree of discretization (Hunt et al. 1975; Karimi et al.
2016). BEM requires the surface discretization of a scatterer,
which is commonly represented using triangular and quadrilat-
eral elements, while FEM performs the discretization of a full-
volume scatterer. Although numerical models are sufficiently
accurate, they are often not feasible for large objects or far-field
scattering because of increased computational load.

Analytical models, however, reduce the computational
load of full-field methods by making some assumptions.
These methods do not require large complex systems of

(b) A SAS system

equations and rather use approximate solutions to compute
scattered pressures. Additionally, they are often appropriate
for mid- and high-frequency range and for scatterers with
special structures (Nolte et al. 2015). However, they are not
efficient for accurate acoustic scattering computations, except
for objects with simple geometry. Although numerical
methods provide accurate predictions, their computational
costs increase with the size and complexity of the scatterers
(Chandler-Wilde and Langdon 2007).

Underwater acoustic scattering modeling is an important
field in SAS system design and algorithm development. In
real aperture sonars, the scattering from each ping is individ-
ually processed, while in the SAS system, the scattering com-
bination of multiple hits-on-target upon target scattering is
processed. Thus, it is desirable to have an accurate scattering
model with low computation cost. The existing scattering
models in SAS simulators utilize point- or facet-based models
with smooth primitive facets or elements.

In this paper, we propose a new model for computing
acoustic waves scattering from underwater arbitrary objects;
the model obtains scattered pressure using a new
discretization method that employs non-uniform texture facets
as primitive elements in the Helmholtz Kirchhoff (HK) inte-
gral equation. The proposed model, called texture element
method (TEM), uses statistical local binary pattern (LBP) de-
scriptors for the discretization of the target surface domain into
many non-uniform elements so that the region that belongs to
any element has the same statistical and roughness properties
as those of a known roughness class. The proposed model can
be more useful and efficient, especially in image-
reconstruction algorithms. The following are the main contri-
butions of this paper:

* An efficient acoustic scattering model, called TEM, which
is based on a new discretization method that uses object
surface texture descriptions is proposed.

* A new structured surface discretization method is pro-
posed that uses non-uniform element-based LBP descrip-
tors that efficiently reduce computational time and cost.

@ Springer



496

Journal of Marine Science and Application

* The size and number of non-uniform elements are related
to the surface roughness; for a given surface, few elements
with large size are required for smooth portions, and for
more complex portions, large numbers of elements with
small size are required.

* The proposed discretization method can efficiently im-
prove scattering models such as BEM and FEM.

* The performance of the proposed model is evaluated and
compared with those of BEM and analytical methods in
terms of sonar parameters to prove the effectiveness of the
proposed model.

* The proposed model can be utilized as an efficient scatter-
ing method in SAS system design and algorithm
development.

The rest of this paper is organized as follows. In Section 2,
some related works regarding the scattering problem are
reviewed. The scattering problem formulation is described in
Section 3. In Section 4, the architecture of the proposed scat-
tering model is introduced. In Section 5, experimental results
are presented. Finally, conclusions are drawn in Section 6.

2 Review of Acoustic Scattering Methods

The acoustic fields scattered from underwater targets reflect
their characteristics. Therefore, they are crucial for the target-
recognition process. Many methods have been proposed for
the scattering problem, and they include the boundary integral
method (Schenck 1968), BEM (Copley 1967), FEM
(Ihlenburg 2006), Kirchhoff approximate method (Gaunaurd
1985), and T-matrix method (Waterman 1969). These
methods can be categorized into numerical and analytical
types. The analytical models are appropriate only for targets
with significantly simple geometries. Thus, there is a great
focus on the numerical methods for solving acoustic scattering
problems.

Ju et al. proposed a numerical calculation model for the
acoustic scattering from underwater targets in low-
frequency-based FEM. Three-dimensional mesh finite ele-
ment meshes were transformed into two-dimensional ones to
increase computing speed. The underwater targets were con-
sidered to have axisymmetric structure (Ju et al. 2018).

Bonomo et al. used FEM to model the acoustic scattering
from a one-dimensional rough elastic surface. The scattering
strength was compared with analytic models to evaluate the
effectiveness. An agreement was observed between small-
slope approximation and FEM in all the studied cases
(Bonomo et al. 2015).

Okumura et al. applied BEM to calculate the frequency
dependence of the target strength (TS) at any incident angle.
The scattering amplitude was calculated for four types of
prolate-spheroids using BEM and prolate-spheroid model,

@ Springer

respectively. A comparison of results confirmed the accuracy
of BEM (Okumura et al. 2003).

Nolte et al. presented a physical model that involved
sound-propagation measurement and numerical simulation.
BEM and ray tracing methods were used to predict the scat-
tering pressure due to underwater objects and TS (Nolte et al.
2015).

Zampolli et al. used a hybrid model that comprised FEM
and a discrete representation of Helmholtz integral based on
Green’s function for rough targets acoustic scattering. The
hybrid model reduced the three-dimensional scattering prob-
lem into a series of independent two-dimensional scattering
problems and was appropriate for axisymmetric targets
(Zampolli et al. 2012).

Kargl et al. considered two models including FEM and a
fast ray model for free field scattering amplitude of targets on a
water—sediment interface. The fast ray model was used to
decrease the computational burden of FEM. Target scattering
was achieved by the convolution of an incident field and a free
field scattering amplitude at a solid aluminum surface (Kargl
etal. 2014).

Richard et al. proposed an enclosing surface acoustic scat-
tering method via pressure and particle velocity measure-
ments. Scattering was characterized by the acoustic samples
far-field estimation under an incident plane wave. The numer-
ical results showed the far-field pattern estimated via near-
field measurements (Richard et al. 2018).

Song et al. used combination FEM and an automatic
matched layer technique to calculate the TS of composite
and steel materials. The acoustic scattering properties of steel
and composite materials were evaluated (Song et al. 2017).

Chai et al. used a hybrid two-dimensional acoustic scatter-
ing model, called HS-FEM-DtN, based on a smooth FEM and
Dirichlet-Neuman boundary condition for an underwater rig-
id cylinder. The underwater targets were presented with trian-
gular elements (Chai et al. 2016).

BEM and FEM are popular numerical methods in solving
the acoustic scattering problem. BEM offers certain advan-
tages including boundary conditions being considered on
curved surfaces and acoustic problems being studied in the
infinite domain. However, its main constraint is a homoge-
neous or half homogeneous scatterer (Wu 2000; Okumura
et al. 2003).

Usually, mesh density and element quality considerably
affect the solution accuracy and calculation time in numerical
models. A small mesh size results in accurate solutions with
high computational time, while a large mesh size leads to less
accurate results but with decreased computational time. Liu
and Dutt investigated the effect of element quality and mesh
size on the numerical models to select the appropriate mesh
size (Liu and Glass 2013; Dutt 2015).

The main drawback of almost all the above-mentioned pa-
pers is computational intensity, which increases with object
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size and shape. Moreover, a smooth surface with uniform
discretization is considered in most scattering methods, whose
accuracy and computational complexity increase with the
number of mesh elements, however requiring many computa-
tional resources and days.

The textures in sonar images contain important information
regarding the target and are thus used as the main features in
different sonar applications including target detection and rec-
ognition (Nabelek et al. 2018). In the existing acoustic scat-
tering models, the texture properties of the target surface are
not considered for target modeling. In this paper, for the first
time, a scattering model is proposed based on the texture
properties of the target surface for the realistic modeling of
arbitrary targets. Our proposed model efficiently computes the
acoustic scattering due to the concerned object in fluid media
such as oceans. The basic ingredient of the proposed model is
a new representation of acoustic scattering, and the model is
described as an object surface non-uniform discretization
method based on characterized information via LBP descrip-
tors. Moreover, scattered fields are obtained via the HK inte-
gral. The proposed model can solve the target acoustic scat-
tering problem using less computational cost and resources
compared with other numerical models.

3 Acoustic Scattering Problem

The acoustic scattering problem has special importance in
underwater applications including sonar imaging. Target scat-
tering is the result of the interaction between transmitted and
received acoustic signals from active sonar and underwater
target, respectively. Target scattering characterization is nec-
essary for effective underwater target detection and recogni-
tion in active sonar systems.

Consider an arbitrary, finite-sized object bounded by a sur-
face S'in free space. Let the object be influenced by an incident
acoustic pressure, as depicted in Figure 2. The incident acous-
tic pressure is considered a plane wave (black arrow). The
object re-radiates the incident field in the water, the so-called
scattered fields, which propagate away from the object along
all directions (blue arrows). The acoustic pressure p(x) at an
arbitrary point x located outside the object satisfies the well-
known Helmholtz Equation (Nennig et al. 2011) as follows
and is expressed using Eq. (1):

o

Figure 2 Acoustic scattering geometry

(VZ + kz)p(x) =0 in DcR? (1)

where D and d denote the propagation domain and problem
dimension, respectively. The symbol V2 denotes Laplacian
operator. Additionally, £ denotes the wave number (a positive
quantity), which is associated with wavelength \, angular fre-
quency w, and speed of sound ¢ in the media, as follows:

w 27
=T @
P(X) = Pin(x) +Pscat(x) (3)

where P;, denotes the incident acoustic pressure and Py, the
scattered acoustic pressure. The scattered pressure Pg.,; at
point x is calculated using the HK integral (Pierce 1989) as
follows:

oG (x,xl)

Pycat(x) = I(T p(x/)—G(x, x/) apa(::/)>dS(xl) (4)

where the integral is over the surface S, and x is a po[%n{ %n
The acoustic pressure p(x) and its normal derivative il

S.
on on
surface S are unknown and should be identified using
analytical/numerical models or experimental measurements.
The function G(x,x) is the free space Green’s function be-
tween points x and point x on the surface of the background
medium in which sound waves propagate in the underwater
environment with no target presence. The free space Green’s
function (Zampolli et al. 2008) is expressed as follows:

G , e*ik|x*x/| s
(%) = ot ®)

where i = v/—1. To achieve a unique solution in the solution
space, it is assumed that the acoustic field p satisfies the
Sommerfeld radiation condition (Pignier et al. 2015) at infin-
ity with appropriate boundary conditions (Faran Jr 1951;
Dashen et al. 1990). The Sommerfeld radiation condition is
expressed as follows:

oP .

o +ikBP =0 (6)
where the constant (3 corresponds directly to medium imped-
ance and inversely to surface impedance, and 8 = 0 in
Neumann boundary or sound hard condition. The HK integral
reduces the Helmholtz equation to a surface integral evalua-
tion. For example, the three-dimensional Helmholtz equation
is reduced to two-dimensional surface integral estimation.
Commonly, in many free field scattering problems, two as-
sumptions are made; the interface between the object and
ocean floor does not affect the scattering pressure, and the
possibility of multiple scattering is ignored (Kargl et al. 2014).
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4 Proposed Scattering Model

Underwater target detection and recognition process is partic-
ularly important in SAS system applications, which require a
comprehensive characterization of target scattering for
performing acoustic imaging and improving feature extrac-
tion. Different methods were suggested for target surface
modeling and computing the acoustic scattering using the
HK integral, in which the target surface was represented by
smooth primitive elements and the discrete representation of
integral Eq. (4) was computed as a sum of contributions from
the primitive elements or facets. However, many computa-
tions and significant storage space are required to achieve an
accurate scattering method, especially in the SAS system.
However, in this paper, a new model for computing scattered
pressure from a finite-sized target using target surface statisti-
cal description is proposed. The proposed model accurately
estimates the scattering pressure with computational cost less
than those of numerical scattering models including BEM.

In this section, the proposed model is described.
Additionally, it will be explained how the non-uniform
discretization method can be used to compute scattered pres-
sures. First, an LBP descriptor is introduced for object surface
characterization. Second, the acoustic scattering pressures are
computed at an observation point outside the object by model-
ing the object surface using the proposed model.

4.1 Surface Texture Descriptors

The accuracy of underwater object acoustic scattering model-
ing depends on the accuracy of object surface modeling.
Texture is an important feature to characterize a large- or
small-sized object surface in a far or near distance. In sonar
images, as an essential feature that contains important infor-
mation regarding the scene and concerned targets, texture is
usually utilized in underwater applications including segmen-
tation, and target detection and recognition (Nabelek et al.
2018).

LBP is one of the most distinguished texture descriptors
(Ojala et al. 2002). As a non-parametric method, it character-
izes the texture using primitive elements with their statistical
descriptions. LBP descriptors offer the following prominent
advantages:

+ Computational simplicity

* Low computational complexity

+ Invariance to changes in scale and illumination changes
+ Discriminative power of discriminating different textures

LBP descriptors have attracted significant attention in
various fields of image processing and computer vision
(Liu et al. 2016). The LBP operator labels image pixels
with decimal values that result from LBP codes using
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neighborhoods of different sizes (Ojala et al. 2002). The
neighborhood system is determined as a set of equally
spaced pixels P on a circle with radius R to the center
of the pixel to be labeled. Figure 3 depicts an example
of the LBP operator with a neighborhood of P pixels on a
circle of radius R in which the image pixels are labeled by
encoding the local structure around each pixel. The orig-
inal LBP operator for a given pixel at (x., y.) is expressed
(Huang et al. 2011) as follows:

P-1
LBPzp(x.,y.) = ZOS(ip—ic)Z” (7)
=

where i. and i, denote the intensity values of the central
pixel and neighbor pixels, respectively. The term p de-
notes the neighbor pixels that correspond to the neighbor-
hood system with size R. The term S(i, —i.) denotes the
sign function is expressed as follows:

[ vifi>i
S(lp l”) o {0 otherwise (8)

When the target image is rotated, the neighbor pixel
values i, will correspondingly move around the central
pixel i., and the LBPy p operator generates different
LBP values. In this paper, a rotation-invariant LBP, de-
noted as LBP%2 (Ojala et al. 2002), is used for achieving
robustness to image rotation. The rotation-invariant LBP
is used for uniform patterns by introducing a uniformity
measure U, which corresponds to the number of bitwise
transitions from O to 1 or vice versa in LBP, as follows
(Liu et al. 2016):

U(LBPgp) = X0 _4[S (ip=ic) =S (imod(p+1,7)~ic) 9)

An LBP with the U value of at most two is considered
uniform. Notably, uniform patterns represent fundamental
texture microstructures, and the rotation-invariant LBP is de-
fined as (Liu et al. 2016) follows:

YrS (ipic) if U(LBPgp)<2

P 10
P + 1 otherwise (10)

orip = |

4.2 Acoustic Scattering Based on LBP-Elements

The discretization of the target surface into many uniform
primitive elements or facets is a common approach to solving
acoustic scattering problems in SAS systems; however, it
leads to high computational costs and resource usage. In this
paper, a new model based on LBP descriptors is proposed; in
the proposed model, the object surface is decomposed into a
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(b) binary pattern

(a) Original pattern
Figure 3 Examples of LBP operators with (R. P) neighborhood

few structured elements. Figure 4 depicts the block diagram of
the proposed model. For a given object, LBP codes are calcu-
lated using Eq. (10) in a determined neighboring space, where
the surface is decomposed into many different-sized elements
called LBP-Elements.

Our model offers the following two primary advantages:
first, a fewer number of elements are required than those re-
quired by popular scattering methods, and surface modeling is
performed with smooth surface regions modeled using a few
LBP-Elements versus rough regions. Second, the regions that
belong to an LBP-Element have the same texture features and
roughness. However, all the LBP-Elements with similar fea-
tures have the same decimal value with useful properties that
can be used in complex object modeling and image formation
algorithms.

Figure 5 depicts a pipeline newly installed on the seabed
(BfN 2019). We will continue our description with this exam-
ple. Pipeline decomposition based on LBP descriptors is
depicted in Figure 6.

Figure 6b depicts LBP-Elements, each decimal value being
illustrated in the same color. The number of colors can be
determined by the size of the neighborhood system and object
complexity. The center of all the LBP-Elements is illustrated
in Figure 6¢. Additionally, the center of the LBP-Elements for
three decimal values with different pipeline characteristics is
depicted in Figure 6d—6f.

After modeling the target surface using the LBP operator,
the acoustic pressure sampled at the points that belong to

|

22 LBP\‘uluc

2J

(c) Weights (d) LBP code

LBP-Elements xlj is then propagated to an observation point

or receiver located at x outside the surface S by using the
discrete representation of the HK integral (see Eq. (4)) as
follows:

Pa) =, ‘”g’::‘f)p(x')_c;(x ')a”("f‘) a,
(11)

where index j denotes a point on surface S. The term dZ;
denotes the LBP-Element on S associated with the jth point

J
are sampled. The boundary condition can be used to replace

’

! ! . . oplx;
(x ) , whose pressure p(x j) and normal derivative #

J

g—’:’ by —ik0Op, following which Eq. (11) is reformulated as

follows:

6G(x, x’j)

Pseat(x) = 3 p + ik0 G(x,x}) p(x})dLj (12)

J

Targets with rigid and absorbing surfaces are modeled
wherever = 0 or [ contains a positive real part, re-
spectively. This is necessary, once the scattered pressure
determined at points x on surface S and then the
scattered pressure are computed at any observation
point.

7| Elements with decimal value 1 |

The target image — LBP operator | Elements with decimal value 2

J

“| Calculate the Helmholtz ¥
Kirchhoff integral on - P
LBP-Elements )

*| Elements with decimal valuej |

Figure 4 Proposed model
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Figure 5 Newly installed pipeline on the seabed

5 Performance Evaluation

In this section, the acoustic scattering model is simulated. The
results are then analyzed to evaluate the efficiency of the pro-
posed model against other presented scattering methods. The
simulation parameters are listed in Table 1. Two well-known
models are compared: the full-wave theory using BEM and
the following analytical model.

5.1 Boundary Element Method

BEM is one of the most common approaches for comput-
ing acoustic scattering from closed objects. It numerically

Number of pixels

solves the scattering problem of a scatterer surface. It
applies finite element discretization to a formulation of
the scattering problem boundary integral. It generally
represents the object surface as a tiny uniform mesh with
smooth elements, typically triangular, rectangular, or
curvilinear boundary elements, and then the scattered
pressure p(x) is approximated for each element
(Chandler-Wilde and Langdon , 2007).

5.2 Analytical Solution

The acoustic scattering problem can be represented as a set of
spherical functions (Faran 1951) as follows:

P, 0) = T2 a G (k) =iy, (k) (R Feosd) — (13)

where j, and y,, denote the spherical Bessel functions of the first
and second kinds, respectively; additionally, p, denotes a
Legendre polynomial of order n. The coefficients ¢, are deter-
mined using the boundary conditions considered in the problem.
For a sphere with radius a, in a sound-soft case with p = 0 on the
boundary and in Neumann boundary conditions, in which nor-
mal displacement at the boundary is equal to zero, the scattered
pressure is calculated using Eqs. (14) and (15), respectively
(Pignier et al. 2015) One has

50

(d) The center of LBP-elements with
decimal values = 2 (red points)

Figure 6 Example of surface discretization using the LBP operator
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Number of pixels
(b) LBP regions with scaled colors

(e) The center of LBP-elements with
decimal values=10 (yellow points)

(f) The center of LBP-elements with
decimal values=13 (white points)
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Table 1 Model simulation parameters
Parameter Value
Speed of sound (m/s) 1500
Fluid density (kg/m>) 1000
Size of neighborhood system (R, P) (1,8)
Frequency range (kHz) 1-50
|Pir| (dB) 1
0.5
BEM-100 elements
0.4r BEM-200 elements

@ 03 BEM-300 elements
% i —BEM-400 elements
cE ---TEM-210 elements
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Figure 7 Scattering pressure as a function of the frequency given by the
proposed model (TEM) and BEM, with 100, 200, 300, and 400 elements
in observation points at different distances TEM with 210 elements has a
good agreement with BEM with 400 elements
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where /, and &, denote the derivatives of the spherical Bessel
and Hankel function of the first kind, respectively.

5.3 Experimental Results

In this section, some experimental results outlined upon com-
paring the proposed model with two other well-known numer-
ical and analytical models are discussed. To compute the
acoustic scattering in the proposed model (TEM), the con-
cerned object surface is initially discretized into non-uniform
elements using the LBP operator of Eq. (10). Subsequently,
pressure on the LBP-Elements and its normal derivative are
calculated, and the scattered pressure at the observation point
is calculated using Eq. (12). BEM divides the concerned ob-
ject boundary into boundary elements, where the mesh size is
important and closely related to accuracy of BEM. However,
the mesh size directly determines the complexity of the
method.

In this paper, to evaluate the performance, the proposed
model and BEM are applied to a rigid cylinder with the
radius of a = 0.5, which is insonified by a plane incident
acoustic wave. The 2D scattered pressure fields are calcu-
lated over a frequency band of /= 100 to 50 kHz at the
increments of 100 Hz. Figure 7 depicts the estimated scat-
tering pressure as a function of frequency estimated using
the BEM model with different numbers of boundary ele-
ments and the proposed model, respectively, at observation
points at a distance » = 2a, 5a, and 10a. Although the pro-
posed model has a good agreement with the BEM model for
the highest number of elements, it uses a fewer number of
elements (approximately half). For more details, the real
and imaginary parts of the scattered pressure as a function
of the wavenumber at a point with polar angle § = 7t/4 in r =
Sa are plotted in Figure 8.

One of the important quantities in sonar equations and
acoustic applications is TS, which determines the reflection
ability of targets (Zhang et al. 2014). TS is expressed in terms
of the target-scattered pressure at a distance r relative to the
incoming pressure as

TS = 20 x log;(r|Pscat|/|Pin]) (16)

where P;, denotes the incoming plane wave and its amplitude is
considered |P_in| = 1. Figure 9 depicts the TS results of BEM and
TEM for the cylinder as a function of frequency in » = 2a. An
excellent agreement is observed between both the models.
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Figure 8 Imaginary and real parts of the scattered pressure as a function of the wavenumber given by the proposed model TEM with 210 elements and BEM

with 400 elements, respectively, in different distances

To clearly investigate the experimental results, Figure 10
depicts the average relative error between the exact solution
and the BEM solution for different mesh sizes, as well as the
average relative error between the exact solution and that

—— BEM-400 element
20, == TEM-210 element

TS (dB)
b
wn

5 10 15 20 25
Frequency (kHz)

Figure 9 TS as a function of the frequency. Comparison between the

results obtained with using the proposed model, i.e., TEM with 210

elements, and BEM with 400 elements, at » = 2a
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Figure 11 Scattered field of a rigid sphere for a = 2 wavelengths given by TEM and analytic method, respectively, for different scattering angles

obtained using the proposed model for different distances.
From the results, it can be realized that the accuracy increases
with the mesh size. The proposed model with a discretization
method based on surface texture descriptor yields accuracy
similar to that of BEM with 400 elements while only using
210 elements.

Accurate target modeling is related to accurate target sur-
face modeling. In the proposed model, a new discretization
method is based on the statistical characteristics of the surface.
Therefore, the points at an element have the same features,
making the scattering pressure across the entire element equal
and proportional to its area. The proposed model can accurate-
ly estimate acoustic scattering using a few elements.

Another experiment is performed to draw a comparison
between the proposed model and analytical model for a sphere
with radius a and various range values » under different
boundary conditions. The scattered pressure results for a
sound-soft sphere with radius @ = 2 wavelengths in range r
= 2a, 3a, and 4a for different scattering angles are depicted in
Figure 11. Additionally, the scattered fields of the sphere with
Neumann boundary conditions are depicted in Figure 12. The

- - = TEM
— Analytic

180 ===~~~ 0

(a) r=2a

(b) r=3a

Figure 12 Scattered field of a sound-soft sphere for a = 2 wavelengths given by TEM and analytic method, respectively, for different scattering angles

directivity plots show that both the models well predicted the
scattered fields in all directions and that the proposed model
has a good agreement with the analytical method.

The TS estimations of a rigid sphere and a sound-soft
sphere using the proposed and analytical models with radius
a =2 and 3 in range » = 2a as a function of the scattering
angles are depicted in Figures 13 and 14, respectively. The
scattered pressures of a rigid sphere with radius a = 0.5 inr =
2a at different wavenumbers are also depicted in Figure 15.
The estimated results for various radius values and ranges at
different boundary conditions show an accurate agreement
between the proposed and analytic models.

A detailed comparison of accuracy and computational effi-
ciency between the proposed method, i.e., TEM, and the two
other comparative methods are given in the following; Max error
and computing time are used as the metrics for comparison. Max
error is defined as the maximum absolute error as follows:

(17)

where Py, and Py, denote the predicted and exact scattered
fields, respectively. The computational efficiency is defined as

Max error = max || Pycat || Pexact |

- - =TEM
Analytic

- -~ =TEM
— Analytic

(c) r=4a
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Figure 13 Comparison of TS estimates using TEM and analytical method for a sound-soft sphere and rigid sphere in a radius of a = 2 and a range of r =

2a for different scattering angles

the computing time required by each method in terms of the
average CPU time. All the method simulations were conducted
using a PC with CPU Intel 2.5 G and 4 G memory.

The Max error and the computing time for the proposed
method and the BEM method with the different number of
elements in at the range of = 2a for varying frequency values
between 100 Hz and 50 kHz are presented in Table 2.
Evidently, TEM method with 210 elements has accuracy sim-
ilar to that of BEM with 400 elements while spending signif-
icantly less computing time. This demonstrates that the pro-
posed method more efficiently reduces the computational cost
compared with the numerical methods.

Additionally, the Max error and computing time com-
parisons between the proposed and analytical methods on
a sphere with a radius of @ = 0.5 wavelengths in the range
of r = 2a, 3a, 5a, and 10qa for varying k values [1, 50] and
different scattering angles —7t < 6 < 7 are presented in
Table 3. The analytical method is an accurate analytical
scattering method for computing the acoustic scattering of
a sphere; its computational cost increases with the wave

Analytic
= o= = TEM
0
2 -10
2
w1
& 20
=30
-40
-200 -150 -100 -50 0 50 100 150 200

Scattering angle (°)

number. Table 3 demonstrates a good agreement between
the proposed model, i.e., TEM, and analytical method,
while the former spends less computing time than the
latter.

One must use a small mesh size to obtain accurate
scattering information using numerical models that re-
quire high computation and resource usage, essentially
in 3D space. Additionally, sampling in uniform
discretization is of m-order, where m is related to the
total number of nodes in the mesh. For the same target,
half of the samples are approximately required in the
proposed non-uniform discretization method. Therefore,
the proposed model can effectively reduce the computa-
tional complexity. Moreover, an efficient discretization
method improves the scattering models.

Meanwhile, the texture is the main feature in sonar images,
as it reflects important information regarding targets. Target
modeling based on surface texture properties results in realis-
tic target modeling, which can be useful in sonar and SAS
algorithm design and improvement.

——— Analytic
- - -TEM

TS (dB)
|
=

-30
-200 -150 -100

-50 0 50 150 200

Scattering angle (°)

100

Figure 14 Comparison of TS estimates using TEM and analytical method for a sound-soft sphere and rigid sphere in a radius of @ = 3 and a range of r =

24 for different scattering angles
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Figure 15 Comparison of scattering fields using TEM and analytical method of a rigid sphere in a radius of @ = 0.5 wavelengths and a range of » = 2a for

different wavenumbers

Table 2 Comparison of the Max error and computational efficiency
between TEM and BEM with different number of elements at distance
7= 2a and varying frequency values from 100 to 50 kHz

Methods ~ Number of elements ~ Average CPU time (s) Max error
BEM-100 100 0.0684 0.6357
BEM-200 200 0.2731 0.1415
BEM-300 300 0.6159 0.0835
BEM-400 400 1.0943 0.0781
BEM-500 500 1.7300 0.0770
TEM 210 0.2885 0.0783
Table 3 Comparison of Max error and computational efficiency

between TEM and analytical method in a range of » = 2a, 3a, 5a, and
10a for varying k values with different scattering angles —t < 0 < 7

Range Average CPU time (s) Average CPU time (s) Max error
r=2a 0.7817 0.5428 0.3726
r=3a 0.7828 0.5429 0.3568
r=5a 0.7862 0.5459 0.2688
r=10a 0.7929 0.5494 0.0816
Analytical method TEM method

6 Conclusions

Underwater acoustic scattering is an important factor in
SAS imaging systems and their applications. Underwater
target characteristics are inferred from the target-scattered
fields; therefore, an accurate scattering model of an
acoustic field incident on the target is essential for actual
target modeling. Most scattering methods including

FEM, BLM, and analytical models decompose the scat-
tering target into many uniform primitive elements with-
out considering the surface features. Consequently, the
accuracy of scattering modeling depends on mesh size
and results in high computational cost and resources.

We proposed a new scattering model that uses an effi-
cient discretization method based on statistical target sur-
face texture information to achieve an accurate acoustic
scattering model with less computational cost and re-
sources. The proposed model is a new representation of
acoustic scattering, and it uses non-uniform elements de-
scribed by LBP descriptors as an influential and fine-scale
descriptor for different textures. The scattered pressure is
computed on texture elements and arrived in observation
point via the discrete representation of the HK integral.
The experimental results demonstrated an excellent agree-
ment between the proposed model with two well-known
BLM and analytic models, although it required fewer el-
ements. By using the surface texture information, the pro-
posed model could model the target with low computa-
tional complexity, which is especially useful in improving
the scattering models and coherence process in real-time
SAS design and related applications
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you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer



506

Journal of Marine Science and Application

References

BfN (2019) [Online] Availableat: https://www.bfn.de/themen/
meeresnaturschutz/belastungen-im-meer/pipelines. Accessed 15
June 2019

Bonomo A, Isakson M, Chotiros N (2015) A comparison of finite ele-
ment and analytic models of acoustic scattering from rough
poroelastic interfaces. J Acoust Soc Am 137(4):EL235-EL240.
https://doi.org/10.1121/1.4914947

Chai Y, Li W, Gong Z, Li T (2016) Hybrid smoothed finite element
method for two-dimensional underwater acoustic scattering prob-
lems. Ocean Eng 116:129-141. https://doi.org/10.1016/j.0oceaneng.
2016.02.034

Chandler-Wilde S, Langdon S (2007) Boundary element methods for

acoustics. Lecture notes, University of Reading, Department of

Mathematics.

Copley L (1967) Integral equation method for radiation from vibrating
bodies. J Acoust Soc Am 41(4A):807-816. https://doi.org/10.1121/
1.1910410

Dashen R, Henyey F, Wurmser D (1990) Calculations of acoustic scat-
tering from the ocean surface. J Acoust Soc Am 88(1):310-323.
https://doi.org/10.1121/1.399953

Dutt A (2015) Effect of mesh size on finite element analysis of beam. Int J
Mech Eng 2(12):8-10. https://doi.org/10.14445/23488360/1JME-
V2112P102

Faran JJ Jr (1951) Sound scattering by solid cylinders and spheres. J
Acoust Soc Am 23(4):405—418. https://doi.org/10.1121/1.1906780

Fischell E, Schmidt H (2017) Multistatic acoustic characterization of
seabed targets. J Acoust Soc Am 142(3):1587-1596. https://doi.
org/10.1121/1.5002887

Flax L, Dragonette L, Uberall H (1978) Theory of elastic resonance
excitation by sound scattering. J Acoust Soc Am 63(3):723-731.
https://doi.org/10.1121/1.381780

Galusha A, Galusha G, Keller J, Zare A (2018) A fast target detection
algorithm for underwater synthetic aperture sonar imagery. In
Detection and Sensing of Mines. Int Soc Opt Photon:10628—
106280Z. https://doi.org/10.1117/12.2304976

Gaunaurd G (1985) Sonar cross sections of bodies partially insonified by
finite sound beams. IEEE J Ocean Eng 10(3):213-230. https:/doi.
org/10.1109/JOE.1985.1145097

Hansen R, Kolev N (2011) Introduction to synthetic aperture sonar.
INTECH Open Access. Publisher, pp 1-25. https://doi.org/10.
5772/23122

Hayes M, Gough P (2009) Synthetic aperture sonar: a review of current
status. IEEE J Ocean Eng 34(3):207-224. https://doi.org/10.1109/
JOE.2009.2020853

Huang D, Shan C, Ardabilian M, Wang Y, Chen L (2011) Local binary
patterns and its application to facial image analysis: a survey. IEEE
Trans Syst Man Cybern Part C Appl Rev 41(6):765—781. https://doi.
org/10.1109/TSMCC.2011.2118750

Hunt J, Knittel M, Nichols C, Barach D (1975) Finite—element approach
to acoustic scattering from elastic structures. J Acoust Soc Am
57(2):287-299. https://doi.org/10.1121/1.380459

Ihlenburg F (2006) Finite element analysis of acoustic scattering, vol 132.
Springer Science & Business Media

JuY, LiJ, PanY, Xu H (2018) Acoustic scattering from underwater
target for low frequency based on finite element method. /n 2018
International Conference on Sensing, Diagnostics, Prognostics, and
Control (SDPC) IEEE:724-727. https://doi.org/10.1109/SDPC.
2018.8665014

Kargl S, Espafia A, Williams K, Kennedy J, Lopes J (2014) Scattering
from objects at a water—sediment interface: experiment, high-speed
and high-fidelity models, and physical insight. IEEE J Ocean Eng
40(3):632—642. https://doi.org/10.1109/JOE.2014.2356934

@ Springer

Karimi M, Croaker P, Kessissoglou N (2016) Boundary element solution
for periodic acoustic problems. J Sound Vib 360:129-139. https://
doi.org/10.1016/j.jsv.2015.09.022

Li X, Xu T, Chen B (2018) Atomic decomposition of geometric acoustic
scattering from underwater target. Appl Acoust 140:205-213.
https://doi.org/10.1016/j.apacoust.2018.05.028

Liu'Y, Glass G (2013) Effects of mesh density on finite element analysis.
No. 2013-01-1375, SAE Technical Paper. https://doi.org/10.4271/
2013-01-1375

Liu L, Lao S, Fieguth P, Guo Y, Wang X, Pietikdinen M (2016) Median
robust extended local binary pattern for texture classification. IEEE
Trans Image Process 25(3):1368—1381. https://doi.org/10.1109/TIP.
2016.2522378

Marine technology news (2019) [Online] Availableat: https://www.
marinetechnologynews.com/news/kraken-sonar-begins-trading-
509634. Accessed 15 June 2019

Nabelek T, Keller J, Galusha A, Zare A, (2018) Fractal analysis of sea-
floor textures for target detection in synthetic aperture sonar imag-
ery. In Detection and Sensing of Mines, Explosive Objects, and
Obscured Targets XXIII. International Society for Optics and
Photonics.10628(1062810):16 https://doi.org/10.1117/12.2305023

Nennig B, Perrey-Debain E, Chazot J (2011) The method of fundamental
solutions for acoustic wave scattering by a single and a periodic
array of poroelastic scatterers. Eng Anal Bound Elem 35(8):1019—
1028. https://doi.org/10.1016/j.enganabound.2011.03.007

Nolte B, Ehrlich J, Hofmann HG, Schéfer I, Schiafke A, Stoltenberg A,
Burgschweiger R (2015) Numerical methods in underwater
acoustics-sound propagation and backscattering. Hydroacoustics
18:127-140

Ojala T, Pietikainen M, Maenpaa T (2002) Multiresolution gray-scale and
rotation invariant texture classification with local binary patterns.
IEEE Trans Pattern Anal Mach Intell 24(7):971-987. https://doi.
org/10.1109/TPAMI.2002.1017623

Okumura T, Masuya T, Takao Y, Sawada K (2003) Acoustic scattering
by an arbitrarily shaped body: An application of the boundary-
element method. ICES J Mar Sci 60(3):563—-570. https://doi.org/
10.1016/S1054-3139(03)00060-2

Pierce A (1989) Acoustics: an introduction to its physical principles and
applications. Acoustical Society of America, New York, 1989. Chap
10:534

Pignier N, O’Reilly C, Boij S (2015) A Kirchhoff approximation-based
numerical method to compute multiple acoustic scattering of a mov-
ing source. Appl Acoust 96:108—-117. https://doi.org/10.1016/].
apacoust.2015.03.016

Qin L, Huang H, Wang P, Zhang P, Wang Y, Liu J (2018) The 3D
imaging for underwater objects using SAS processing based on
sparse planar array. In 2018 OCEANS-MTS/IEEE Kobe Techno-
Oceans (OTO). IEEE,1-6. https://doi.org/10.1109/
OCEANSKOBE.2018.8559428

Richard A, Grande E, Brunskog J, Jeong C (2018) Characterization of
acoustic scattering from objects via near-field measurements.
European Acoustics Association:2195-2202

Schenck H (1968) Improved integral formulation for acoustic radiation
problems. J Acoust Soc Am 44(1):41-58. https://doi.org/10.1121/1.
1911085

Song F, Li W, Wang M (2017) Study on acoustic target strength charac-
teristics of underwater composite rudder. Vibroengineering Procedia
16:87-90. https://doi.org/10.21595/vp.2017.19376

Tesfaye G, Abiva J, Roberts R (2019) Automated change detection: ap-
plications for synthetic aperture sonar and future capabilities. IEEE
Syst Man Cybermn Mag 5(3):60—C3. https://doi.org/10.1109/MSMC.
2019.2913168

Waterman P (1969) New formulation of acoustic scattering. ] Acoust Soc
Am 45(6):1417-1429. https://doi.org/10.1121/1.1911619

Wu TW (2000) Boundary element acoustics: fundamentals and computer
codes. J Acoust Soc Am 111(4). https://doi.org/10.1121/1.1456929



N. Nadimi et al.: An Efficient Acoustic Scattering Model Based on Target Surface Statistical Descriptors for Synthetic... 507

Yang Y, Li X (2016) Blind source extraction based on time-frequency
characteristics for underwater object acoustic scattering. Acta Phys
Sin 65(16):164301. https://doi.org/10.7498/aps.65.164301

Zampolli M, Tesei A, Canepa G, Godin O (2008) Computing the far field
scattered or radiated by objects inside layered fluid media using
approximate Green’s functions. J Acoust Soc Am 123(6):4051—
4058. https://doi.org/10.1121/1.2902139

Zampolli M, Espana AL, Williams KL, Kargl SG, Thorsos EI, Lopes JL,
Kennedy JL, Marston PL (2012) Low-to mid-frequency scattering
from elastic objects on a sand sea floor simulation of frequency and

aspect dependent structural echoes. J Comput Acoust 20(2):
1240007. https://doi.org/10.1142/S0218396X12400073

Zhang J, Chen PM, Chen GB, Fang LC, Tang Y (2014) Acoustic target
strength measurement of banded grouper (Epinephelus awoara
(Temming and Schlegel, 1842)) and threadsial filefish (Stephanolepis
cirrhifer (Temming & Schlegel, 1850)) in the South China Sea. J Appl
Ichthyol 29(6):63. https:/doi.org/10.1111/jai.12361

Zhang W, Zhou T, Peng D, Shen J (2017) Underwater pipeline leakage
detection via multibeam sonar imagery. J Acoust Soc Am 141(5):
3917-3917. https://doi.org/10.1121/1.4988849

@ Springer





