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Abstract

:

Soil surface roughness (SSR) is an important parameter affecting surface hydrology, erosion, gas exchange and other processes. The surface roughness of the farmland environment is directly related to the tillage process. In order to accurately characterize the random roughness (RR) parameters of the surface after ditching, a three-dimensional (3D) digital model of the surface was obtained by laser scanning under the conditions of an indoor ditching test, and the influence of oriented roughness components formed by removing ridge characteristics on the RR of the surface was analyzed by introducing the wavelet processing method. For this reason, four groups of ditching depths and two types of surface conditions (whether the surface was agglomerated or not) were designed in this paper. By comparing the root mean squared height (RMSH) and correlation length (CL) data calculated before and after wavelet processing under each group of tests, it was concluded that the RMSH values of the four groups before and after wavelet processing all change more than 200%, the change amplitude reached 271.02% under the treatment of 12 cm ditching depth, meanwhile, the average CL value of five cross-sections under each group of ditching depths decreased by 1.43–2.28 times, which proves that the oriented roughness component formed by furrows and ridges has a significant influence on the calculation of RR. By further analyzing the roughness value differences of clods and pits in different directions and local areas before and after wavelet transform, it was shown that the wavelet transform can effectively remove the surface anisotropy characteristics formed in the tillage direction and provide a uniform treatment method for the evaluation of surface RR at different ditching depths.
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1. Introduction


Soil surface roughness (SSR), defined as the spatial variation of soil surface height, is one of the important soil surface characteristics affecting surface hydrology, erosion, gas exchange and other processes [1,2]. It is also an important parameter that affects the stable walking of small agricultural robots in the field [3,4]. Changes of SSR in farmland are mainly controlled by natural factors such as agricultural tillage and field management activities, wind, rain, and gravity, as well as the physical and chemical properties of soil itself [5]. Human agricultural activities can dramatically change surface roughness in a short time, while natural factors change SSR more slowly [6]. In order to quantitatively describe SSR changes, most previous studies were mainly represented by root mean squared height (RMSH), correlation length (CL) and autocorrelation function (ACF) of soil surface. Given the values of the above three parameters, the height changes of soil surface can be determined.



The roughness characteristics of farmland soil surface are mainly manifested in three scales of small, medium, and large [7]: (1) random roughness (RR) of surface height variation caused by random spatial arrangement of individual clods; (2) oriented roughness of surface height changes due to rows or furrows generated by agricultural machinery operation; and (3) terrain roughness, which is the result of height variations on topographic scales. RR, which can truly reflect the quality of surface tillage (size of surface clods or aggregates, geometric dimensions of surface bulges or pits), is a key factor affecting seedling emergence and growth uniformity.



The current research on SSR mainly focuses on two aspects: measurement methods and evaluation methods, among them, measurement methods can be divided into two categories: contact and non-contact. The pin meter method [8] and the chain method [9] are the main contact measuring methods, they are simple and feasible in field measurement, but there are problems such as limited measuring range, labor-intensiveness and destruction of surface structure. The non-contact measuring methods do not touch the soil during the measuring process and can accurately measure the soil surface elevation information. The measuring process is usually carried out utilizing laser scanner [10,11], camera [12,13], sound wave sensor [14], infrared [15], etc. Laser scanning equipment based on the principle of laser ranging can be classified as single-point laser [16], line laser [17] and 3D laser [18]. While the measurement area and measurement efficiency of the three are successively improved, the equipment cost also increases successively. Photogrammetric methods have also been widely used in the 3D reconstruction of farmland surfaces, but photogrammetric methods are very demanding to illumination conditions and are rarely used in field ditch environments [19]. Compared with laser and camera technology, acoustic wave measurement and infrared measurement technology do not have advantages in measurement efficiency and accuracy, so they are less applied [20]. In recent years, unmanned aerial vehicle (UAV) technology has also been applied in SSR measurement. Compared with ground measurement technology, UAV has higher efficiency and larger measuring area, but also higher cost [21,22].



With the rapid development of sensor technology, the commonly used non-contact measurement methods can meet the measurement requirements of farmland SSR in terms of measurement accuracy. However, since the soil surface after agricultural operations usually produces ridge structures and small ditches along the farming direction, the existence of this oriented roughness will lead to the anisotropy and multi-scale of SSR [11], so there are still many problems in the quantitative method and evaluation basis of roughness parameters [19]. Although many parameters and indexes can be used to quantify surface roughness, none of them are universally applicable [23], especially in the presence of oriented roughness components formed by ridges and furrows, the calculation results of quantitative parameters such as RMSH and CL are quite different from the surface evaluation parameters of the non-oriented roughness under the same tillage intensity [24]. Therefore, quantitative parameters such as RMSH and CL cannot be directly correlated with farming intensity. In order to solve the above problems and make the oriented roughness parameters not affect the evaluation results of RR, we introduce a wavelet-based method to remove the oriented roughness information introduced by the undulation of ridges and furrows, thus accurately describing the RR information contributed by bulges or pits formed by local surface undulations or clods. Furthermore, this method can accurately quantify the RR of cultivated surface without the influence of oriented roughness component.



The purpose of this study is to quantify the impact of different ditching depths and surface agglomeration (formed by simulated rainfall) on the RR of the surface based on the above method. In order to accurately obtain the influence relationship, seedbeds with ditching depths of 5 cm and 8 cm under original surface environment and 10 cm and 12 cm under surface agglomeration were created in an indoor soil bin environment, four groups of tests in total. The laser radar is used to collect the 3D elevation data of the soil surface after the ditching operation, and the data is processed by MATLAB to extract the wavelet datum reflecting the change of the ridges and furrows, so as to calculate the random surface roughness after removing the oriented roughness. Through the analysis and comparison of the obtained data, the influence relationship of the soil under different ditching depths and whether the surface is agglomerated on the random surface roughness is obtained, and an SSR evaluation method that eliminates the influence of oriented roughness is proposed.




2. Materials and Methods


2.1. Design of Ditching Test and Measurement of Surface Roughness


2.1.1. Indoor Soil Bin Test Design


A 4-m-long and 0.8-m-wide soil bin was designed in the Midwest Comprehensive Building of Anhui Agricultural University. The ditching shovel (Figure 1) was installed on a horizontally moving support driven by a motor. The soil in the soil bin was filled up and four sets of experiments were set up. The ditching depths were 5 cm, 8 cm, 10 cm and 12 cm respectively. The ditching depths of 10 cm and 12 cm were treated with the same amount of artificial precipitation. The Initial landform is shown in Figure 2. We could adjust the ditching depth of the ditching shovel through the installation hole position. After starting the test equipment, the motor drove the ditching shovel to create a furrow on the ground, as shown in Figure 3.




2.1.2. Preparation and Measurement of SSR Measuring Device


The roughness measuring device was installed on the surface after tillage to measure SSR. The non-contact surface roughness measurement device includes laser radar (LMS511–10100 PRO), bracket, stepper motor, motor driver and portable computer. The device is shown in Figure 4. Among this, a linear guide rail was installed on the bracket, and the laser radar was fixedly connected to the guide rail, which could move linearly under the drive of a stepper motor. The stepper motor is controlled by interactive software in the portable computer, which can realize precise rotation. After finishing the laser radar sampling parameters setting and stepper motor moving speed setting, the equipment could start to work. During the LiDAR moving with the slider, the collected soil surface elevation data was transmitted to the portable computer via Ethernet communication. The test process and data collection process is shown in Figure 5.





2.2. Evaluation of SSR


2.2.1. Data Preprocessing


The data collected by LiDAR is recorded in polar coordinates, so it needs to be converted into rectangular coordinates. To this end, a Python program was developed to achieve rapid conversion and generate the required 3D coordinate data. In order to avoid the boundary effect caused by the boundary of soil bin, 3D point cloud data were imported into MATLAB and cut to a distance of 5 cm from the edge of soil bin. The interpolation processing was carried out on the LiDAR data generated from each set of tests, and the regular elevation data with 5 mm interval in the X and Y directions were obtained for subsequent calculation and processing.




2.2.2. Extraction of Random Surface Roughness Features Based on Wavelet Transform


In order to eliminate the influence of oriented roughness such as ridges and furrows on the RRS evaluation, this study draws on the experience of detecting clods based on the wavelet method introduced by Vannier et al. [25], combines the application of wavelet transform analysis in evaluating 3D surface morphology of parts and automatic monitoring [26,27,28] and applies wavelet transform to the analysis of soil roughness.



(1) Mathematical Model and Principle



Decompose the surface elevation   z = f   x , y     into an approximate value    A N    x , y     and the sum of N details    D 1    x , y   ,  D 2    x , y   , … ,  D N    x , y    , where N represents the number of wavelet decomposition, under different decomposition times N:


  f   x , y   =  A N    x , y   +   ∑   n = 1  N   D n    x , y    



(1)







The approximations and details of the surface are computed by recurrence:


  f   x , y   =  A 0    x , y    



(2)






   A  n − 1     x , y   =  A n    x , y   +  D n    x , y    



(3)




where    D n    x , y     denotes the summation of the horizontal, vertical and diagonal detail surfaces:


       D n    x , y   =  D  H n     x , y   +  D  V n     x , y   +  D  D n     x , y        



(4)







At each intermediate level   n , A   x , y     and   D   x , y     are calculated using decimated and undecimated algorithms to generate sub-images with the same size as the original image. In fact, the frequency plan is subdivided into two parts, low frequency and high frequency, along each dimension x and y. The approximation is the low-low frequency part, the horizontal detail the high-low frequency part, the vertical detail is the low-high frequency part, and the diagonal detail is the high-high frequency part [29].



(2) Optimal Wavelet Selection and Number of Wavelet Decomposition



Wavelet transform contains many wavelets basis functions, and the results of wavelet datum extraction using different wavelet functions are quite different [30]. Therefore, the selection of appropriate wavelet functions becomes a key point. As far as the current selection criteria are concerned, there is no uniform standard, and the selection is generally based on experience or experiment. In this paper, the appropriate wavelet function is selected by comparing the reconstruction error of common wavelet functions to data.



The extraction accuracy of wavelet datum is also related to the decomposition times of wavelet [30]. In this study, according to the energy conservation principle of wavelet decomposition and the characteristics of exponential change [31], the high-frequency energy under decomposition coefficients of each layer is fitted exponentially in order. When the energy percentage of a layer deviates from the curve, the number of previous decomposition layers is the optimum number of wavelet decompositions. One of the 3D elevation surface data measured in this experiment is decomposed nine times, and the high-frequency energy percentage under the decomposition coefficient of each layer after wavelet decomposition is calculated by programming. The exponential function is used for fitting, as shown in Figure 6. The fitting curve clearly shows that the optimal wavelet decomposition number is five times.




2.2.3. Evaluation Parameters of 3D Morphology


In the evaluation study of surface roughness, predecessors have listed a variety of evaluation parameters [32,33]. RMSH and CL are commonly used parameters to characterize the random surface roughness.



RMSH reflects the degree of deviation of the surface micro-topography from the average height and plays an important role in evaluating the soil quality after farming with agricultural machinery. Since this study is based on discrete point data obtained by LiDAR scanning, RMSH can be expressed as:


  R M S H =    1  M N     ∑  m  M − 1     ∑  n  N − 1       z    x m  ,  y n    −  z ¯     2     



(5)




where M is the number of columns in the sampling area, N is the number of rows in the sampling area,   m    is the number of columns,   n   is the number of rows,   z    x m  ,  y n      is the height of sampling points corresponding to row  m  and  n , and    z ¯    is the average height of all sampling points.



Different from RMSH, CL reflects the change of soil surface height in the horizontal direction and reflects the correlation between sampling points. CL is determined by the normalized ACF. For discrete data, the ACF is defined as:


  ρ    x 2  −  x 1    =     ∑   i = 1   n − m + 1    Z i   Z  i + m − 1       ∑   i = 1  n   Z i 2     



(6)




where    x 2  −  x 1    is the distance between two sampling points, let   Δ x   be the distance between two adjacent coordinates in the  x  coordinate direction, then    x 2  −  x 1  =   m − 1   Δ x  . n is the number of sampling points and  m  is an integer greater than or equal to 1. When the correlation function   ρ    x 2  −  x 1    = 1 / e  , the interval    x 2  −  x 1    is called CL.





2.3. Data Analysis


Each group of test data after data preprocessing in Section 2.2.1 is processed by wavelet transform to obtain two types of digital elevation models (DEM) before and after wavelet processing. To analyze the influence of sampling window size on SSR calculation results, RMSH values (window width is the total width of DEM) of window data corresponding to three lengths (200 mm, 400 mm and 600 mm) along the tillage direction were counted. Means and standard deviations of RMSH were calculated in ten areas randomly selected under each window length. The CL results were calculated by intercepting five cross-section data at equal distances perpendicular to the farming direction. In addition, in order to study the anisotropic characteristics of SSR, three sections perpendicular to tillage direction (0°, 45° and 90°) were selected for RMSH and CL calculation in four test treatments to compare SSR data differences in different directions.





3. Results and Discussion


3.1. Digital Model of Soil Surface under Different Ditching Depths


According to the data preprocessing in Section 2.2.1, the 3D digitized models of soil surface at four different depths of ditching were established by MATLAB, as shown in Figure 7.



It can be seen from Figure 7 that due to the action of the ditching shovel, furrows of different depths are formed on the ground along the cultivation direction. In the test with ditching depths of 10 cm and 12 cm, due to the agglomeration of the surface, it can be clearly seen that there are clods or large aggregates on the surface. At the same time, from the pictures of the above four ditching depths, there is obvious anisotropy in the roughness of cross-sections in different directions of the surface due to the existence of furrows and ridges, which poses a challenge to the accurate evaluation of surface roughness.




3.2. Digital Model of Soil Surface after Wavelet Transform


Based on the four digital models of the soil surface with different ditching depths obtained in Section 3.1, the corresponding wavelet datum plane is extracted according to the above wavelet transform principle. By subtracting the height data of corresponding points on the wavelet datum from the elevation data of the original ground surface, we can obtain the surface elevation data without the orientation trend of ridges and furrows. As shown in Figure 8, the 3D digitized model pictures under different ditching depths are shown, in which the left picture under each depth is the extracted wavelet datum surface and the right picture is the DEM of soil surface after wavelet transform.



It can be seen from Figure 8 that the soil surface after wavelet processing no longer shows the phenomenon of ridges and furrows caused by the cultivation direction, and the anisotropy of the roughness parameters in different cross-sections of the soil surface is significantly weakened. At the same time, compared with Figure 7 and Figure 8, it can be seen that the surface micro-undulations formed by clods or soil aggregates on the soil surface are well restored after wavelet transform, and the RR characteristics of the soil surface are not deformed due to wavelet transform.



Figure 9 shows one digital model cross-section of the soil surface under different ditching depths and the corresponding cross-section of the wavelet datum. It can be seen from the curve in the figure that the extraction of the wavelet datum plane is very accurate, which can reflect the fluctuation trend of the soil surface accurately. Especially for the two treatments with a ditching depth of 5 cm and 8 cm, due to the small soil particle size in the soil bin, the cross-section of the wavelet datum is almost coincident with the corresponding cross-section of the soil surface after ditching.




3.3. Analysis of Surface Roughness Calculation Results


3.3.1. Analysis of RMSH Calculation Results


According to the data processing method described in Section 2.3, the surface roughness parameters under four ditching depths were statistically analyzed, and the RMSH results before and after soil surface wavelet transform under different ditching depths and different sampling window sizes were obtained, as shown in Figure 10. Among these, Figure 10a shows two operation depths without simulated rainfall treatment, and Figure 10b shows two operation depths with agglomeration on the surface after simulated rainfall treatment.



It can be seen that with the increase of ditching depth, the value of RMSH is positively correlated. The two depths of 5 cm and 8 cm have smaller soil disturbance areas, so there is no significant increase in the number of RMSH. From the tests of two groups of surface after simulated rainfall treatment (10 cm and 12 cm), it can be seen that in addition to the impact of the increase of ditching depth on RMSH, the size of soil disturbance area, clods or soil aggregate changes greatly compared with the untreated surface, so the RMSH values also show great differences. As the sampling window increases in the farming direction, although the mean value of RMSH does not show a great difference in value, the standard deviation of the results of 10 samplings gradually decreases, which shows that a larger sampling window can make the calculation results more stable. Many studies have thoroughly discussed the impact of the size of sampling window on the roughness evaluation results, and this study will not be carried out again [34].



Table 1 shows the comparison of RMSH values of different ditching depths before and after wavelet transform. It can be seen from the most concerned issues in this study that the RMSH values have changed greatly before and after wavelet processing. The changing amplitude of the RMSH values of the four groups of processing before and after wavelet processing exceeded 200%, and the change amplitude of the largest group of data reached 271.02%. Significantly, the RMSH values after wavelet processing were relatively close, in which the RMSH values after wavelet transform in 5 cm and 8 cm groups were almost equal, and the RMSH values after wavelet transform in 10 cm and 12 cm groups were only 0.54 mm. It can be considered that the RMSH values after wavelet processing are not significantly different when the difference in ditching depths is small (the difference is 2 cm).




3.3.2. Analysis of CL Calculation Results


In the four experimental treatments, five soil cross-sections before and after wavelet transform are selected equidistantly perpendicular to the farming direction, and the CL of each cross-section data is calculated according to Equation (6). The results are shown in Table 2.



Combining the ACF of one group of data (Figure 11), it can be seen that the cross-sectional CL after wavelet processing was reduced, the average CL value of five cross-sections under each group of ditching depths decreased by 1.43–2.28 times, and the five groups of cross-sectional CL data processed by each experiment maintain a good consistency. As the ditching depth increased, the value of CL also shows an increasing trend, especially after the surface agglomerates, CL increased significantly, from 23.42 mm at a depth of 8 cm to 41.89 mm at a depth of 10 cm. By comparing the CL after wavelet processing, it can be found that the difference of CL under different ditching depths is not obvious, which shows that the wavelet processing has removed the influence of the oriented roughness produced by ridges and furrows on the CL.



Figure 11 also clearly shows the changing trend of the ACF curve before and after wavelet processing. In the original soil surface, the number of peak and valley values of surface ACF is small, which mainly reflects the distribution of furrows and ridges. After wavelet transform, there are multiple extreme points of surface ACF, which is mainly the result of the distribution of clods or aggregates on the surface.




3.3.3. Comparative Analysis of Roughness Parameters in Different Directions


In the previous analysis, it was mentioned that the direction of the ditching operation produced anisotropic characteristics of the surface roughness. Previous studies in this area only focused on the comparison of roughness values in different directions [35]. In order to further explore the impact of different directions on surface roughness parameters before and after wavelet processing, three cross-sections perpendicular to tillage direction 0°, 45° and 90° were selected for RMSH and CL calculation in four test treatments. The results are shown in Table 3.



It can be seen that among the four groups of data before wavelet transform, the RMSH in the 90° direction is the smallest, because the cross-section in this direction is parallel to the direction of the ditching, and the structure of the furrows and ridges has little impact on the calculation of RMSH, while the cross-sections in the 0° and 45° directions span the furrows and ridges, so the corresponding RMSH values are both large, this is consistent with the previous research conclusion [24,35]. Comparing the results after wavelet processing, it can be seen that the RMSH values of the cross-sections at 0° and 45° are significantly different before and after the wavelet processing, and the value of CL also has the same trend, which is consistent with the results in Section 3.3.1 and Section 3.3.2. In comparison, the RMSH value after wavelet processing in the 90° direction cross-section has a smaller change than before. From the results of wavelet processing, it can also be seen that the RMSH values under each experimental treatment have relatively small differences in the three cross-sectional directions, which also verifies that wavelet processing is very effective in removing the oriented roughness formed by ridges and furrows.





3.4. Impact of Ridges and Furrows on Evaluation of Surface Roughness in Local Area


The oriented roughness caused by the undulation of ridges and furrows formed by tillage will significantly affect the calculated value of RR, and with the increase of tillage depth, the surface elevation data generated by the ridge and furrow effect will weaken the contribution of RR generated by the random distribution of clods to the calculated value of roughness, while the effect of ridge and furrow effect can be effectively eliminated by wavelet processing. In order to further verify the above discussion, 3D elevation data of soil surface in Test 3 were selected as the research object, and two areas on the slope of the ditch were intercepted, one area with clods on the slope and the other area with pits on the slope, as shown in Figure 12. According to Equation (5), the initial RMSH of the two areas were calculated respectively, and then, the soil surface of Test 3 was processed with wavelet transform and the same location above was intercepted (Figure 13), and finally, RMSH was calculated respectively. The RR changes of selected areas before and after wavelet transform were analyzed and the results are shown in Table 4.



From the statistical data analysis in Table 4, it can be seen that after the wavelet transform, the roughness of the two selected areas change by 47.78% and 46.41% respectively, with obvious differences in value before and after transformation. Based on the above two situations, the influence of ridges and furrows undulations on the calculation of soil roughness is verified, and this effect can be effectively removed by using wavelet transform. Compared with the scheme of removing the tilt trend [32], this method does not need to remove the trend separately for each small area to be calculated, and has higher processing efficiency. This study provides a unified calculation standard for random surface roughness evaluation under different tillage intensities.





4. Conclusions


In this study, we proposed a method based on wavelet processing to remove the oriented roughness formed by rows in indoor soil bin test and provide a unified evaluation method for the RR formed by clods distribution under different ditching depths. Based on this method, we have studied the influence of different ditching depths and whether the surface is agglomerated on the RR of the soil surface, and obtained the following conclusions:



(1) By comparing the RMSH and CL data calculated before and after the wavelet processing in each group of experiments, it can be seen that the SSR results before and after the wavelet processing have changed significantly. The RMSH values of the four groups before and after the wavelet processing all change more than 200%, and the change amplitude reached 271.02% under 12 cm ditching depth treatment—this result indicates that if the oriented roughness component formed by the furrow and ridge features is not removed, the contribution of clods or local pits to the RR will be severely weakened.



(2) From the SSR data results of four groups of tests, it can be seen that with the increase of ditching depths, the results of RMSH are positively correlated regardless of whether the DEM of each group of tests is processed by wavelet or not, and the value of CL maintains an increasing trend basically, in particular, after the surface agglomeration is processed, the results of RMSH show a significant upward trend. In contrast, the results of CL values at different depths after wavelet processing are relatively close. We also studied the changes of the roughness data of cross-sections in different directions before and after wavelet processing, and further verified that wavelet processing can remove the influence of oriented roughness component on roughness result evaluation.



(3) By extracting the clods and pits at the same position on the DEM before and after wavelet processing, the changes in the results of RMSH are counted. It can be seen that after the wavelet transform, the roughness of the two selected areas change by 47.78% and 46.41% respectively, which proves that the wavelet processing can also remove the slope trend on a small scale, and the statistical results after wavelet transform can better represent the influence of clods or pits on RR.
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Figure 1. Ditching shovel. 






Figure 1. Ditching shovel.
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Figure 2. Initial landform. 






Figure 2. Initial landform.



[image: Actuators 11 00087 g002]







[image: Actuators 11 00087 g003 550] 





Figure 3. Landform after ditching. 
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Figure 4. Measuring device. 






Figure 4. Measuring device.
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Figure 5. The test process and data collection process. 
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Figure 6. Relation between the number of wavelet decompositions and the proportion of energy. 
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Figure 7. Digital model of soil surface. (a) Ditching depth of 5 cm. (b) Ditching depth of 8 cm. (c) Ditching depth of 10 cm. (d) Ditching depth of 12 cm. 
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Figure 8. Wavelet datum and DEM after wavelet transform. (a) Ditching depth of 5 cm. (b) Ditching depth of 8 cm. (c) Ditching depth of 10 cm. (d) Ditching depth of 12 cm. 
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Figure 9. Cross-sections of digital model and wavelet datum surface under different ditching depths. (a) Ditching depth of 5 cm. (b) Ditching depth of 8 cm. (c) Ditching depth of 10 cm. (d) Ditching depth of 12 cm. 
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Figure 10. The roughness of soil surface before and after wavelet transform under different ditching depths and different sampling intervals. (a) Ditching depth of 5 and 8 cm. (b) Ditching depth of 10 and 12 cm. 
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Figure 11. The ACF of the original surface and the soil surface after wavelet transform under different ditching depths. (a) Ditching depth of 5 cm and 8 cm. (b) Ditching depth of 10 cm and 12 cm. 
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Figure 12. Concave and convex areas intercepted by 3D digital model of original surface. 
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Figure 13. Concave and convex regions at the same position intercepted by the 3D digital model of the soil surface after wavelet transform. 
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Table 1. Comparison of RMSH values of different ditching depths before and after wavelet processing.
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	Ditching Depth/cm
	5
	8
	10
	12





	Before wavelet transform/mm
	3.37
	3.45
	12.16
	17.03



	After wavelet transform/mm
	1.11
	1.12
	4.05
	4.59



	Range of change/%
	203.60
	208.04
	200.24
	271.02
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Table 2. Statistical results of original surface and surface CL after wavelet transform with different tillage depth.
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Ditching

Depth

	
Data Type

	
Cross-Section Serial Number

	
Average Value




	
1

	
2

	
3

	
4

	
5






	
5 cm

	
Original surface CL

	
23.26

	
24.11

	
21.78

	
21.44

	
21.73

	
22.46




	
Surface CL after wavelet transform

	
16.73

	
15.15

	
16.94

	
15.19

	
14.38

	
15.68




	
8 cm

	
Original surface CL

	
23.65

	
23.55

	
23.89

	
23.13

	
22.88

	
23.42




	
Surface CL after wavelet transform

	
15.02

	
15.15

	
14.47

	
16.39

	
17.08

	
15.62




	
10 cm

	
Original surface CL

	
43.11

	
41.73

	
38.78

	
45.09

	
40.76

	
41.89




	
Surface CL after wavelet transform

	
18.94

	
15.73

	
17.78

	
20.76

	
18.80

	
18.40




	
12 cm

	
Original surface CL

	
49.91

	
47.40

	
50.08

	
51.18

	
53.01

	
50.32




	
Surface CL after wavelet transform

	
23.26

	
24.11

	
21.78

	
21.44

	
21.73

	
22.46
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Table 3. The RMSH and CL values of cross-sections in different directions before and after wavelet processing.
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Ditching Depth (cm)

	
Before Wavelet Transform

	
After Wavelet Transform




	
0°

	
45°

	
90°

	
0°

	
45°

	
90°




	
RMSH

	
CL

	
RMSH

	
CL

	
RMSH

	
CL

	
RMSH

	
CL

	
RMSH

	
CL

	
RMSH

	
CL






	
5

	
3.34

	
21.32

	
3.18

	
21.24

	
1.30

	
48.74

	
1.06

	
6.29

	
1.03

	
6.77

	
1.08

	
32.33




	
8

	
3.37

	
19.86

	
3.82

	
24.48

	
0.96

	
20.14

	
1.18

	
7.05

	
1.01

	
6.01

	
0.78

	
10.42




	
10

	
13.34

	
38.50

	
13.26

	
39.27

	
5.91

	
32.91

	
4.76

	
17.52

	
3.64

	
12.86

	
4.62

	
17.68




	
12

	
17.36

	
51.48

	
15.96

	
48.56

	
5.16

	
26.69

	
4.57

	
15.96

	
4.54

	
12.97

	
3.78

	
13.40
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Table 4. Statistical analysis of RR before and after concave and convex wavelet transform.
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	Area
	RMSH (Mm)
	RMSH after Wavelet Transform (Mm)
	Amplitude of Change (%)





	Convex area
	7.57
	5.12
	47.78



	Concave area
	5.14
	3.51
	46.41
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