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The inner surface defects can be displayed intuitively by measuring the geometric parameters of rifling of the artillery barrel. In this paper, the parameters of the barrel bore were scanned based on the high-precision laser, and the three-dimensional reconstruction of the bore shape was conducted based on the test data. The wavelet transform was used for multiple de-noising of the test data, and the Delaunay triangulation interpolation algorithm was used to reconstruct the three-dimensional contour structure of the barrel bore, forming a high-fidelity measurement strategy for the parameters of the barrel bore. The results show that this measurement strategy can achieve the high-precision measurement of the geometric parameters of barrel rifling, and the accuracy can reach .001 mm. By comparing the measured value of rifling with the standard value, the flaw points in the rifling of the birth tube can be accurately specified. The three-dimensional model reconstruction based on the massive sample data realizes the high-fidelity measurement of rifling geometric parameters. This measurement strategy can provide support for the visualization of barrel rifling and effectively improve the detection accuracy of the barrel bore.
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1 INTRODUCTION
As the key component of artillery, the surface quality of the artillery barrel has an important influence on the firing accuracy, service life, projectile velocity, and other tactical and technical indicators [1]. The traditional barrel bore detection method mainly depends on the detection machinery to identify the relevant technical personnel use endoscope for defect detection. This detection method is not only time-consuming and labor-intensive, with detection accuracy, reliability, and low degree of automaton, but also the operator has certain technical requirements, and the subjective error is very large [2, 3]. With the development of photoelectric technology, sensor technology, image processing, computer technology, precision machinery technology, and electrical control technology, the detection technology of the barrel is also constantly improving. The current detection methods are mainly attributed to two categories. One is the contact measurement, such as the air plug gauge method. This kind of method is relatively mature, and the measurement time is short. It is mainly used in factory production detection, but it also has the disadvantage of low accuracy so that it cannot be widely applied [4, 5]. The other is the non-contact measurement, which uses optical scanning and reflection methods. Non-contact measurement methods include the CCD camera detection method, laser projection detection method, and laser triangulation method [6].
1) CCD camera detection method: This method uses the projection head in the barrel bore surface-projected aperture orthogonal to its axis, and then, the CCD camera is used to image the aperture; then, the image was used after relevant calculation to detect the barrel bore size [7, 8]. The advantages of the CCD camera detection method are high detection accuracy and fast image processing speed. The disadvantage is that the aperture must be imaged in the imaging area, and there are strict requirements on the focal length; otherwise, the detection accuracy will be greatly reduced.
2) Laser projection method: The annular laser emitted by the laser emitter in the laser projection detection system is reflected and projected onto the barrel bore to form an annular light spot. The light spot is then reflected by another mirror, and the receiving lens forms an optical image ring on the CCD. The image size of a section of the barrel can be obtained by processing the ring [9, 10]. When the detection system moves along with the barrel diameter, the size of the whole barrel can be measured. Although this detection method has high detection accuracy, the disadvantage is low detection efficiency [11].
3) Laser triangulation detection method: When the light source emitted by the semiconductor laser is illuminated to the surface of the inner wall of the barrel, the distance between the light source and the surface of the inner wall of the barrel is different, the angle of light reflection will be changed, and its imaging position on the linear CCD array of the laser displacement sensor will be changed synchronously [12, 13]. The advantages of the laser triangulation method are simple structure, a small measurement point, small shape, strong anti-interference ability, high measurement accuracy, and continuous measurement. However, the disadvantage is that the installation and debugging are relatively complicated [14].
The research purpose of this paper is to establish the artillery barrel bore detection system based on multi-laser sensor fusion. The system adopts the design method of combining the laser displacement sensor and laser range finder with an automatic feed device. According to the principle of the laser triangulation test, the experiment was carried out for an artillery barrel.
2 BARREL DETECTION SYSTEM
2.1 Laser triangulation test
The laser triangulation method is a measurement method designed by using the stability of the laser source and the propagation characteristics of the laser. The laser beam emitted by the laser is reflected on the surface of the measuring object, and the reflected light falls on the receiving surface through the mirror. The position of the falling spot will change with the distance between the laser and the measuring object, and the measuring distance can be calculated according to the falling point [15].
A laser is placed above the surface of the measured object, and the laser emits a beam to the measured surface through the condenser lens. Some of the laser will diffuse because the surface cannot be absolutely smooth. A lens is placed in front of the photodetector for imaging convergence, and the diffusely reflected laser will converge to a spot on the optical sensor. When the measured object is reversed, the spot will shift [16]. According to the displacement value, the angle θ between the incident laser and the divergent laser, the image distance L1 and the object distance L2, and the displacement value of the measured surface can be obtained. The relevant microprocessor is used to calculate and obtain the numerical results. The laser triangulation test diagram is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Laser triangulation test principle diagram.
2.2 Geometric characteristic parameter processing of the bore
The bore detection system uses the laser displacement sensor and laser range finder to collect the axial and radial data. Due to the measurement accuracy of the sensor and the vibration of the test equipment in the process of movement and other factors, the acquisition signal will be interfered, affecting the measurement accuracy of the data. Therefore, it is necessary to denoise the collected signal to reduce or eliminate the influence of the noise signal on the original signal and, thus, improve the measurement accuracy of the system.
2.2.1 Denoise method based on wavelet transformation
For the noise signal caused by the measurement accuracy of the sensor and the vibration in the acquisition process, the signal is usually denoised by filtering. In this paper, the wavelet transform of the ordered point filtering is used as the noise reduction method of system error. Wavelet transform is a new numerical analysis method based on the short-time Fourier transform (STFT) [17]:
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where [image: image] is the frequency of the Fourier transform, a is the scale of the wavelet transform for controlling the scaling of the wavelet transform and corresponds to the frequency, and [image: image] is the shift of the wavelet transform which controls the shift of the wavelet function and corresponds to the time.
The approximate expansion of the wavelet transform is shown as follows:
[image: image]
where [image: image] is the wavelet pole number, and the combination transformation of [image: image] forms the small basis of the wavelet transform.
The mother wavelet and father wavelet jointly determine the function of the wavelet transform, and the complete expansion is shown as follows:
[image: image]
where [image: image] is the mother wavelet and [image: image] is the father wavelet (scale function). When [image: image] and [image: image] have been initialized, the function [image: image] can be expanded into a linear combination of scaling functions and wavelet functions at different scales and positions [18], as shown in Eq. 4. In this equation, [image: image] is the scale order; the larger the [image: image], the smaller the scale is, and the smaller the [image: image], the larger the scale is; [image: image] is the position coefficient.
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where [image: image] is the approximate coefficient and [image: image] is the detail coefficient.
Their relationship is described by the following equation:
[image: image]
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In this paper, the wavelet base used in the wavelet transform is a function, and the approximate wavelet coefficients and detail wavelet coefficients under scale 3 are extracted. Then, the threshold of each layer is selected by using the unbiased likelihood estimation principle of the stein, and the threshold size is set to obtain the filtered data.
2.2.2 Calculation of rifling parameters after noise reduction
The width and depth of the filtered barrel rifling are collected and drawn into a curve. The standard barrel is tested, and the data on a certain section of the barrel are collected, as shown in Figure 2.
1) Width calculation
[image: Figure 2]FIGURE 2 | Barrel bore contour curve diagram. (A) Width of rifling. (B) Depth of rifling.
Assuming that two points M1(x1,y1) and N1(x2,y1) are taken on the continuous negative line and the positive line, the width calculation formula of the hatching and the width rifling rib is
[image: image]
The width value of the rifling rib L1 is 3.818 mm, L3 is 5.104 mm, and L5 is 5.104 mm; the width value of hatching L2 is 6.045 mm, L4 is 6.072 mm, and L6 is 5.924 mm.
2) Depth calculation
Collect the cross-sectional view of the barrel and measure several points at different positions on the continuous hatching and rifling rib and then calculate the depth value. The depth value of L1 and L2 is 1.033 mm, the depth value of L3 and L4 is .975 mm, and the depth value of L4 and L5 is .319 mm.
The width and depth of the processed and calculated rifling are compared with the standard parameters. The standard width of hatching is [image: image] mm, the standard width of the rifling rib is [image: image] mm, and the standard depth of the rifle is .98 mm.
Comparing the width test value with the standard parameters, the rifling rib L3 shows the abnormal data. The width test value and depth test value of the other hatching and rifling rib are within the standard value error range. Finally, the test value can be accurate to .001 mm .
3) Defect calculation
It is a rifling diagram of the barrel, and the rifling rib in this position is abrasion. The section where the position is measured and the rifling diagram is obtained is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Bore flaw diagram.
In Figure 3, the coordinates of points A and B are A (9.366, 62.092) and B (10.151, 62.092) respectively; according to Eq. 8, the distance between the width of the defect is 5.104 mm. The depth value measured is .319 mm, and the standard rifling depth is .98 mm. We can calculate the wear depth of the defect is .661 mm.
3 3D RECONSTRUCTION BASED ON THE DELAUNAY TRIANGULATION ALGORITHM
The flexibility of the mesh surface reconstruction method is sufficient. For simple or complex surfaces, triangles or their variant forms can be used to fit and express. This method has strong versatility, which can be used across platforms for different fitting requirements, and it has become a common method in the 3D surface reconstruction [19]. The triangle is the smallest unit that represents a surface. Any surface can be decomposed into numerous small triangle surfaces. Therefore, this technique, as the triangulation method, is used commonly in mesh generation. There are many algorithms in the triangulation method, and Delaunay triangulation is one of them [20].
In this paper, the laser is used to scan the bore of the barrel in the radial direction to obtain the data on the profile of the bore at a certain cross-section position. Scanning multiple cross-sections of the barrel repeatedly along the axial direction to obtain the data from multiple profiles, then the data on multiple profiles are processed by three-dimensional data conversion. A function is used for three-dimensional drawing, and the specific steps are as follows:
1) Reading the data to be reconstructed and correcting by using the cosine theorem.
2) De-noising of the corrected data by the wavelet transform.
3) Coordinate conversion of the denoised data, converting polar coordinates into rectangular coordinates, [image: image] and forming the x vector and y vector, respectively. Because the motor is in uniform motion during the operation, the angle of each turn of the motor keeps consistent, [image: image] particularly [image: image] is the total number of sampling points per lap. Draw a two-dimensional curve in the x–y plane with the converted two-dimensional data.
4) Taking the data collected by the laser range finder as the value of the z axis, the z vector of the z axis is formed, and it can obtain the coordinate value of the three-dimensional space (x, y, and z).
5) Drawing the three-dimensional curved figure of the tube bore after noise reduction.
6) Delaunay triangulation of x, y, and z vectors to form a new point set DT.
7) Drawing a 3D surface graph through a surface construction function.
8) A three-dimensional curved surface of the artillery barrel can be obtained by color filling with the shading function.
It can be seen from Figure 4 that the surface model of the barrel bore can be obtained after the three-dimensional reconstruction of the barrel bore based on Delaunay triangulation. After the local amplification, the flaws and defects of the barrel bore can be discovered and judged intuitively, which is mutually supported by the defects calculated by the two-dimensional curve, and provides visual support for the inner bore detection data.
[image: Figure 4]FIGURE 4 | Three-dimensional reconstruction based on Delaunay triangulation. (A) Section of the barrel reconstruction model. (B) Damaged area reconstruction.
4 CONCLUSION
Based on the principle of the laser triangulation method, this paper studies the test technique of geometric parameters of the barrel bore. We performed laser scanning measurements on the actual barrel damage characteristics and reconstructed the three-dimensional model. The conclusion is as follows:
1) According to the principle of the laser triangulation test, the geometric parameters of rifling width, depth, and inner radius are extracted by the high-precision laser test method. The data measured can achieve a .001 mm level of accuracy. We obtained the data after noise reduction and the reconstructed artillery barrel contour curve.
2) The geometric parameters of the barrel bore are extracted and analyzed. By comparing the test values with the standard values, the defects of the barrel are accurately restored, and the quantitative non-destructive testing of defects is effectively solved.
3) The Delaunay triangulation algorithm is used to transform multiple contour data and changes the three-dimensional reconstruction of the barrel surface, which can realize the intuitive expression of the structure and defects of the barrel.
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