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a b s t r a c t

In order to solve the problem of false terrains caused by environmental interferences and tunneling effect
in the conventional multi-beam seafloor terrain detection, this paper proposed a seafloor topography
detection method based on fast two-dimensional (2D) Censored Mean Level Detector-statistics Constant
False Alarm Rate (CMLD-CFAR) method. The proposed method uses s cross-sliding window. The target
occlusion phenomenon that occurs in multi-target environments can be eliminated by censoring some of
the large cells of the reference cells, while the remaining reference cells are used to calculate the local
threshold. The conventional 2D CMLD-CFAR methods need to estimate the background clutter power
level for every pixel, thus increasing the computational burden significantly. In order to overcome this
limitation, the proposed method uses a fast algorithm to select the Regions of Interest (ROI) based on a
global threshold, while the rest pixels are distinguished as clutter directly. The proposed method is
verified by experiments with real multi-beam data. The results show that the proposed method can
effectively solve the problem of false terrain in a multi-beam terrain survey and achieve a high detection
accuracy.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. INTRODUCTION

Multi-Beam Echo Sounder (MBES) is one of the most important
high-tech marine survey equipment in the contemporary marine
survey field. The MBES has been widely used in hydrographic sur-
veys, oceanographic engineering, exploration, development of
seafloor resources, and other fields (Ferrini, 2004; Jung et al., 2018;
YuZhe et al., 2017). The robustness of multi-beam seafloor terrain
detection technology is directly related to the reliability of detec-
tion results. According to relates studies, the main factors influ-
encing the robustness of the multi-beam bathymetric technology
are sounding artifacts and outliers. The most typical sounding
artifact is the tunneling effect (De MoustierMartin, 1986). As a
consequence, it poses a challenge to detect seafloor terrain robustly
and efficiently.

When measured seafloor has strong reflexes, the side lobe will
f Naval Architects of Korea.

rea. Production and hosting by El
leak into other beams due to the strong energy of the mirror beam,
thus causing a strong interference to the lateral beam. When the
side lobe response is higher than the system detection threshold,
the system will track the side lobe response and ignore the true
seafloor echo, thus causing a tunneling effect in measurement re-
sults (Kammerer, 2000; Du et al., 2016; Alexandrou and de
Moustier, 1988). Namely, when an initial image is transformed
into the final seafloor terrain image by sector-transforming, the
lateral interference becomes circular, and its shape is close to the
tunnel’s shape, which is why it is called the tunneling effect. In
conventional multi-beam data processing, post-processing soft-
ware is often used to manually erase the outliers. However, when
there are many surveying lines, and when the scope of surveying is
large, this method has a huge workload and is a highly subjective
factor. Therefore, it is very important to solve the problem of false
terrain in multi-beam seafloor terrain detection. Wei et al. (Yukuo
et al., 2011; Wei et al., 2010) researched the multi-beam false
terrain removal method from the aspects of reducing the side lobe.
In (Yukuo et al., 2011; Wei et al., 2010), the MVDR beam-forming
algorithm and the recursive least square-Laguerre lattice algo-
rithm were used to reduce the side lobe interference, thus
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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eliminating the tunneling effect. However, the above algorithms
have high computational cost and are severely limited in practical
applications. In order to enhance the practicability of the algorithm,
Chen et al. (2010) proposed a fast algorithm based on apFFT, but the
actual effect was not satisfactory.

The CFAR technology has been proven to have an excellent
ability to control false alarm in the background that obeys the
Gaussian distribution. Typical CFAR techniques are the Cell
Averaging-Constant False Alarm Rate (CA-CFAR) and the Order
Statistics-Constant False Alarm Rate (OS-CFAR) (Rohling, 1983; Gao
et al., 2009; Boudemagh et al., 2014). With the continuous devel-
opment of the CFAR technology, this technology has been widely
applied in the field of sonar technology (Acosta and Villar, 2015;
Villar et al., 2013, 2017). In the aspect of multi-beam image pro-
cessing, Gao et al. (2017) proposed a subset censored CFAR method
for a multi-target environment, but the processing effect in a
continuous expansion target environment was not ideal. In the 2D
CFAR detection, due to a large number of pixels and reference cells,
the computation amount of the traditional algorithm is large,
which limits its application in practice (Kronauge and Rohling,
2013). In order to address this problem, the practicality of the
CFAR detection method has been improved by reducing the
parameter estimation calculation amount and the number of
measured pixels (Gao et al., 2006; Tao et al., 2016). Motivated by the
results of related studies and aiming to solve the current problems
in multi-beam seafloor terrain target detection, this paper proposes
a fast 2D Censored Mean Level Detector - Constant False Alarm Rate
(CMLD-CFAR) method for multi-beam seafloor terrain target
detection.

The rest of the paper is organized as follows. In Section 2, the 1D
CA-CFAR algorithm is discussed and extended to 2D, the influence
of the sliding window size on parameter estimation is analyzed,
and a fast 2D CMLD-CFAR method based on a global threshold,
which overcomes the disadvantages of the traditional detection
algorithm, is proposed. In Section 3, the effectiveness of the pro-
posed method is verified, and the processing performances of
different CFAR methods are compared at different sliding windows.
In Section IV, the main conclusions are drawn.

2. DETECTION METHOD BASED ON FAST 2D CMLD-CFAR

2.1. CA-CFAR principle

The tunneling effect makes the Weighted Mean Time (WMT)
sounding method experience the side lobe interferences caused by
a strong echo signal in the terrain echo signal, which results in an
incorrect terrain detection. In the field of radar signal processing, in
order to adapt to a constant change in the interference level, the
CFAR detection technology is generally used to predict detection
threshold and reduce the probability of false alarm in the actual
interference environment, which is known as adaptive threshold
detection technology or automatic detection technology. The pro-
cessing flowchart of the typical CA-CFAR algorithm is shown in
Fig. 1.

The clutter power in the CA-CFAR algorithm is estimated based
Fig. 1. The flowchart of 1D CFAR progressing.
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on the mean value of reference cells nearby the Cell Under Test
(CUT). In the case of clutter following the Gauss distribution, this is
the maximum likelihood estimation. Assume adenotes a scalar
multiple, which can be calculated by the presupposed false alarm
probability and the number of reference cells.

The reference cells of every CUT can be represented by a set of
vectors X ¼ (x1, x2, …, xn). Another assumption is that each refer-
ence cell is independently and identically distributed (i.i.d.), so the
joint probability distribution function of the reference cells can be
expressed as:

f ðXÞ¼
YN
i¼1

f ðxiÞ (1)

The determining procedure of the detection threshold is given
below. In the MBES acoustic images processing, an exponential
distribution is often used to express the Probability Density Func-
tion (PDF) of images, and the PDF of each CUT can be expressed as:

f ðxÞ¼ 1

b2
e�x=b2

(2)

where x represents the amplitude of the CUT, and x > 0; denotes the
average clutter power, and its estimation is given by (Acosta and
Villar, 2015):

b2 ¼ 1
N

XN

i¼1
xi (3)

where N denotes the number of reference cells. In order to obtain
the constant false alarm rate, the adaptive threshold T can be
expressed as:

T ¼ab2 ¼ a

N

XN

i¼1
xi (4)

by substituting Eq. (4) into Eq. (1), we get:

f ðXÞ¼
YN
i¼1

1

b2
e�xi=b

2 ¼ 1

b2N
e
� 1

b2

�PN

i¼1
xi
�
: (5)

A false alarm happens when a Cell Under Test (CUT) exceeds
threshold T, so the false alarm probability can be expressed by:

Pfa ¼
ð∞

0

PðCUT > TÞ,f ðXÞdX (6)

By substituting Eq. (2) and Eq. (5) into Eq. (6), we have:

Pfa ¼
YN
i¼1

ð∞

0

e�ð1þða=NÞÞxidxi ¼
�
1þ a

N

��N
(7)

By settling the Eq. (7), a multiple a of the adaptive threshold is
obtained as follows:

a¼N,

0
B@P

�1
N

fa �1

1
CA (8)

Thus, when multiple a and the number of reference cells are
determined, the false alarm probability Pfa can be obtained, i.e., the
CFAR detection is completed.



Table 1
ESTIMATIONS FOR DIFFERENT SLIDING WINDOWS.

Serial number Estimations of different sliding windows

Rectangular window Cross window

1 2608 3594
2 3778 5409
3 2507 3395
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2.2. 2D CMLD-CFAR method

In the field of image processing, interferences are usually
distributed around the targets. The reference cells of a traditional
CFAR detector contain only a one-dimensional signal, which can
result in an inaccurate estimation of the clutter power level and
affect the false alarm rate. In the MBES terrain detection, an initial
terrain image is two-dimensional, where the abscissa denotes the
beam angle, and the ordinate denotes the distance. Accordingly,
this paper extends the traditional one-dimensional CFAR algorithm
into a two-dimensional CFAR algorithm to increase the number of
reference cells and control the false alarm probability effectively.

The commonly used two-dimensional sliding windows are
shown in Fig. 2, which aremainly divided into rectangular windows
and cross-sliding windows. Guard cells are used to avoid the
interference of a target. In the following, Nr and Ng represent the
numbers of sliding reference cells and guard cells, respectively. In
this paper, Nr ¼ 100 and Ng ¼ 50. A rectangular window contains
more reference cells than a cross window, and a cross window
includes adjacent reference cells of a CUT only in a positive direc-
tion. The false alarm rate control capabilities of the two window
types can be obtained by analyzing the estimated clutter power
corresponding to different CUTs. The estimations obtained using
different sliding windows of typical CUTs presented in Fig. 5(a) are
given in Table 1. The data in Table 1 denote the clutter power level
estimations obtained by averaging the references with different
sliding windows.
Fig. 2. The 2D CFAR with a sliding window.
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As shown in Table 1, the clutter power level estimated using the
rectangular window is much smaller than the estimates obtained
using the cross-sliding window, which results in an increase in the
false alarm probability. Because of the directivity and the side lobe
of the beam-forming algorithm, the main interferences, such as the
tunneling effect, are usually distributed in the vertical and hori-
zontal directions of the targets. So, as shown in Table 1, the cross-
sliding windows can provide a more suitable and higher
threshold. Therefore, this paper uses a cross-sliding window for
terrain detection. The effects on actual data processing of different
sliding windows are analyzed in Section 3.

Under the condition of the Gaussian background clutter, the
CFAR detector can provide constant false alarm detection. However,
in the real multi-beam terrain data processing, the CA-CFAR algo-
rithm can difficultly achieve the theoretical detection performance
due to clutter heterogeneity. The OS-CFAR method estimates the
clutter power level by sorting the reference cells and taking the
value at a specific location as an estimation. This method is
convenient for multi-target environments. Since the targets in a
seafloor terrain image are numerous and relatively dense, there are
usually many strong target interferences in reference cells. There-
fore, this paper uses the 2D CMLD-CFAR algorithm to detect the
target to control the false alarm rate. The diagram of the 2D CMLD-
CFAR algorithm is shown in Fig. 3.

The target occlusion phenomenon that occurs in the multi-
target environment can be eliminated by censoring large refer-
ence cells, and the remaining reference cells are used to calculate
the local threshold. The algorithm discards large reference cells and
takes the mean of the remaining reference cells as an estimate of
the clutter power level, which is different from the CA-CFAR
algorithm.
Fig. 3. The diagram of the 2D CMLD-CFAR with a cross-sliding window.



Fig. 4. The flowchart of the 2D CMLD-CFAR method.
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b2 ¼ 1
4Nr

X4Nr�r

i¼1
xi (9)

where N ¼ 4Nr and r ¼ 15, and r denotes the number of large
reference cells that are censored.

In order to get the false alarm probability of the CMLD detection
method, a linear transformation is conducted on the remaining
reference cells.

Z ¼
XN�r

i¼1
xi ¼

XN�r
i¼1

vi

vi ¼ ðN � r � iþ 1Þðxi � xi�1Þ; x0 ¼ 0
(10)

and the PDF of v can be expressed as:

f ðviÞ ¼ ci
me

�civi=m

ci ¼ N�iþ1
N�r�iþ1

(11)

By substituting Eq. (10) into Eq. (11), we get:

f ðZÞ ¼
XN�r

i¼1

ai
m
e�ciz=m

ai ¼
0
@N

r

1
A
0
@N � r

i� 1

1
Að � 1Þi�1

�
N � iþ 1� r

r

�N�r�1
(12)

By substituting Eq. (11) and Eq. (12) into Eq. (6), the false alarm
probability can be obtained as:

Pfa ¼
XN�r

i¼1

ai
ci þ T

(13)

2.3. Fast algorithm

Even if the calculation amount of the parameter estimation in
the CFAR algorithm is small, when there are too many pixels in
acoustic images, excessive computational and time resources will
be required for applying the proposed method to a whole acoustic
image sequence. By analyzing an actual multi-beam seafloor terrain
image, it can be concluded that in the image, many pixels are
obviously not targets. Therefore, this paper proposes a fast algo-
rithm based on a global threshold to extract the region of interest
(ROI) in an image. Only the Regions of Interest (ROI) that are
selected according to a global threshold are detected by the 2D
CMLD-CFAR method, and the remaining pixels are directly distin-
guished as clutter. The global threshold can be expressed as:

TG ¼
L
Nt

XNt

i¼1
xi (14)

where L denotes the threshold level and can be selected as the
amount of computation load; Nt denotes the total number of pixels
in a sonar image. Thus, the global threshold can be regarded as a
product of the overall average amplitude of an image at the
threshold level. If a pixel value is larger than the global threshold,
Table 2
NUMBERS OF ROI PIXELS.

Level of threshold L Global threshold level

1 2 3 4 5

Number of ROI pixels 1,062,905 459,107 211,464 117,492 79,796
Total number of pixels 511,500 [5000 1023]
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the pixel is regarded as the ROI; otherwise, it is regarded as the
clutter directly.

As shown in Table 2, for the total number of pixels obtained from
Fig. 5, the number of ROI pixels is far less than the total prime
number for levels 4 and 5. Considering the computational load and
detection performance at the same time, this paper sets the
threshold to level 4.

2.4. Overview of the proposed method

The entire processing flowchart of the fast 2D CMLD-CFAR
method is shown in Fig. 4.

The main steps of the proposed method can be summarized as
Fig. 5. The multi-beam initial seafloor terrain view.
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follows:

∙ Select the number of reference cells Nr, the number of guard
cells Ng, and set the false alarm rate Pfa;

∙ Calculate the global threshold, determine the ROI, and label the
remaining area as the background clutter;

∙ Detect the ROI and estimate the threshold T corresponding to
the CUT;

∙ Compare the CUT with the corresponding local thresholds; the
CUT is determined to be part of the target when S (cut) > T;
otherwise, it is considered to be the background;

3. Experimental results

3.1. Data description

The data used in the experiments were measured in the typical
waters of the Songhua Lake in Jilin City, Jilin Province, China, by the
multi-beam sonar developed byHarbin Engineering University. The
sonar system emitted a Continuous-Wave (CW) signal at a fre-
quency of 300 kHz. Themulti-beam echo sounder had a linear array
consisting of 64 elements. For the sake of easy processing, the initial
Fig. 6. Results for different sliding windows. (a) (b) Results for 2D rectangular window, (
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seafloor terrain image was used in the 2D CMLD-CFAR detection.
The typical initial seafloor terrain image is shown in Fig. 5. All the
seafloor terrains were natural. The continuous strip-like area in the
image denoted the seafloor terrain target, and the remaining part of
the image denoted the interference clutter.

3.2. Results and comparisons

Two typical multi-beam seafloor terrain images are presented in
Fig. 5(a) and (b). The initial seafloor terrain images were formed by
the orthogonal method and the Fourier Transform (FT) beam-
forming. The average depths of the terrain in Fig. 5(a) and (b) are
about 20 m and 45 m, respectively.

The processing results obtained using different sliding windows
are presented in Fig. 6. As shown in Fig. 6(a) and (b), when the 2D
rectangular window was used to detect the terrain target, the
reference cells in the rectangular window included not only strong
correlation interference in the direction of the target but also the
weak interference in other directions, so the estimation of the
clutter power was low, resulting in a high false alarm rate; there
weremany outliers in the result, and themethod failed to eliminate
the tunneling effect.When the 1D transversewindowwas used, the
c) (d) Results for 1D transverse window, (e) (f) Results for 1D longitudinal window.



Fig. 7. Detection results of different methods with the cross-sliding window. (a) (b) Results of fast 2D CMLD-CFAR, (c) (d) Results of 2D CA-CFAR, (e) (f) Results of 2D OS-CFAR.

Table 3
Average execution times of different methods.

Image Execution time t, s

2D CA-CFAR 2D OS-CFAR Fast 2D CMLD-CFAR

Fig. 5(a) 50.794 56.354 3.674
Fig. 5(b) 48.978 53.856 3.346
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transverse reference cells includedmainly side lobe interference, so
the CFAR method based on the transverse could effectively solve
the tunneling effect, as shown in Fig. 6(c) and (d). However, when
the CUT was located in the middle area of the terrain, the inter-
ference of the center beam was too strong, resulting in the
threshold higher than the normal clutter power, so the leakage
alarm occurred. In Fig. 6(d), the center beam energy is high; the
CFAR method based on the transverse window did not take into
account the longitudinal interference information of the target, so
there were a large number of false alarms in the strong beam re-
gion. The results for the 1D longitudinal window are shown in
Fig. 6(e) and (f). Similar to results in Fig. 6(a) and (b), because the 1D
longitudinal window did not consider beam side lobe interference,
it was impossible to solve the artifact with accurate elimination of
the tunneling effect. Therefore, the cross-sliding windows are more
suitable for seafloor terrain detection in real multi-beam data.

Fig. 7 shows the results obtained by different CFARmethods. The
results obtained by the 2D CMLD-CFAR method are presented in
Fig. 7(a) and (b), where it can be seen that the proposed method
could both achieve high accuracy in the seafloor terrain target
detection in the multi-beam terrain image and control the false
192
alarm rate effectively. The results obtained by the CA-CFAR are
presented in Fig. 7(c) and (d). Because this method did not discard a
part of the reference cells that might be the target interference,
there was a low false alarm rate. Due to the existence of a large
number of continuous targets in the multi-beam seafloor terrain
image, a large number of leaks occurred, which resulted in partial
missing of the final seafloor topographic map and affected the trust
of the overall seabed topographic map. Particularly, as shown in
Fig. 7(d), most of the terrain in the image was erroneously detected
as clutter due to the low signal-to-noise ratio. Also, as shown in
Fig. 7(c), the edge beam area also had a leak condition due to the
low signal-to-noise ratio. The results obtained by the 2D OS-CFAR
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method are presented in Fig. 7(e) and (f). The OS-CFAR method has
proven to be an effective detection method in multi-target situa-
tions. However, due to the complex interference environment of
the real data, although the OS-CFAR could effectively remove the
tunneling effect in the terrain image, there were also many false
alarms, which affected the data processing performance. The
experimental results show that the proposed 2D CMLD-CFAR
method can perform well in multi-beam terrain detection.

The comparison of the execution times of different methods is
given in Table 3. Since most pixels were filtered out by global
thresholds, the processing time of the proposed method was
obviously shorter than those of the other methods. Consequently,
the proposed method can greatly reduce the processing time,
which is highly valuable in real-time engineering applications.
4. Conclusion

In this paper, a seafloor terrain detection method is proposed. In
the proposed method, the CMLD-CFAR strategy based on a 2D
cross-sliding window is adopted, and the fast algorithm based on a
global threshold is used to improve the processing speed. The main
conclusions are as follows: (1) compared with the 1D sliding win-
dow and 2D rectangular-sliding window, the cross window is more
suitable for the multi-beam terrain detection because it can effec-
tively eliminate the tunneling effect and other strong interference;
(2) terrain targets are directly connected with each other; by
censored some of the large suspected reference cells, the CMLD-
CFAR strategy can improve the detection rate while ensuring the
false alarm rate, especially in areas with a low signal-to-noise ratio,
such as edge beams; (3) the proposed method first uses a global
threshold to screen images, and then determines the ROI in an
image and performs accurate CFAR detection, while the remaining
part of the image is directly identified as clutter. The proposed
method is verified by experiments and compared with other
detectionmethods. The results show that the proposedmethod can
greatly reduce the number of pixels needed for accurate CFAR
detection, thus reducing the computational load significantly. Due
to the non-uniformity and particularity of the interference distri-
bution in multi-beam acoustic images, it is difficult to simulate the
images accurately and meaningfully. In this paper, the real multi-
beam data of different cases are processed, and different sliding
windows and detection strategies are analyzed and compared. The
results show that the proposed 2D CMLD-CFAR method can effec-
tively solve the problem of false terrain in a multi-beam terrain
survey and achieve a high detection accuracy.
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