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Abstract

:

Laser speckle noise caused by coherence between lasers greatly influences the produced image. In order to suppress the effect of laser speckles on images, in this paper we set up a combination of a laser-structured light module and an infrared camera to acquire laser images, and propose an improved weighted non-local mean (IW-NLM) filtering method that adopts an SSI-based adaptive h-solving method to select the optimal h in the weight function. The analysis shows that the algorithm not only denoises the laser image but also smooths pixel jumps in the image, while preserving the image details. The experimental results show that compared with the original laser image, the equivalent number of looks (ENL) index of the IW-NLM filtered image improved by 0.80%. The speckle suppression index (SSI) of local images dropped from 4.69 to 2.55%. Compared with non-local mean filtering algorithms, the algorithm proposed in this paper is an improvement and provides more accurate data support for subsequent image processing analysis.
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1. Introduction


Lasers are widely used in imaging systems, scanning systems, lighting, etc. [1], because of their high monochromatism, wide color range, high brightness, and long life. The laser imaging system built in this paper is essentially composed of a transmitting unit and a receiving unit [2]. Its working principle is that the laser beam at the transmitting port scans the target object, and the receiving port receives the reflected laser radiation to generate a group of continuous signals and restore them to obtain the image of the target scene. When the laser is emitted to the object’s surface, laser speckles are formed due to the interaction of coherent light irradiation, which seriously affects the effectiveness of laser imaging [3]. The speckles are characterized by highly random image patterns with different imaging distances. Therefore, it is very important to eliminate the speckle noise in laser images. In order to eliminate or reduce speckle, the current method is mainly to use hardware optical systems and software image processing. Hardware improvements are usually made to the internal parts of the optical system. Common materials include ground glass [4], vibrating fiber [5], and rotating micro-lens [6], which are usually complex and highly demanding for the system. So, many scholars have studied how to eliminate or suppress the speckle noise of images by using image noise reduction algorithms in software.



Laser speckles seriously impact active illumination systems, so there is an urgent need to study filtering algorithms for software image processing to suppress the noise in laser images. Image denoising algorithms are mainly divided into spatial domain, transform domain, and neural network denoising algorithms [7]. The image-denoising algorithm based on the transform domain is not widely used in laser image denoising due to its complex computation and difficulty preserving edge details. Although neural networks have become a research hotspot in recent years, the datasets in neural networks are difficult to obtain, and the data training speed can be slow. The common image filtering algorithms based on spatial domain include mean filter [8], median filter [9], Gaussian filter [10], and bilateral filter [11]. However, these algorithms can only remove specific noise effectively, so they are not suitable for speckle removal in laser images. Filtering algorithms based on the frequency domain include ideal high/low-pass filter [12], Butterworth high/low-pass filter [13], and Gaussian high/low-pass filter [14]. With continuous research by scholars at home and abroad, filtering algorithms are emerging one after the other, such as guided filter [15] calculated iteratively, homomorphic filter [16] combining frequency filter and spatial grey transformation, and various fusion filtering algorithms.



It is not satisfactory that the denoising effects of these filtering algorithms for laser images and the detailed information of images may be lost, as this limits the application of laser imaging systems. So, an improved weighted filtering algorithm based on a non-local mean filter (IW-NLM) is proposed in this paper to improve the quality of laser images. By exploiting the redundant information of the image, the NLM [17] can remove the noise and retain as many high-frequency details of the image as possible. This improved algorithm can effectively suppress speckle noise and preserve more details. An adaptive h-solving method is used to select suitable parameters for different laser images to enhance the quality of laser images. The weight function is modified to adjust the magnitude of the weights at different Euclidean distances.




2. Laser Image Acquisition System


The laser image used in this paper was obtained by a device containing a laser-structured light projector and receiver, according to the principle shown in Figure 1. The light emitted from the laser is collimated through a collimating lens, passes through a cylindrical lens, and is illuminated on the MEMS mirror. By controlling the switching of the laser and the scanning angle of the MEMS mirror, the space projection of high-speed and high-resolution coded structured light can be realized. The receiver acquires a laser image containing speckle noise [18] (generated by interference from a part of the laser reflected from the target).



According to the principle in Figure 1, the laser image acquisition system was built as shown in Figure 2. It is composed of an industrial camera and a laser-structured light module (the device in Figure 1 is often used in 3D image reconstruction applications [19], but due to the laser coherence, the image captured by the camera has speckle noise, which affects the reconstruction accuracy). The laser-structured light module (MSC-PO8508, Wuxi V-Sensor Technology Co., Ltd., Wuxi, China) uses a light source with a wavelength of 850 ± 5 nm, and the camera uses a 1.3-megapixel near-infrared camera; its parameters are shown in Table 1. Spatial resolution is often used to evaluate the imaging capability of laser imaging systems, and it is calculated based on the mapping relationship of pixel size in space using Equation (1). When shooting distance l is 800 mm, the spatial resolution d is 640 μm (when the shooting distance is ≥800 mm, the view of the infrared camera can cover the measured target). Therefore, when evaluating the clarity of the measured object, we focus on the information with feature size ≥640 μm.


  d =   l ×  D  p i x    f   



(1)







In the equation, l is the shooting distance, Dpix is the camera’s pixel size, and f is the camera’s focal length.



Figure 2 shows the shooting environment of the laser image acquisition system, which includes a laser-structured light module, infrared camera, LED light, and resolution test board. There is a filter lens in front of the infrared camera, which is used to absorb the infrared part of solar radiation and at the same time filter the light reflected on the lens to improve the image’s sharpness. The target of the shot is the ISO12233 resolution test board, which is usually used to check the camera resolution. First, we turned on the laser structured light module, turned off the LED light, and shot the image of the local area, as shown in Figure 3a; then, we turned off the light module, turned on the LED light, and shot the image of the local area, as shown in Figure 3b. A local view of the resolution test board is shown in Figure 3a, which does not clearly distinguish between black and white line pairs due to the presence of noise, so image filtering is required to eliminate speckles and improve spatial resolution.



According to the acquisition system, the laser image is obtained, and speckle noise in the image affects its quality. However, there is no laser noise in the LED image. In order to facilitate observation, the visual resolution measurement part of the four-cornered cross in the image was enlarged (Figure 3), which is part of the wedge line test of the resolution test board. The laser image in Figure 3a has speckle noise in the background, which leads to blurred frequency lines; in comparison, the LED image in Figure 3b has clear details. In this paper, an improved weighted non-local mean (IW-NLM) filtering algorithm is proposed in Section 3 to suppress the speckle noise of laser images.




3. Improved Weighted Non-Local Mean (IW-NLM) Filtering Algorithm


An image is essentially a two-dimensional signal, and image filtering is performed to attenuate or eliminate the adverse impact of noise and improve the image’s quality. This paper proposes an IW-NLM filtering algorithm for noise removal from laser images and compares it with the non-local mean (NLM) filtering algorithm.



3.1. Non-Local Mean (NLM) Filtering Algorithm


NLM filtering weights the pixel values according to the similarities between pixel regions. Using the global information of the image can better preserve the detailed information. The NLM algorithm iterates over all pixels of the image and searches for similar regions to the region centered on each pixel. The obtained similarity is proportional to weight; the per-pixel value is the sum of the products of all pixels in the search window and their corresponding weights [20].



Two windows are defined: the search window (size: d × d), and the neighborhood window (size: D × D). The neighborhood window is traversed in the search window, and the pixel weight value is obtained by solving the similarity degree between neighbors. In Figure 4, the blue box centered on pixel x is regarded as the search window, and the green window centered on pixel y is traversed within the large window. The similarity between the small green windows centered on x and y is calculated, and this value is taken as the weight of y.



In the image, each pixel point v(x) is ultimately represented by the sum of the grey value for each pixel point v(y) in the search box multiplied by its corresponding weight value w(x, y). This relationship is represented by Equation (2):


  v ( x ) =   ∑ y   w ( x , y ) v ( y )    



(2)




where w (x, y) is the similarity between pixels x and y, whose value is represented by the Gaussian weighted Euclidean distance between neighborhood N(x) and N(y) centered on x and y:


  w  (  x , y  )  =  1  Z  ( x )    e x p ( −   |  |  N  ( x )  − N  ( y )   |   | 2     h 2    )  



(3)







The Euclidean distance between two neighborhoods and the normalized parameters are respectively expressed as:


  | | N ( x ) − N ( y ) |  | 2  =  1   d 2      ∑  | | z |  | ∞  ≤ d s    | | v ( x + z ) − v ( y + z ) |  | 2     



(4)






  Z  ( x )  =   ∑  y  e x p ( −   |  |  N  ( x )  − N  ( y )   |   | 2     h 2    )  



(5)







Z(x) is the normalized coefficient and h is the smoothing parameter, which controls the strength of noise reduction effect. The larger h is, the gentler the change of the Gaussian function and the greater the noise reduction intensity, and the image can become blurred. With smaller h, the noise reduction intensity is smaller and more edge details are preserved, but at the same time, more noise is retained. Therefore, the magnitude of h varies with the noise in different images.



The conventional NLM algorithm does not consider the image’s noise type; only the multiplicative noise of image is processed, the additive noise processing is not analyzed. Therefore, in the next section we propose an improved non-local mean filtering method for laser images.




3.2. Improved Non-Local Mean (I-NLM) Filtering Algorithm


The laser image acquisition system is analyzed in Section 2 of this paper. Laser speckle noise is a type of multiplicative noise [21], expressed as bright or dark patches in the image. The general process of I-NLM filtering, based on the excellent denoising performance of NLM for additive noise, is shown in Figure 5. First, the multiplicative noise is converted into additive noise by logarithmic processing of the original laser image. Then the NLM filtering algorithm is used to suppress speckle noise in the high-frequency information and preserve the image’s details. Finally, the processed image is exponentially transformed to obtain a filtered image.



I-NLM is used to eliminate speckle noise according to Figure 5. However, by analyzing the principle of NLM, we find that the size of h affects the filtering effect of laser images and the degree of detail preservation. Therefore, an adaptive approach is used to select h.




3.3. SSI-Based Adaptive h-Solving Method


The h of NLM has a certain influence on the filtering results of images, thus the main content of this section is how to choose the appropriate h for a better filter effect according to the speckle suppression index (SSI) values of different local images. Due to the differences between laser images, an adaptive approach is used to solve for the appropriate h corresponding to the current laser image. Meanwhile, to ensure that image noise can be better eliminated, SSI is used to evaluate the suppression effect of the local image. Based on this, this paper proposes an SSI-based adaptive h-solving method. We get the h value when the SSI is taken to be the smallest; see Equation (8) in Section 4.



The NLM parameter h increases from 0.01, with steps of 0.01. To prevent h from being too large, which would result in detailed information not being retained, hmin is updated when the difference between SSImin and SSI is greater than 0.002. There is a timer in this method that requires SSImin to be compared nine times, and if the hmin value is not updated, hmin is returned after the ninth time. The value is chosen to remove speckle noise and preserve the image’s detailed information as much as possible. The specific process is shown in Figure 6.



Figure 7 shows the processing of the laser image in Figure 10a using the I-NLM method to find a suitable h value according to the adaptive method. It can be seen that the SSI value of local images decreases rapidly when h < 0.05 and changes very little when h > 0.05. The h parameter represents the discreteness degree of the data. If h is small, the central coefficients of the generated template are larger and the surrounding coefficients are smaller, and the smoothing effect is not very obvious; on the contrary, if h is large, the individual coefficients of the generated template do not differ much and the smoothing effect on the image is more obvious. Therefore, the optimal h value of I-NLM is 0.05 by the SSI-based adaptive h-solving method, which ensures that speckle noise is effectively suppressed and the detailed information in the image is preserved to the maximum extent.




3.4. Optimizing the Weighting Function of IW-NLM


Analyzing the weight function in I-NLM shows that when the difference between two pixels is too large, it is still in the assignment of the weight value; in fact, when the two are too large, the weight value should converge to 0 to prevent the introduction of too much noise error. When the pixel values are close, the function is too sensitive to distance, leading to a too-large gradient in the weight. Both of these occurrences will affect the effect of noise reduction. Therefore, the weighting function is optimized to have high weights when the distance is small and low weights when the distance is large to reduce the introduction of noise.



In response to the above, we increase the exponential coefficient of the Euclidean distance ||N(x)-N(y)|| so that the gradient of w’(x, y) becomes smaller when the Euclidean distance is similar, and w’(x, y) quickly converges to 0 when the Euclidean distance is too far, as shown in Equation (6):


   w ′   (  x , y  )  =  1  Z  ( x )    e x p ( −     ( |  |  N  ( x )  − N  ( y )   |   | 2  )  2     h 2    )  



(6)







The graph comparing before and after the weight function is optimized is shown in Figure 8. Here we let h be a constant value of 2.0, and get the graph before and after modifying the weight function. The graph also proves that the weight value decreases more slowly when the distance is closer to 0.0–1.0; when the distance is 1.0–3.5, the weights fall faster; and when the distance is greater than about 4.0, the weights converge to 0.



Similarly, Figure 9 shows the processing of the laser image in Figure 10a using the IW-NLM method to find a suitable h value according to the adaptive approach. In the figure, the minimum SSI value of the local image of optimized weight function IW-NLM was obtained at 0.02; the optimal h value after optimization was 0.02, obtained by the adaptive h-solving method of local image SSI.



The IW-NLM filter introduced here is used to suppress the high-frequency noise information in images captured by a laser imaging system and improve the image quality.





4. Results and Evaluation


To verify the effectiveness of the IW-NLM filtering algorithm proposed in this paper, the equivalent number of looks (ENL) [22] and speckle suppression index (SSI) values [23] are used to compare the image results of filtering algorithms and evaluate the algorithms’ ability to suppress speckle noise.



The equivalent number of looks in the evaluation index reflects the speckle noise removal ability. The larger the ENL value, the stronger the ability to remove spot noise. It is expressed by Equation (7):


  E N L =    (   μ σ   )   2   



(7)




where μ and σ, respectively, represent the mean and standard deviation of the image, and the size of ENL is proportional to the level of image quality.



The speckle suppression index is used to evaluate the speckle suppression ability of the filtering algorithm. The smaller the value, the stronger the inhibition ability and the better the image quality.


  S S I =  1  M N     ∑  i = 1  M     ∑  j = 1  N     σ ( i , j )   μ ( i , j )        



(8)







In the equation, σ (i, j) and μ (i, j), respectively, represent the standard deviation and average element grey value in the measurement window.



The resolution test board image was processed using the conventional NLM, I-NLM, and IW-NLM filtering algorithms, as shown in Figure 10. The evaluation metrics were also used to compare the denoising performance of the algorithms and the degree of image detail retention.



To verify the ability of the algorithm to retain image details, the local background part of the resolution test board image was enlarged, as shown in Figure 11. The resolution of the enlarged portion is 360 × 90, which is directly observed.



The laser image in Figure 11a has large speckle noise in the local background. Figure 11b shows the image after NLM filtering; although some speckle noise is eliminated, there is still local noise present, affecting the image quality. Figure 11c shows the result of using NLM by converting multiplicative noise to additive noise and suppressing the noise in the background. Figure 11d shows the filtering after optimizing the weighting function. The result not only retains the detailed information as much as possible, but also better eliminates the black and white speckle noise in the background. This is because the NLM algorithm relates pixels to each other, eliminating jumpy pixel points and smoothing out the overall pixel values.



A histogram distribution generally describes the overall distribution of image pixels, as a table representing the number of pixels with a certain value in an image [16]. In the histogram, there are 256 abscissa values to represent the pixel values (the pixel distribution is mainly concentrated below 120 pixels, so values above 120 are not shown in the graph for a better display), and the vertical axis represents the distribution. The histogram distribution of the original laser image and the filtered image is shown in Figure 12. The macroscopic display shows that the pixel distribution in four images is mainly concentrated between 0 and 100, and in the laser image the pixel distribution is unstable and fluctuates up and down. By local magnification, it can be observed that the pixel distribution of the three filter images is more stable. The black curve in the graph indicates that the proposed IW-NLM method makes a natural transition between pixels without a large prominent distribution.



To better describe the suppression of speckle noise in laser images by the method proposed in this paper, the fluctuations were observed by taking a straight line to the image. In Figure 13, the original laser image, non-local mean filtered image, improved non-local mean filtered image, and improved weighted non-local mean filtered image are described linearly with red, pink, blue, and black lines corresponding to each image, respectively. First is the black border of the test board, where the red line of the original laser image fluctuates strongly, the blue line fluctuates slightly, and the black and pink lines do not fluctuate. Next is the frequency line of the MTF test in the resolution test board, which is the same, with similar border fluctuation, and it can be observed in the figure that the blue line in the border conversion has a more obvious jump, while the black line conversion is gentler. Third is the white background of the test board, which can be observed with the first two differences, showing that the pink line fluctuation increased, while the black and blue lines are relatively smooth. When we observe the resolution board’s horizontal frequency line, the fluctuation of the black line gradually diminishes, but there is still strong regularity, with no large jump, while the red line shows irregularly large jumps and the blue line fluctuates with little regularity. By observing Figure 13 and analyzing the fluctuations of several images in a certain line, it can be seen that the regularity and smoothness of the IW-NLM image are optimal.



ENL is an evaluation metric that measures the smoothness of a homogeneous area of an image. SSI is used to evaluate the suppression of speckle noise in laser images, and the smaller the value, the better the suppression effect. These two metrics are used to evaluate the quality of images. In Table 2, the ENL values of the four global images increase from top to bottom; the best one reaches 0.7199. The speckle noise value of the local background of the four images decreases in order, and the scattering coefficient of the IW-NLM local image decreases to 2.55%. The method in this paper represents a small but valuable improvement over NLM. Because of this improvement, the edge details can be better preserved, especially in terms of precision 3D measurement, and this small improvement will bring high value. Compared with the traditional NLM algorithm, the time efficiency difference with the proposed algorithm is not significant; the time efficiency issue will be considered in subsequent research to further optimize the algorithm.



According to the results of image, histogram, and linear fluctuation analysis and the data visualization mentioned above, the IW-NLM algorithm proposed in this paper eliminates speckle noise better and retains the detailed information of the image. The adaptive h value method makes the filtering effect of the image optimal, and the adjustment of the weight function makes the distribution of the weights more reasonable. The final image results prove that the IW-NLM image quality is improved and the data result is optimal.




5. Conclusions


In order to solve the problem of speckle noise in images acquired by laser imaging systems, in this paper we built a laser image acquisition system combining a laser-structured light module and an infrared camera, and proposed an improved weighted non-local mean filtering algorithm to suppress the speckle noise in the images. ENL and SSI indexes were used to evaluate the speckle suppression effect of all methods. The experimental results show that the IW-NLM algorithm can eliminate the speckle noise of laser images, smooth the huge jumps of image pixels while retaining the detail information, and obtain higher-quality laser images than the NLM algorithm. Compared with the original laser image, the ENL of the IW-NLM image is improved by 0.80%, and the SSI of the local laser image is reduced from 4.69 to 2.55%. The research in this paper provides more accurate data support for subsequent image processing, which can be applied to laser imaging, laser scanning display, and other fields.
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Figure 1. Schematic diagram of laser-structured light projector and imaging receiver. 
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Figure 2. Laser image acquisition system can acquire laser image with speckle noise. 
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Figure 3. Comparison of several local magnification images (determination of visual resolution): (a) local magnification of original laser image with speckle noise; (b) local magnification of LED image without speckle noise. 
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Figure 4. Schematic diagram of non-local mean filter. 
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Figure 5. Flowchart of I-NLM filtering process. 
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Figure 6. SSI-based adaptive h-solving method. 
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Figure 7. Optimal h-values of I-NLM using adaptive h-solving method. 
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Figure 8. Comparison graph of weight function before and after optimization. 
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Figure 9. Optimal h value of optimized weight function IW-NLM using adaptive h-solving method. 
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Figure 10. Comparison results of several images: (a) original laser image with speckle noise; (b) non-local mean filter image; (c) improved non-local mean filter image; (d) improved weighted non-local mean filter image. 
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Figure 11. Comparison results of several local magnification images (determination of visual resolution): (a) local magnification of original laser image with speckle noise; (b) local magnification of non-local mean filter image; (c) local magnification of improved non-local mean filter image; (d) local magnification of improved weighted non-local mean filter image. 
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Figure 12. Histogram distribution of laser image and filtered images. 
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Figure 13. Linear fluctuations of laser image and filtered image. 
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Table 1. Parameters of laser-structured light module and infrared camera.






Table 1. Parameters of laser-structured light module and infrared camera.





	Item
	Laser-Structured Light Module
	Infrared Camera





	Band (nm)
	850 ± 5
	800–900



	Resolution
	1280 × 1
	1280 × 1024



	Working distance (mm)
	500–1000
	Manual focus



	FOV (H × V)
	60° × 48°
	53° × 40°



	Pixel size (μm)
	/
	4.8



	Focal length (mm)
	/
	6



	F number
	/
	2.8
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Table 2. Comparison of image quality evaluation indexes.






Table 2. Comparison of image quality evaluation indexes.





	Image
	ENL
	SSI
	Time (s)





	Original laser image
	0.7142
	4.69%
	/



	NLM filtered image
	0.7185
	2.74%
	8.488



	I-NLM filtered image
	0.7188
	2.58%
	9.520



	IW-NLM filtered image
	0.7199
	2.55%
	11.643
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