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Measuring the bore of artillery barrels is often a challenging task due to limited automation, inaccuracies in measurement, and the need to process large volumes of test data. To tackle these issues, research has focused on utilizing high-precision laser technology for scanning and detecting barrel bores. This process involves creating a three-dimensional (3D) reconstruction of the bore morphology based on the collected test data. This work addresses the problem of eccentricity error during detection by developing a rotational model of the robot within the bore. The model aids in analyzing errors and introduces a position calibration method that utilizes a double Position Sensitive Detector (PSD). The bore of the barrel has been reconstructed using the Delaunay triangular section interpolation algorithm, resulting in a 3D contour structure of the artillery barrel bore. Experimental results demonstrate that the profile curve of the artillery barrel bore exhibits significant fluctuations before calibration, but becomes much more stable afterward. The maximum degree of calibration achieved was up to 40%. The 3D reconstructed model displays robust structural integrity and offers compelling visual corroboration for the test data. Furthermore, the recti-linearity of the corrected 3D model of the artillery barrel has been significantly improved in this work.
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1 INTRODUCTION
Artillery plays a pivotal role in modern warfare. The barrel is a core component of artillery that is directly in contact with the shell, and the quality of its bore surface significantly affects the initial velocity of the shell, the operational lifespan of the artillery, and the precision of the strike [1, 2]. Throughout its lifespan, the rifling inside the barrel experiences considerable wear and tear due to exposure to high temperatures and pressures, which ultimately impacts the performance of the firearm [3]. Therefore, it is essential to realize automatic, rapid, and accurate measurements of the inner chamber of the artillery barrel. This will aid in determining the technical status of the barrel, assessing the condition of its inner chamber, and developing effective maintenance and service plans.
In both domestic and international contexts, the methods used to detect bore measurements in artillery barrels can be broadly categorized into two main types: contact detection and non-contact detection [4, 5]. Contact measurement methods primarily utilize mechanical instruments [6], including mechanical star calibrators, optical star calibrators, grating electronic calibrators, inductance calibrators, and deep hole internal diameter percentage tables. However, this method is time-consuming and labour-intensive, often resulting in low precision, reliability, and automation levels. Generally, operators are required to possess specific technical skills, leading to a higher likelihood of subjective errors. Additionally, the measuring head of the instrument may cause secondary damage to the inner wall of the barrel, and the overall accuracy and efficiency of the detection method are limited [7].
With the advancement of laser technology, image processing, computer technology, and electrical control technology, the application of photoelectric detection methods has rapidly developed. Various detection methods have emerged, including the charge-coupled device (CCD) spectroscopic method, laser triangulation technique, and laser light source projection imaging method [8, 9]. Sadique and Mohammad proposed a CCD image detection method that extracted texture features—such as histograms and grey-level co-occurrence moments—through image segmentation [10]. This method was combined with a Support Vector Machine (SVM) classifier to detect defects in artillery barrels, and experimental results showed promising outcomes. M. Ritter et al. developed a novel rotating optical ensemble controller for pipeline inspection, addressing the need for a high-resolution camera and fast response system [11]. This controller accurately measured the shape of the internal pipeline and included a practical calibration method to ensure the identification of multiple internal sensor parameters. Long Xulin incorporated laser scanning to measure the bore of artillery barrels, designing a specialized inspection system based on laser triangulation [12]. This system collected bore contour point cloud data, reconstructed the bore surface in three dimensions, and generated a panoramic three-dimensional (3D) contour image of the barrel bore, providing quantitative information about the bore parameters.
Roberto Medina et al. developed an automated vision inspection system to identify defects on the surfaces of steel products [13]. Such a system employed software development, architectural design, and data transmission and synchronization to accurately detect surface defects such as weld seams, pitting, spikes, and roll marks.
The use of non-contact measurement techniques can circumvent the necessity for direct contact with the bore of the artillery barrel. However, measuring the bore is a complex process [14], highlighted by the limited studies addressing the eccentricity issues that often arise in measurement robots. Such eccentricity can lead to deviations in the bore profile data, significantly impacting measurement accuracy.
The objective of this research is to develop an artillery barrel bore measurement system based on multi-laser sensor fusion. The system integrates a high-precision laser displacement sensor and laser range finder with an automatic feeding device. Experiments performed on an artillery barrel bore included an analysis and compensation for the eccentricity error of the measurement robot. The profile curve of the bore has been evaluated before and after calibration to assess structural strength which is conducive for performing correction analyses of eccentricity error.
2 ARTILLERY BARREL BORE MEASUREMENT SYSTEM
2.1 Measurement system architecture
The barrel bore measurement system consists mainly of a signal control box, a bore measurement robot, a computer, and other essential components. The bore measurement robot includes a straight-line power component, a rotary scanning component, and additional necessary elements, as illustrated in Figure 1. The scanning component features a stepping motor and a laser displacement sensor, which are used to collect axial data on the internal bore of the barrel. After the scanning system completes data acquisition for a specific cross-section of the barrel, the straight-line power system drives the robot to move forward or backward, thereby facilitating the acquisition of data for the subsequent cross-section analysis.
[image: Figure 1]FIGURE 1 | Bore measurement robot composition diagram. 1) Laser displacement sensor; 2) Stepper motor; 3) Vertical positioning spring cylinder; 4) Disc motor; 5) Driving wheel; 6) Gear; 7) Driven wheel; 8) Collector ring.
2.2 Laser test principle
Laser triangulation is a measurement method that utilizes the stability of the laser source and the propagation properties of the laser beam [15]. This technique is fundamentally based on the law of optical reflection during the spatial propagation of the beam and the principle of similar triangles, which relies on the geometric relationships formed by triangles. In this method, a laser beam is directed at the target object. When the laser beam strikes the object’s surface, the point of irradiation reflects the laser beam [16].
The laser is positioned in front of the object being measured, and the emitted beam passes through a condenser lens to focus on the surface of the object. However, due to an inherent difficulty in achieving a smooth surface on the object, some of the incident laser beams induce diffuse reflections. The condenser lens helps to concentrate the diffuse reflection onto a single point on an optical sensor. As the measured object’s position changes, the location of the light spot on the sensor also shifts [17, 18]. By analyzing various parameters—such as the angle between the incident and reflected laser beams, the displacement of the light spot, and the distance between the lens and the object—it is possible to calculate the displacement of the object’s surface with a high degree of accuracy.
3 ECCENTRICITY ERROR ANALYSIS AND CALIBRATION MODEL
3.1 Eccentricity error
Eccentricity between the center of rotation of the bore inspection robot and the center of the body tube can occur during the testing process due to several factors, such as machining errors, installation errors, and system errors. Figure 2A illustrates how this eccentricity can significantly affect the accuracy of the testing procedure.
[image: Figure 2]FIGURE 2 | Eccentricity error and position calibration model. (A) Eccentricity error, (B) Positional calibration of the dual PSD, (C) Eccentricity error calibration model.
In this setup, the robot is placed in the bore of a standard barrel. The center of the barrel is represented by O1, while the center of rotation of the robot is denoted by O2. Point C marks the furthest distance from the center of rotation O2 to the cross section of the barrel, and point B indicates the nearest distance. The farthest and nearest distances of the sensor’s laser emission port from the barrel are denoted as d1 and d2, respectively. Assuming these locations as the starting points, the distance d3 from O1 to O2 is expressed as Equation 1:
[image: image]
The sensor is connected to the rotating center axis by a mounting bracket. The measurement reference of the sensor is 60 mm, and L denotes the distance from the laser emitting end to the circle centered at O2. With the measured value of the sensor as x, d4 can be expressed as Equation 2:
[image: image]
The cosine theorem can be used to evaluate the distance d5 from the center of the section to a point on the section, which can be expressed as Equation 3:
[image: image]
3.2 Dual PSD-based position calibration model
A Position Sensitive Detector (PSD) is a type of photoelectric distance measuring sensor that employs a light-sensitive element for photoelectric conversion [19]. The fundamental principle behind its operation is as follows: when a beam of light strikes the PSD, a charge is generated at the point of incidence that corresponds to the light energy. The P-type layer is a uniformly integrated resistive layer, and the charge is collected by an electrode through this P-layer. The photocurrent collected by the electrode is inversely proportional to both the point of incidence and the spacing between the electrodes. The schematic diagram of the positional calibration of the dual PSD is shown in Figure 2B.
When the bore measurement robot is properly aligned within the bore, the laser beam strikes the centers of the two PSD target surfaces. The distance between the centers of the two PSDs is denoted as L. The center of the left and the right PSDs are the X-point and Y-point, respectively, with the Z-point as the center of L.
When the bore measurement robot is deflected in the bore, the lateral deflection of the robot’s attitude with respect to the barrel axis can be measured as [image: image] Likewise, the longitudinal deflection can be determined by [image: image]. By assigning the robot’s deflection angle with respect to the initial zero position as [image: image], Equation 4 can be derived:
[image: image]
Let the position of the laser point on the left PSD be (a1,b1), and the position of the laser point on the right PSD be (a2,b2), then:
In △ [image: image] we have [image: image],
In △ [image: image], we have GE [image: image],
In △GMH, we have GH [image: image],
In △XNA, we have AN [image: image],
Since: [image: image]
Therefore, previous equations can be formulated as Equations 5, 6:
[image: image]
where:
[image: image]
In the coordinate system with point X as the origin, let the coordinates of [image: image] and [image: image] be ([image: image], [image: image]), ([image: image], [image: image]), respectively, and the coordinates of [image: image] be ([image: image], [image: image]); and the difference of the horizontal and vertical coordinates of the robot is the difference of the horizontal and vertical coordinates of the point [image: image] of the point Z, respectively, that can be expressed as Equations 7, 8, the schematic is shown in Figure 2C:
[image: image]
[image: image]
For a point [image: image] in the inner bore of the barrel, the measured value of the laser displacement sensor is [image: image], Similarly, for the [image: image] cross-section, the measured value of the PSD on the left side is [image: image], and that on the right is [image: image], The circle is subsequently scanned to collect N points, from which the following correction model for barrel bore error can be expressed as Equation 9:
[image: image]
4 THREE-DIMENSIONAL RECONSTRUCTION BASED ON DELAUNAY'S TRIANGULAR DISSECTION METHOD
The mesh surface reconstruction method offers excellent flexibility, allowing it to effectively handle both simple and complex surfaces. It can be triangulated to meet various fitting requirements, making it a widely used approach in 3D surface reconstruction [20, 21]. One of the techniques employed in this method is Delaunay triangulation [22], which has triangular sections that correspond to a Voronoi diagram.
Let P = [image: image] be the set of distinct points that do not coincide with each other in a given d-dimensional Euclidean space [image: image]. For each point [image: image], the corresponding Voronoi element can be defined, i.e., [image: image]. [image: image] is a region in the vicinity of point [image: image] satisfying the specific conditions, which can be expressed as Equation 10:
[image: image]
where [image: image] is the distance between [image: image] and [image: image]. Delaunay triangular profiles can be obtained by connecting points corresponding to neighbouring Voronoi elements. In the set of points within [image: image], the triangular dissection will generate a series of shapes consisting of d+1 points. When [image: image], triangles are generated, and when [image: image], tetrahedra are generated.
In this paper, a laser displacement sensor is used to scan the bore of a barrel in order to obtain data on the bore profile at a specific cross-section. The scanning process is repeated for multiple cross-sections in the radial direction. Furthermore, the Bowyer-Waston algorithm has been used to perform Delaunay triangulation on the collected data, the schematic is shown in Figure 3.
where Esp is a dynamic variable with an initial value generally slightly larger than the longest side of all current triangles;
 Inc denotes: the increment of Esp for a single quality check;
 Times represents: the number of times the triangle is quality checked, i.e.,
Times = Int (Esp-Grid_size)/Inc.
[image: Figure 3]FIGURE 3 | Algorithm flow chart.
The barrel bore profile curves before and after correction were reconstructed in three dimensions, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Barrel profile pre and post calibration: (A) Bore profile curve of barrel pre and post calibration, (B) Three-dimensional reconfiguration of the barrel profile of the barrel pre and post Delaunay-based calibration.
As illustrated in Figure 4, the contour curve of the uncorrected barrel exhibited significant irregularities, while the corrected curve demonstrated a notable smoothness. The maximum deviation observed after calibration, compared to the pre calibration measurement, was 0.4 mm. The calibration for the eccentricity error was estimated to be as high as 40%. Utilizing a 3D reconstruction of the barrel bore based on the Delaunay triangular section, it is possible to create a surface model of the bore. The corrected 3D reconstructed model of the bore exhibited significant improvement in its recti-linearity which may bode well for the effective design of artillery barrels.
5 CONCLUSION
This paper presented a study on measuring and correcting errors in the bore of artillery barrels using laser displacement sensors. The main findings of this study are as follows:
1. This paper employs the laser triangulation testing principle, which is based on a high-precision laser displacement sensor testing method. It presents an analysis of the testing process for the parameters of artillery barrel bores, including the measurement robot testing process, which is susceptible to errors of eccentricity. A rotational model of the robot within the bore of the barrel, along with a dual PSD-based positional compensation model, were developed.
2. The Delaunay triangulation method was utilized to process multiple contour data, enabling the reconstruction of the barrel bore surface into a 3D shape. This technique provided an intuitive representation of the barrel bore’s structure. The contour curve of a barrel was compared pre and post calibration, revealing a smooth contour curve with a maximum calibration degree of 40%. Furthermore, the straightness of the 3D reconstructed model of the barrel bore was significantly improved post calibration. It is expected that the proposed work could harbinger the development of effective bore measurement for artillery barrels, leading to an enhanced performance of the firearm.
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