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Abstract 
In view of the disadvantages of low resolution and high noise intensity for underwater 
target detection, this paper proposes a new sonar image denoising algorithm, and 
analyzes experiments and results.First, the advantages and disadvantages of spatial 
domain filtering and transform domain filtering are analyzed. Secondly, the three 
picture quality evaluation indicators are proposed. Finally, the mentioned filtering 
method is applied to the sonar image denoising, and finally the quality of the denoised 
sonar image is evaluated, the experimental results are obtained, and the results are 
analyzed and explained.The experimental results show that in the spatial domain filter 
and the transform domain filtering, the adaptive median filter is the best for the 
parameters used in this test. 
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1. Introduction 

Sonar is a device that uses acoustic imaging technology. It has an ideal imaging distance and is not 
limited by natural environments such as sunlight. It has been widely used in underwater target 
detection. However, due to the complexity of the seabed environment, when sonar is used for 
underwater target detection, it will be affected by marine environmental noise, ship self-noise, seabed 
reverberation signals, the inhomogeneity of seawater and a large number of suspended particles in 
the water. The interference of uncertain factors, which are superimposed on the sonar receiving end, 
produces serious noise in the sonar image, which makes the edge of the target blurred and makes 
subsequent detection and identification difficult. For underwater target detection based on sonar 
images, accurate detection and accurate segmentation of target edges are crucial to the final correct 
detection [1]. In the preprocessing of sonar images, the realization of edge-preserving denoising is 
the most ideal result, but it is also the difficulty and focus of the sonar image denoising algorithm [2]. 

According to the characteristics and noise distribution of underwater sonar images, Zhao Chunhui 
from Harbin Engineering University proposed an adaptive single-scale Ridgelet sonar image 
denoising method, which achieved good results in both image edge preservation and image signal-
to-noise ratio [3]. 

According to the traditional mean filter denoising method that only uses the similarity of a single 
pixel to denoise, Liu Wang from the University of Electronic Science and Technology of China 
proposed a non-local mean denoising method, which measures the fast similarity of pixel 
neighborhoods in the image. To construct weights, the denoising effect is very good, and it also has 
strong robustness and stability, and can also well maintain the edge information of the image [4]. 
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According to the multiplicative noise in sonar images, Geng Changlei from Dalian University of 
Technology, based on wavelet transform, proposed a method for denoising sonar images based on 
multi-binary wavelet transform, which achieves the purpose of reducing speckle noise to a certain 
extent. The effectiveness of the method is proved by comparing with the denoising results of binary 
Haar wavelet hard threshold and soft threshold [5]. 

In addition, with the development of sonar image processing field, researchers have gradually 
proposed more sonar image denoising algorithms, such as: Partial Differential Equation(PDE), Field 
Of Expert(FoE) [6-7], Low-rank matrix decomposition(Low-Rank Matrix Factorization, LRMA) [8-
9], et al. 

2. Design of Sonar Image Denoising Method 

The imaging mechanism of side-scan sonar images is similar to that of ultrasonic images and radar 
images, and the simulation of noise is also very similar, mostly speckle simulation [10]. 

The sonar image looks indistinguishable from the optical image. It is a plane or spatial distribution 
map of energy. However, due to the complexity of the seabed environment, as well as the propagation 
characteristics of the sound wave itself and the limitation of the transmission channel, the sonar image 
formed is a low-frequency image. The high-frequency details are seriously insufficient compared 
with the optical image, while the gray level of the background noise part is less compared to the target 
area. When denoising sonar images, a more suitable denoising method should be selected [11]. 

This article only discusses the application of correlation filtering in the spatial and frequency domains. 

2.1 Space Domain 

Spatial domain filtering is to directly adjust the pixel gray value of the image itself to make the image 
sharper or smoother, and then achieve the purpose of denoising. In this paper, four kinds of spatial 
domain filters, namely median filter, adaptive median filter, bilateral filter and Gaussian filter, are 
used to denoise sonar images. 

2.1.1 Median Filtering 

Median Filtering is a nonlinear filtering method, which belongs to the statistical sorting filter, the 
most well-known and the most frequently used, and is widely used in image denoising. The filter has 
a very strong denoising ability on random noise, and is very effective for impulse noise, especially 
salt and pepper noise, which can effectively eliminate the "sharp" part of the image and preserve the 
pixel value of the original image [12]. 

 

                                    (1) 

 

In the formula:  is the median filter output value; represents the order from large to 

small;  represents the template coverage;  represents the corresponding pixel coordinates 

in the area covered by the template; the pixel at  is the median value of this calculation. 

This method replaces the value of the pixel with the median value of the gray level in the 
neighborhood of the pixel, which is less blurry than the linear smoothing filter of the same size. But 
the disadvantage is that the edge of the target may be blurred, which undoubtedly brings difficulties 
to the sonar image with little detailed information. 

In this paper, the median filter template size of  is selected. 

2.1.2 Adaptive Median Filtering 

Adaptive Median Filtering is an improvement to median filtering, which can be used to deal with 
more probable impulse noise. One of the biggest advantages of this filter is that it can try to preserve 
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more details while smoothing non-impulsive noise, which is also impossible for traditional median 
filtering [13]. 

The Adaptive Median Filtering is mainly divided into two processes to work: 

Process A: 

 

                                     (2) 

 

                                     (3) 

 

If and , go to process B, otherwise increase the window size; if window size , 
otherwise output . 

Process B: 

 

                                    (4) 

 

                                    (5) 

 

If and , output , else output . 

In the formula: is the minimum gray value of ;  is the maximum gray value of ; 

is the median of the gray value of ; is the gray value of ;  is  the 
maximum size allowed. 

In this paper, the Adaptive Median Filtering of  is selected. 

2.1.3 Bilateral Filtering 

Bilateral Filtering is usually used to smooth the image to reduce the noise interference on the picture, 
and it can also keep the edge of the image well. It is a nonlinear spatial filter. This filtering smoothes 
the image by using a nonlinear combination of adjacent pixel values, mainly using a weighted average 
method, where the weighted average of the surrounding pixel brightness values represents the 
intensity of a pixel, and the weighted average used is based on a Gaussian Distribution. The weight 
of Bilateral Filtering not only considers the Euclidean distance of the pixel, but also considers the 
radiance difference in the pixel range domain, and is the most commonly used edge protection filter 
[14-15]. 

The reason why Bilateral Filtering can achieve smooth denoising and also protect image edges well 
is that the kernel of Bilateral Filtering: spatial domain kernel and value domain kernel, are generated 
by two functions. 

(1) The spatial domain kernel is used to measure the degree of spatial proximity, which is determined 
by the template weight  determined by the Euclidean distance of the pixel position: 

 

                           (6) 

 

In this formula:  represents the coordinates of other coefficients of the template window; 

 is the center coordinate point of the template window;  is the standard deviation of the 
high-low function. 
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(2) The range kernel is determined by the template weight determined by the difference of the pixel 
values : 

 

                     (7) 

 

In this formula:  represents the coordinates of other coefficients of the template window; 

 represents the pixel value of the image at the point ;  is the center coordinate 

point of the template window, and the corresponding pixel value is ;  is the standard 
deviation of the Gaussian function. 

(3) Multiply the above two weights to obtain the template weights of Bilateral Filtering: 

 

         (8) 

 

From this calculation, the data formula of the Bilateral Filtering is obtained: 

 

                             (9) 

2.1.4 Gaussian Filtering 

Gaussian Filtering is a linear smoothing filter, which is a typical low-pass filter. By using a 
convolution kernel to multiply each point of the input image, the final calculation result is used as the 
pixel value of the output image. 

 

                                        (10) 

 

In this formula: represents the convolution operation; represents the two-dimensional 

Gaussian kernel with standard deviation , defined as: 

 

                                   (11) 

 

The principle of Gaussian Filtering is relatively simple and the processing speed is fast. The 
disadvantage is that while reducing noise, it will cause a certain degree of blurring of the image, 
especially at the edges and some details, which is not conducive to accurate extraction and analysis 
of the target area [16]. 

2.2 Transform Domain 

Transform Domain Filtering is to map the image from the spatial domain to a specific transform 
domain through Fourier transform or other transformation methods, set a specific threshold for 
filtering the characteristics of sonar image noise in the transform domain, and then go through the 
inverse transformation. The denoised image is obtained to achieve the purpose of image denoising. 
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In this paper, wavelet transform and curvelet transform are used. 

2.2.1 Wavelet Transform 

Compared with traditional spatial and filtering methods, Wavelet Transform has better edge-
preserving effect when applied to denoising of sonar images. When applied to sonar image denoising, 
it not only has a relatively good denoising effect, but also has a good preservation effect on the target 
edge, which is extremely important in target detection, and will not destroy the target edge 
information excessively [17]. There are many types of wavelet functions: Haar, Daubechies , Symlets , 
Mexican Hat , Coiflets , Meyer , etc. 

In this paper , the sym5 wavelet of Symlets is used to denoise the sonar image. 

2.2.2 Curvelet Transform 

Candes in 1999 as the first generation of Curvelet Theory. It was developed from Ridgelet Theory 
and has been widely used in image denoising, image enhancement and other fields [18-19]. However, 
since the first-generation Curvelet is more complicated to implement, a series of operations such as 
sub-band decomposition, smooth block, regularization, and several wave transformations are required, 
and the implementation effect is not very good. After that, Candes proposed a Fast Discrete Curvelet 
Transform (FDCT) algorithm that is simpler to implement and easier to understand , which is the 
second generation of Curvelet [20]. 

This paper mainly uses the second-generation Curvelet Transform to denoise the sonar image. 

3. Image Quality Evaluation Criteria 

After denoising the sonar image, if we only rely on the subjective to judge the image quality, due to 
the high complexity of each person's visual system, the evaluation results are difficult to unify. 
Therefore, this paper uses objective quantitative evaluation indicators to evaluate the image quality. 

In this paper, Peak Signal-to-Noise Ratio (PSNR), Mean Square Error (MSE), and Mean Absolute 
Error (MAE) are used to evaluate the image quality after denoising.  

PSNR mainly uses the error of the measured image deviating from the original image to measure the 
quality of the measured image. A very common and fairly widely used averaging metric [21]. 

 

                                 (12) 

 

where the Mean Squared Error (MSE) is given by (13): 

 

                          (13) 

 

In this formula:  represents the maximum value of the digital image color, generally 255; 

represents the original image gray value; represents the image gray value after 

denoising; respectively represents the length and width of the image. 

Generally speaking, the value of is inversely proportional to the value of PSNR: the larger the value 
of PSNR, the smaller the value of MSE, which means the higher the quality of the image and the 
better the denoising effect. 

Mean Absolute Error (MAE) is used to measure the mean absolute error between the predicted value 
and the true value. The smaller the MAE, the better the model and the better the denoising effect. 
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                                  (14) 

 

In this formula:  represents the number of samples;  represents the true value of the -th 

sample;  represents the predicted value of the -th sample. 

4. Sonar Image Denoising Experiment and Result Analysis 

In order to study the denoising effect of the above filtering algorithm on sonar images, this paper 
selects the side scan sonar dataset SeabedObjects-KLSG, which is available in many sonar equipment 
providers such as Lcoean, Hydro-tech Marine, Klein Marine, Tritech and EdgeTech. With the strong 
support of the company, the real target dataset of side-scan sonar images has been established after 
decades of accumulation, including four types of targets: drowning, shipwreck, aircraft wreckage and 
seabed background. This dataset has not undergone any processing and is the most primitive The 
sonar image dataset [22]. In this experiment, one image of the drowning person, the sunken ship, and 
the wreckage of the plane was selected as the verification image of the filtering algorithm. Figure 1 
shows the original image of the verification image and the processed filtered image. 

 

   

(a) Drowning Person (b) Shipwreck (c) Aircraft Wreckage 

   

(d) Median Filter Denoising (e) Median Filter Denoising (f) Median Filter Denoising 
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(h) Adaptive Median Filter 
Denoising 

(i) Adaptive Median Filter 
Denoising 

(j) Adaptive Median Filter 
Denoising 

   

(k) Bilateral Filter Denoising (l) Bilateral Filter Denoising (m) Bilateral Filter Denoising 

   

(n) Gaussian Filter Denoising (o) Gaussian Filter Denoising (p) Gaussian Filter Denoising 

   

(q) Wavelet Transform 
Denoising 

(r) Wavelet Transform 
Denoising 

(s) Wavelet Transform 
Denoising 
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(t) Curvelet Transform 
Denoising 

(u) Curvelet Transform 
Denoising 

(v) Curvelet Transform 
Denoising 

Figure 1. Original image and denoised image 

(a),(b),(c) is the original image of Drowning person, Shipwrech, and Aircraft Wreckage; (d)(e)(f) is 
the image after median filter denoising; (g)(h)(i) is the image after adaptive median filter denoising; 

(j)(k)(l) is the image after bilateral filter denoising; (m)(n)(o) is the image after Gaussian filter 
denoising; (p)(q)(r) is the image after sym5 wavelet denoising; (s)(t)(u) is the image after denoising 

for curvelet transform. 

 

Table 1. PSNR Index 
Filter Drowning Person Shipwreck Aircraft Wreckage 

Median Filter 26.2997 21.0696 25.8733 
Adaptive Median Filter 28.8341 25.0088 30.2153 

Bilateral Filter 22.1183 21.2179 23.1695 
Gaussian Filter 25.9538 21.5623 25.4174 

Wavelet Transform 24.1125 19.5473 22.836 
Curvelet Transform 24.7218 21.599 24.3314 

 

Table 2. MSE Index 
Filter Drowning Person Wreck Aircraft Wreckage 

Median Filter 152.4434 508.2985 168.1719 
Adaptive Median Filter 85.0483 205.2113 61.8794 

Bilateral Filter 399.2536 491.2394 313.4245 
Gaussian Filter 165.0836 453.5803 186.7855 

Wavelet Transform 252.2478 721.6949 338.4392 
Curvelet Transform 219.231 449.9705 239.8504 

 

Table 3. MAE Index 
Filtering Drowning Person Wreck Aircraft Wreckage 

Median Filter 0.030281 0.016694 0.017807 
Adaptive Median Filter 0.032487 0.017021 0.019397 

Bilateral Filter 0.032418 0.017589 0.016121 
Gaussian Filter 0.028854 0.017622 0.017016 

Wavelet Transform 0.029522 0.016494 0.016691 
Curvelet Transform 0.03214 0.01678 0.016574 

 

It can be seen from the data in Table 1., Table 2., and Table 3. that the adaptive median filter has a 
relatively good denoising effect when dealing with the noise of the sonar image. While denoising 
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sonar images, the adaptive median filter can better preserve the edge information of the image and 
maintain the image quality. It can not only remove the impulse noise (salt and pepper noise) in the 
complex environment of the seabed, but also smooth other non-impulsive noises. Noise, which 
reduces the occurrence of distortions such as coarsening or thinning of the boundary of the target 
image. 

5. Conclusion 

This paper mainly studies the denoising method of sonar images, and selects three different targets, 
namely drowning, shipwreck, and aircraft wreckage as the research objects. According to the 
characteristics of underwater target sonar images, the median filtering and adaptive filtering in the 
spatial domain are selected. Median filtering, bilateral filtering, Gaussian filtering, wavelet transform 
and curvelet transform in the transform domain are used to denoise sonar images. Finally, three image 
quality evaluation indicators, namely, peak signal-to-noise ratio, mean square error, and mean 
absolute error, are used to evaluate the quality of the denoised sonar image. The results show that 
adaptive median filtering is the best denoising method under the three image quality evaluation index 
systems. 
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