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Abstract- The Side Scan Sonars (SSS) are one of the most
utilized devices to obtain acoustic images of the seafloor. To face
an application of preventive maintenance of the underwater
infrastructure, it was necessary to realize a detection system and
pipeline exploration in automated form. The current techniques
of acoustic images processing of SSS consume a great quantity of
time and computational resources. Thus, an efficient system of
pipeline detection is presented utilizing techniques of Cell-
Averaging with Constant False Alarm Rate (CA-CFAR). These
proposals were contrasted experimentally on images obtained
from wet tests in Salvador da Bahia with promising results.

Index Terms- CA-CFAR, side scan sonar, images processing.

I.  INTRODUCTION

The majority of the underwater tasks, such as the pipeline
inspection and maintenance, resources search, mine detection,
or debris recognition, are intended to be developed in an
automatic way by using autonomous underwater vehicles
(AUV). In the particular case of pipeline maintenance, it is
necessary to detect and then track them, obtaining as much
information as possible about their situation (on the sea floor,

buried, with corrosion, covered with sediments, among others).

An AUV is able to perform a precise and detailed observation
task regarding aspects of interest such as damage evaluation,
harmful waste, hooked anchors and others. The technology for
the complete automation of underwater tasks has evolved in
the last years due to the improvements with respect to (1)
AUVs technology, (2) new perception devices, and (3) new
techniques of acoustic images processing for objectives
detection and classification.

As regards point (1), the AUVs have been experiencing a
sustained grade of advance, in relation to their technology, the
algorithms for on board signals processing, and their control
approaches [1] - [5].

In reference to point (2), one of the most utilized devices to
obtain acoustic images are SSS. They represent an efficient
tool to ensonify objects on the seafloor [3]. A conventional
SSS provide lines of acoustic pulses that vary from 200 to
2000 samples. This value has relation with the range in meters
which is acquired from the sea floor, which constitutes a
trade-off between the range covered on the one hand, and the
time and processing resources to analyze that amount of data,

on the other hand. Thus, the more meters covered, the greater
the resources consumed. The capacity of high resolution
acoustic images processing within the AUV is a fundamental
issue to give the vehicle decision autonomy. While the sailing,
orientation and AUV control technologies, as well as the
perception devices have become mature enough for the
vehicle autonomy; it is not the same with on-line acoustic
image processing. Many approaches are currently available.
They much vary in their speed, efficiency, CPU resources
needed, precision and robustness [6] - [18].

A group of objective detection techniques widely used in
the technology of RADAR (RAdio Detection And Ranging) is
known as CFAR, Constant False Alarm Rate [19]. This group
of techniques maintains a Constant False Alarm Rate, where
interference energy must be estimated with the data. Thus, the
detection threshold is adjusted to maintain a probability of
expected False Alarm (Pyrg). If the interference energy and the
threshold are estimated with the average of the values of the
adjacent cells, this approximation is denominated CA-CFAR
(Cell Averaging-Constant False Alarm Rate) [20]. Since the
technology of SONAR (SOund NAvigation And Ranging) is
close to the RADAR technology [21], the proposal of this
work is to migrate the mentioned RADAR detection technique
to the objects detection in the seabed, such as pipeline, from
acoustic images.

Hence, the objectives explored in this article concentrate in
the acoustic images processing obtained by SSS devices and
in allowing adequate pipeline detection on the sea floor. Also,
they focus in reducing time and computational resources in
such a way that this task could be solved in efficient time.
Specifically, the CA-CFAR technique is presented and it is
demonstrated that the automatic pipeline detection with it is
possible and efficient.

This work is organized in the following way: Section 2
starts by showing the acoustic input data formation. Then, in
Section 3 an automatic processing chain is presented for a
pipeline detection system, describing each process that make
up the chain. Section 4 focuses on the basic concepts of the
detection theory, with an introduction of the technique CA-
CFAR. In Section 5, the experimental result, analyses and
comparisons are shown. Finally, Section 6 presents the
conclusions obtained in the work.
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II. FORMING ACOUSTIC IMAGES FROM A SSS

The SSS are the principal visualization tool which provides
acoustic images of the sea floor [3]. The SSS and the
Synthetic Aperture Sonars (SAS) are two types of side scan
sonars. The SSS represents one of the most popular sonar,
because they have been tested in deep waters with very
satisfactory results [22] - [26], even though lately a more
intensive use of SAS is appreciated due to the high quality of
the acquired data [27] - [31]. It is also described the use of the
multibeam echo sounders — MBE to explore in detail the sea
floor in [22] y [32] - [34].

The SSS is formed by a group of hydrophones which are
mounted in the sides of the vehicle. In each data acquisition
cycle, these hydrophones scan sideways and downward,
constituting a vertical plane which advances in the direction of
the vehicle orientation, called along-track. Fig. 1 shows an
idealized representation of the operation of a SSS mounted on
an AUV.
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Figure 1: Operation of the side scan sonar on AUV.

The transducers on both sides of the sonar send oblique
acoustic signals, in the shape of a fan, in perpendicular planes
to the AUV trajectory (across-track). These acoustic pulses
normally oscillate between 100 and 500 kHz. The port side
(left) and starboard (right) of the images are scanned
separately. The acoustic pulses travel along the water column,
hit the seafloor and the echo is returned to the reception sensor
from where its amplitude is quantified. This amplitude
depends on the angle of incidence of pulses and also on the
material of the seafloor.

The echoes coming directly from the seafloor, also called
backscattering, constitute the signal of analysis. The returns to
the sonar by means of multiple bounces of the seafloor or the
sea surface constitute the reverberation or not desired echoes.
The regions under the sonar (nadir) and above the sonar
(zenith) correspond to points of low and high reflection of the
surface of the seafloor and the surface of the sea, respectively.

The data acquired are projected on a line traced along the
seafloor. This scanning line is known as swath. These acoustic
data which contain this exploration line represent an
observation of the reflected intensity depending on the range
and the angle. The movement of the vehicle provides a second
dimension, perpendicular to the first. If the vehicle is moving
in a straight line at a steady speed, the scanning of the parallel
lines will build an acoustic image of the seafloor. If the
scanning is carried out on both sides of the platform, an image
is acquired duplicating the coverage rate [4].

III. PIPELINE DETECTION SYSTEM

Each swath acquired by the SSS is introduced in an
automatic processing chain. This processing chain is formed
by a set of processes. The input to one process represents the
output of the previous process. Fig. 2 shows a block diagram
of a simple processing chain utilized in a detection system. As
it can be seen, the input is an acoustic swath provided by the
SSS; and the output consists of a list of geo-referenced (NED)
coordinates of the pipeline position.
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Figure 2: Automatic processing chain for the pipeline detection system

As it appears from the observation of Fig. 2, before
applying the automatic detection process (see section 4), the
acoustic data are pre-processed to improve incoming data.

The first process consists in the geometrical correction of
the distortion by inclination. The SSS acoustic images are
prone to have numerous perturbations, geometrical and natural,
which interfere in the detection process [4], [35] y [36]. For
instance, the distortion by AUV’s attitude changes
corresponds affects the relative position of features in the
acoustic image and its true location in the sea floor. In this
case study, the relative orientation of the pipeline and its real
position is a fundamental system requirement. This distortion
represents a process of corrections which have two
adjustments, one on the across-track direction and the other
on the along-track direction. To carry out this correction, a
simple trigonometric relation is applied [3] utilizing
navigating data such as altitude, the slant-range and the angle



of incidence, directly proportional to the ground-range. Also,
the following strong suppositions must be assumed [37]: 1)
The seafloor is plane and horizontal; 2) The acoustic pulse is
propagated through the water at a constant speed; 3) The roll
angle of the vehicle is null, because it does not contribute to
the geometric distortions; 4) The vehicle is immobile from the
moment the acoustic pulse is shot until the return of the
maximum range is received.

Then, an acoustic image is defined as a function of two
dimensions of discrete finite values f[n,m], where [n,m]
represent the spatial coordinates. The amplitude in any pair of
coordinates [n,m] is called intensity of the monochromatic
image [9]. This intensity or backscatter force of the sea floor is
defined as b(x,y), where x and y are part of a system of
rectangular coordinates (x, y, z) defined in the sea floor. This
coordinates system is aligned to the direction y with the
trajectory of the vehicle, i.e. to the along-track direction; and
x is aligned with the across-track direction. Thus, if f[n, m] is
the original image and h[m] the altitude of water column in
pixels for the line m, it can be stated that the corrected image
g can be obtained as follows:

gll,m]

= f[n,m] such that n = \/h2[m] + 12 (1)

For l=0,+1,42,...,+(N;—1) and m=0,1,...,N, — 1,
where N,, is the number of horizontal lines in the corrected
image and N; is the number of pixels of line per side. The
value of n which corresponds to I generates a noninteger
value, and then an interpolation between the adjacent pixels
must be carried out.

The following process consists in the elimination of
irrelevant information. The acoustic images contain, in the
center, a black track denominated a blind spot. This region
under the sonar (nadir) is inherent to this type of images. This
irrelevant information must be substituted because it generates
a brusque variation of shades, dark to light, generating false
detections. For that, in each acoustic line, the greatest shadow
limit is detected on both port side and starboard side. Also, it
is positioned in the center of the sonar line and it is traversed
both on the right and on the left until the greatest brusque
variation of shades is found. Finally, a threshold value is
computed, which represents the brightness of the blind zone
limit. Thus, the limits for each acoustic line are obtained,
within which no processing will be carried out.

Another issue is the image enmhancement, about which
extensive literature exists [9], [10] y [35]. While most of the
traditional techniques of image processing are not adequate to
the improving of the acoustic image, it must be yet determined
if it is really useful the application of this process in these
acoustic images.

IV. AUTOMATIC
The problem of detection is summed up in analyzing each

sample with the objective of detecting the presence or absence
of an objective. Richards [20] defined two hypotheses for this

analysis: 1) the sample is the result of interference (Hy) and 2)
the sample is the result of a combination between interference
and echoes of an objective (H;). Consequently, the detection
consists in examining each sample and selecting one of these
hypotheses as the best. If the hypothesis H, is the most
appropriate, the detection system declares that the objective is
not present. On the other hand, if the hypothesis H; is the most
appropriate, the detection system declares that the objective is
present. Because of the signals are described statistically, the
decision between these two hypotheses represents an
application of the statistics decision theory [38].

In the particular case of acoustic images, it should be
considered that the objects on the sea floor are usually more
reflective than the surrounding sediment. For this reason, one
of the detection alternatives is centered in finding the
maximum intensities or acoustic highlight, which varies
considerably according to the sonar relative orientation with
the object. In fact it can even fall below the detection
threshold causing the object to be invisible.

On the other hand, an additional relevant characteristic of
this type of acoustic images is that the objects which protrude
above the seafloor generate shadows. That is to say, areas
where the echo intensity is frequently lower than the level
coming from the seafloor. The shadow longitude depends on
the vertical height of the object. Thus, another detection
alternative is resorting to these shadows.

Due to the acquisition is carried out from a moving vehicle,
the sonar geometry as regards the objective is variable; a
shadow can be present even when the acoustic projection is
not. Thus, it would be desired to combine both detection
approximations, as it is proposed in this work.

The following Fig. 3 shows a generic architecture of the
process CA-CFAR [39] y [40]. CA-CFAR is an adaptive
technique which estimates the detection threshold (T) based in
the test cell surroundings (x;) the threshold multiplier (). In
this way, it has into account both the acoustic highlight and
the shadow that the objects generate. The technique assigns
strong return values when the acoustic highlight is
proportional to the area of the object frontal part, and shadow
values when it is proportional to the longitude of the shadow
behind the object. These abrupt variations between a highlight
range and acoustic shadow generate the objective detection
possibility. The technique CA-CFAR maintains constant false
alarm rate (Prq), which is utilized to calculate the threshold
multiplier (a). The detection threshold (T) is adjusted to
maintain a desired probability of false alarm (Pf,). The current
test cell (x;) is compared to the detection threshold. If the test
cell value exceeds the threshold, the process declares that the
objective is present. Then, the following cell is proved,
applying the process again.

The dark gray cells in Fig. 3 represent the neighbor data
which will be averaged to estimate the noise parameters.
These cells are called reference cells (N). The lighter gray
cells in Fig. 3, immediately next to the cell under test, are



called guard cells (G).
average.
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Figure 3: Generic architecture of the process CA-CFAR [39] y [40].

The reason for this exclusion is that if the objective is
present; the neighbor cells contain similar values. In this case,
the energy in the cells next to x; should contain the same
interference energy along with the objective, and should not
be representative with its own interference. This extra energy
that the objective contains should tend to increase the
estimation of the interferences parameters. The total number
of reference and guard cells utilized in each estimation is
calculated utilizing the following equations, with G < N::

N, =2N+1 (2)

G.=26+1 (3)

The procedure to determine the detection threshold (T)
which we selected in this opportunity is described. Let us
consider the case of a Gaussian interference with a quadratic
rule detector. The probability density function (pdf), for any
cell x;, it has only one free parameter which is the media of
the interference power(?). Likewise, the process estimates
the media of the interference power in the test cell using the
adjacent cells data. It is supposed that their interference is
independent and identically distributed (i.i.d), for a media of
the total interference power B2, it is:

P (x) = gé-e-xﬂﬁz @

It is supposed that N, neighbor cells will be utilized, on the
test cell, to estimate the interference power 2. The union of

the probability density function for a vector x of N, samples is:

Nc¢

1
pe(x) = I 1_[ e—Xi/BZ

i=1

= B2Ne

e~ Cix/B (5)

The equation (5) is the probability function A for the vector
of observed data x. The maximum estimated probability of 2
is obtained by maximizing with Y x; the equation (5) [38]. It is
more convenient to maximize the function of the maximum
probability logarithm [20]:

NC
InA = —N, In(8%) —3—12 in 6)

i=1

Deriving the equation (6) with respect to 2 and equaling to
0 it is obtained:

d(ln/\)_oz —Nc(l)

a0 )
—Gé%);m(n

Solving the equation (7) for 2, the maximum estimated
probability will be the average of the available samples:

I
=2 (8
‘=1

The required threshold detection is estimated as a multiple
of the interference power:
T=af? (9)

The attempt to calculate an adaptive threshold is to provide
a constant false alarm rate even though the interference power
levels may vary. The computation of this threshold, according
to equation (9), is represented as a random variable, as well as
the probability of false alarm. The detector is considered
CFAR if the value of Pr,, does not depend on the current
value of 2. Combining equations (8) and (9) the expression
for the estimated threshold is a:

N¢

~ a

T =i in (10)
i=1

Defining

_ a
Z; = N—Cxi

such that

Nc
T = Z Zi’
i=1

and using the standard result of the probability theory with
equation (4) the pdf of z; can be represented by:

e~Nezi/aB® (11)

c

aB?
The fdp of T is known as Erlang density:

Dz; (z) =



Ne  PNe-1

w7
c - .

pr(T) = (aN—/)fz)

The observed Py, with the estimated threshold will be
exp(—T/B?), also a random variable whose expected value is
calculated as:

_ N, \Ne
o= (57)
ap

Completing the standard integral and carrying out some
algebraic manipulation, the final resulted is obtained:

Bro=(1+-—)N (14)
fa — N,

1 © Ney, 4|+ .
mf petel(@ e ar 13)
c s Joo

For an expected Py,, the required value of the threshold

multiplier is acquired solving equation (14):
1

a=N, (Ffa‘N_c - 1) (15)

Note that Pfa does not depend on the interference power
B?,but on the number N, of neighbor cells and the threshold
multiplier a. Thus, the technique of cells average exhibits the
CFAR behavior.

A. CA-CFAR of partial sums

The CA-CFAR of partial sums represent a variant in the
implementation of the standard CA-CFAR described in the
previous section, in which a continuous average of the cells
values is carried out to compute the threshold (T). In each step,
a window of reference and guard cells are taken, which will be
averaged utilizing equation (8). Once this value is calculated,
the threshold is estimated, and then the presence of an
objective is checked.

To carry out this calculation it is necessary to define a
window of N, reference cells which will be slid over all the
samples until the process is finished. Consequently, for each
adaptive threshold-estimation for each sample to analyze, N,
accesses to memory are carried out for the calculation of the
summation of reference cells and N; new accesses to memory
for the guard cells computation. These calculations generate
great computational resources consumption and excessive
time to on-line analyze the entire data sample. For this reason,
the improvement proposal is focused in the computation of the
summation of reference and guard cells. (See Fig. 3).

The next Fig. 4 shows an example of the samples
distribution (x4, ...,x,) and calculation of the summation
(Y1, ., 2n) for reference cells with N =2 (N, =5). As it
can be observed for the calculation of the summation )5, of
the test cellxs, the samples are neededx;, ..., x5. Likewise, this
sample x; is utilized for the calculation of the
summations),;, ..., Y.5. Having into account this detail, each

sample is taken beforehand and is used in N, = 5 summations
which need this value, generating its final value based on the
partial additions of samples. This process is carried out before
estimating the threshold and checking the detection. This tasks
separation generates a great saving of computational resources
and time.

The method is applied likewise to the calculation of the
summation of the guard cells.

0 1 2 3 4 N
X1 X2 X3 Xa X5 Xn
Yi| X2 | X3 | Xa | Xs Yn

X1 X1 X1

X2 X2 X2 X2

X3 X3 X3 X3 X3

X4 X4 X4 X4

X5 X5 X5

X6 X6
X7 Xn—2
Xn-1
xn

Figure 4: Distribution of the cells values for the technique CA-CFAR of
partial sums (N = 2, N, = 5) .

V. EXPERIMENTAL RESULTS

The algorithms were developed originally with MATLAB
even though later were ported to C++ code, taking advantage
from the data structure of OpenCV. The algorithms were
executed on a PC with a CPU 2-GHz Intel(R) Core(TM) 2
Duo, and 2-GB RAM memory. The SSS was the Tritech
StarFish 450F, performing CHIRP techniques in the range of
430 to 470 KHz.

A.  Data from sea trials

The test data for this work were acoustic images of the
seafloor with the presence of a pipeline in Salvador de Bahia,
Brazil. An important amount of 50500 lines of valid acoustic
data were collected from the aforementioned SSS, which
provided 101 images of 1000x500.

Fig. 5 shows a group of original acoustic images examples
of the SSS (a), and the output after applying the processing
chain (b). These images have been formatted for their best
presentation. In all the cases the pipeline is on the right side.
Fig. 5.1 and Fig. 5.4 show pipeline in a well-defined straight
line.
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Figure 5: Results when applying the automatic processing chain: a) original, b) final result.

Instead, in Fig. 5.2 the pipeline forms a little curve. In Fig.
5.3 the pipeline is semi buried with sections on the surface. In
all the cases it can be observed an efficient acoustic images
treatment by mean of the proposed detection system.

B.  Comparison Measure

Focusing in the comparisons of the two presented
algorithms, two quantitative measures were utilized: the
instructions quantity and the execution time in seconds. The
first quantitative measure represents the number of necessary
instructions for the algorithm execution. The equation (16)
represents the instructions calculation for the standard CA-
CFAR, where S, and S, represent acoustic lines quantity
(swath) and the samples taken (samples), respectively.

Besides, N and G represent the reference and guard cells
number, respectively.

#l = S, % (Sg—2*(N+G +1)) = (2% (N+G) + 1) (16)

o R

i
i

4.a 4.b

The following equation (17) shows the calculation of the

number of algorithmic instructions for the technique CA-
CFAR of partial sums:

#1 =S, *S, * (N + G+ 1) (17)

C. Comparison between both approaches

The Table 1 shows the values utilized for the automatic
detection process with the technique CA-CFAR and its variant
of partial sums. For each test cell, N, and N; neighbor cells
are utilized (equation 2 and 3) to calculate adaptive threshold
and determine the presence or absence of pipeline. The
number of found detections is stored in a file with its
respective geographic coordinate.

Both presented approaches show equal results but with a
notable difference in the CPU instructions number. The
improvement reduces more than 50% of necessary CPU
instructions, which impacts on the execution time.

It should also must be taken into account that when the
reference and guard cells number increase, the gap in the

difference of the CPU instructions number in both algorithms
also increase.



In the images the false detections are noted like white points
without correlation in neighbor lines, which should be
corrected by means of some post-processing or improvement
in the detection method.

TABLE I
DATA AND RESULTS OF DETECTION TECHNIQUES
# Tee. N G a P #D Pl T(seg)
S 23275000 0,993
I gp 18 6205 0136 896 550000 054
5 23275000 09
2 gp 186205 0036 794 55000 0.539
. 23275000 0,878
3 gp 18 8205 036 220 550000 0527
S 35958000 1,03
4 gp 32 6 160 0205 113 (5500000 0753

Image 500x1000 (500000 samples). S: CA-CFAR standard technique,
SP: CA-CFAR of partial sums technique. N: reference cells. G: guard

cells. # D: number of detections. # I: number of instructions (equation
16 and 17).

VI. CONCLUSIONS

In this work, it was presented an automatic processing chain
for a pipeline detection system from acoustic data obtained
from a moving vehicle, utilizing a cell averaging technique
with constant false alarms rate. Also, a variant CA-CFAR of
partials sums was presented which provides equal results in
much less time due to computational resources savings. The
technique CA-CFAR has its origin in the radar signals
processing. In this work it was also proved the benefit of
migrating this technique for the objectives detection in
acoustic images of SSS. As the final objective was to employ
this automatic detection system on board of an ASV or AUV,
an increase of efficiency in processing techniques was
essential. This approach seems to be very promising in this
sense and will be included for wet trials with the AUV
ICTIOBOT prototype [41] altogether with its dynamic
mission planning, guidance and control systems.
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