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Abstract


Insulators are key components to ensure the normal operation of power facilities in transmission corridors. Existing insulator identification methods mainly use image data and lack the acquisition of three-dimensional information. This paper proposes an efficient insulator extraction method based on UAV (unmanned aerial vehicle) LiDAR (light detection and ranging) point cloud, using five histogram features: horizontal density (HD), horizontal void (HV), horizontal width (HW), vertical width (VW) and vertical void (VV). Firstly, a voxel-based method is employed to roughly extract power lines and pylons from the original point cloud. Secondly, the VV histogram is used to categorize the pylons into suspension and tension types, and the HD histogram is used to locate the tower crossarm and further refine the roughly extracted powerlines. Then, for the suspension tower, insulators are segmented based on the HV histogram and HD difference histogram. For the tension tower, the HW histogram is used to recognize the jumper conductor (JC) and transmission conductor (TC) from the power line. The HW histogram and VW histogram are used to extract the tension insulator in the TC and suspension insulator in the JC, respectively. Finally, considering the problem of setting a suitable grid width when constructing the feature histogram, an adaptive method of multi-scale histograms is proposed to refine the extraction result. Two 220 kV long transmission lines are used for the validation, and the overall object-based accuracy for suspension and tension towers are 100% and 97.3%, respectively. Compared with the point feature-based method, the mean F1 score of the proposed method improved by 0.3, and the runtime for each tower is within 2 s.
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1. Introduction


Insulators, which are used in large quantities in transmission lines, play a key role in ensuring safe and stable operation. Due to the influence of harsh environmental erosion and mechanical stress, insulators are often at risk of damage and fracture, leading to large-scale power outages [1]. According to statistics, 81.3% of power system accidents are caused by insulator faults [2]. During regular inspections of transmission lines, damaged insulators need to be located and repaired in a timely manner, which makes the identification and measurement of insulators emergent and important.



With the development of small unmanned aerial vehicles (UAVs), some traditional and strenuous manual tasks are progressively substituted with these more flexible and efficient systems [3]. In the past ten years, optical images and thermal image-based methods for insulator identification and damage detection have been widely studied [4]. Some studies have achieved accurate segmentation of insulators based on image processing methods [5,6]. However, methods using traditional feature construction have poor extraction results in complex backgrounds. Most other studies are based on aerial imagery and use deep learning to identify insulators. For instance, Wei et al. [7] used nodes and lines to build an insulator string model and proposed a chain network for training to identify the rotating bounding box of insulators from drone images; Chen et al. [8] proposed a YOLOv5-3S-4PH model based on the fusion of lightweight networks and enhanced multi-scale features to identify insulator defects. Using SuperView-3 and WorldView-1 satellite images as the basis, Zhou et al. [9] engineered three deep learning models for the purpose of enhancing image resolution, identifying towers, and detecting insulators. These methods require high-resolution and high-quality images. In addition, before obtaining aerial images, the approximate spatial position of the insulator needs to be investigated in advance to plan the flight route.



Airborne laser scanning (ALS), as a non-contact active technology for quickly acquiring three-dimensional dense point clouds on the surface of objects, has become an important technical support for regular inspections, maintenance, and discovery of safety hazards in transmission lines [10]. Compared with aerial images, point clouds acquired by light detection and ranging (LiDAR) provide more accurate coordinate information for 3D objects [11,12] because image-based techniques can produce noisy results from the stereo-matching stage [13]. The geometric structure of 3D objects can be further retrieved from point clouds to achieve a fine 3D reconstruction of pylons and power lines [14,15]. Obtaining the spatial position of insulators from point clouds helps photography drones conduct route planning during power inspections [16]. However, current power inspection studies based on airborne LiDAR point cloud data are mainly focused on the extraction of towers and power lines. There are relatively few methods for extracting insulators, with the majority largely depending on manual labor [17]. Therefore, it is of great significance to study the automatic extraction algorithm of insulators from complex external environmental-based UAV point clouds.



In previous research on object classification in power transmission corridors using point clouds, insulators were usually regarded as part of the pylons or power lines rather than being separated [18,19,20]. Other methods separate the insulator based on the segmentation of poles and power lines. For instance, Ortega et al. [14] calculated the verticality of point clouds near tower crossarms and extracted pendant insulator point clouds by fitting power lines with vertical planes. However, the verticality of point clouds is less stable at the end points of the insulator. Zhang et al. [21] used regions growing in continuous vertical sections to calculate the approximate center position of the insulator. Yang et al. [22] fit the power lines on both sides, found the intersection points for insulator endpoint extraction, and built a KD tree with known insulator length and radius to search for insulator point clouds. However, for different voltage levels and tower types, the length and radius of insulators are difficult to obtain in advance. There are few existing studies on algorithms for separately extracting different types of pylons and their corresponding insulators. Ref. [23] uses intensity information to filter the pylon point cloud and then uses the linear characteristics of the point cloud to extract suspension insulators. Tang et al. [17] constructed multi-scale features and used regional erosion and region-growing algorithms to extract suspension and tensile insulators. In addition, some studies [24,25] use terrestrial laser scanning data to identify insulators, which are mainly used in intelligent robot operations and will not be discussed in detail in this article.



To sum up, current methods have achieved satisfying results while there are still some problems required to be addressed: (1) The commonly used point feature-based methods are easily affected by the obvious structure change at endpoints of the insulator and the significant point density variation resulted from the obstruction of pylon crossarm. This makes it difficult to set suitable parameters, e.g., search radius and algorithm threshold. (2) Current researchers mainly focus on the identification of the suspension insulator, while the extraction of tension and inclined insulators has been studied little.



In response to the above issues. The main contributions of our methods are as follows:




	
The multiple histogram features are constructed in place of single point features based on overall structure pylons and power lines.



	
Based on expert knowledge, a multi-scale grid width adaptive method is proposed to address the adaptability issue of grid width and achieve higher extraction accuracy. Segmentation thresholds are determined through adaptive methods to achieve the precise extraction of insulators.









2. Methods


As shown in red boxes in Figure 1, five histogram features, including horizontal density (HD), horizontal void (HV), horizontal width (HW), vertical width (VW), and vertical void (VV), are applied to achieve tower type recognition, crossarm positioning, and insulator extraction in various power lines. The workflow can be divided into two main parts with green boxes: refinement of towers and power lines and extraction of insulators.



	
Refinement of pylons and power lines: The voxel features method is first used on the original point cloud to achieve preliminary separation of pylons and power lines, then the single power line (SPL) is obtained through clustering. For each SPL, the VV histogram is used to identify whether it is associated with a tension tower or a suspension tower, and a histogram dislocation addition (HDA) method based on the HD histogram is proposed to locate the tower crossarm position and achieve refinement of the preliminary extraction results. For tension pylon, based on the position of the pylon crossarm, the crossarm edge is further fitted to achieve refined extraction.



	
Extraction of insulators: For the suspension pylon, HV histogram and HD difference histogram are used to extract the insulators. For the tension pylon, HW histogram is first used to separate the PL into jumper conductor (JC) and transmission conductor (TC). Based on the TC points, VW histogram is used to extract the tension insulators. Based on the JC points, the VW histogram and HDA method based on HW histogram are utilized to extract the suspension insulators.






2.1. Extraction of Pylon and PL


2.1.1. Preliminary Separation


In view that the current extraction algorithm for pylons and power lines is relatively mature and is not the main research object, this paper first uses the method in [21] to roughly extract power lines and towers as the input data of our method (Figure 2a). We refer to the point cloud, including the insulator, JC, and TC, as the single power line (SPL) (Figure 2b). Since the insulator is connected to the pylon and its length will not exceed a certain limit [16], this paper intercepts the power line within 10 m on both sides of the pylon as input data for subsequent insulator extraction. The Euclidean clustering algorithm [26] is used to cluster power lines into SPL. The typical clustering results of suspension towers and tension towers are shown in Figure 2b.



Due to the influence of parameter settings, point density, and other factors, the power line and pylon may be mis-divided. These errors mainly exist at the connection between the tower and the power line (see the red box in Figure 2).




2.1.2. Identification of Pylon Type


Based on the SPL, a method using VV histogram is proposed to identify the pylon type. To enhance the structural characteristics of the SPL on the projection plane, the method in [15] is used to reorientate the point cloud. Taking the reorientation of pylon points around the Z-axis as an example. Firstly, the point 3 m above the pylon points   P = {  p i  |  p i  = (  x i  ,  y i  ,  z i  ) }   is projected to the XY plane and sampled uniformly. Then, the principal components analysis (PCA) algorithm is used to calculate the eigenvalue    λ 1  ,  λ 2  (  λ 1  ≥  λ 2  )   and corresponding eigenvector    v 1  ,  v 2   . The clockwise angle between the    v 2    and the X-axis is calculated as the rotation angle θ. Finally, Formula (1) is used to calculate the coordinates   (  x i ′  ,  y i ′  )   of  P  after rotation.


       x i ′  =  x i  cos ( θ ) −  y i  sin ( θ )      y i ′  =  x i  sin ( θ ) +  y i  cos ( θ )      



(1)







After redirection, the direction of the crossarm is the X′-axis, and the direction of power line transmission is the Y′-axis. As shown in Figure 3a,b, due to the presence of JC, the tension pylon has a larger void in the vertical direction. Based on this, we project HSPL (half SPL) to the    Y ′  Z   plane [27,28] with grid width    w g    (the following projections in this paper use the same grid width) to obtain binary images (Figure 3c,d). The number of zero pixels between the first and last non-zero pixels in each column of the images are counted to obtain VV histograms   H 1   and   H 2   (Figure 3e,f). It can be seen that the maximum frequency    b m    of   H 1   is much larger than that of   H 2  . The SPL is recognized as tension type if the length of the void corresponding to    b m    is larger than 0.5 m.




2.1.3. HDA Method to Locate Pylon Crossarm


Considering the crossarm has a larger width and fewer voids compared with other parts on the pylon, the HD histogram is used to locate the pylon crossarm for further refinement of the roughly extracted SPLs. Firstly, the redirected pylon points   P = {  p i  |  p i  = (  x i ′  ,  y i ′  ,  z i  ) }   are projected to the    X ′  Z   plane to obtain a binary image I (Figure 4a). For the upper half of I, the number of non-zero pixels in each row is counted to obtain the HD histogram (Figure 4b)   H = {  b i  , i = 1 , … , n }  . Then, the horizontal density is enhanced by generating a histogram (Figure 4c)    H d  = {  b j d  , j = 1 , 2 , … ,   n / 2   }   with


   b j d  =      b j  − max ( H ) / 3 ,  b j  > max ( H ) / 3     0 ,  b j  ≤ max ( H ) / 3      



(2)




where   ⌊ ⌋   represents rounding down. The crossarm can be recognized by clustering the neighboring bins. One cluster is removed if the horizontal density of it is less than 1/3 of   max (  H d  )  .




2.1.4. Refinement Based on Crossarm Edge Fitting


In view of the errors in the preliminary separation, the refinement of the power lines is achieved based on the extracted crossarm points. For the suspension pylon, the points below the lower end of the crossarm are relabeled as PL. For the tension pylon, as the power line is connected to the pylon transversally, refinement is achieved based on the horizontal boundary of the crossarm. For each crossarm, the pylon points are cut to obtain horizontal slice    P c    (red points in Figure 5a) by the rule


   C z  −  w d  ≤  z i  ≤  C z  +  w d   



(3)




where    C z    is the Z coordinate of the lower end of the crossarm calculated in the previous section, and    w d  = 2  w g    since the maximum error of the crossarm location will not exceed    w g    theoretically. Then,    P c    is projected onto the X′Y′ plane (the blue points in Figure 5b), and the alpha Shape algorithm [29] is utilized to extract the boundary points. The RanSaC algorithm [30] is utilized to fit the two longest lines for the extracted boundary points as the vertical boundaries (the two red lines in Figure 5b).



For transverse power lines not passing through the crossarm (the blue points in Figure 5c), the tower can be cut based on the Z coordinate of the lower end of the highest crossarm and the minimum Z coordinate of the power line. Similarly, the cut points are projected onto the Y′Z plane, and the edge lines can be fit, as shown in Figure 5d. Finally, the pylon and each SPL are segmented by spatial planes formed by the fitted lines.





2.2. Insulator Extraction Based on Multi-Type Feature Histograms


2.2.1. Insulator Extraction from Suspension Pylon


The SPLs may still have a variety of directions even after the redirection of pylon, as the direction of the transmission conductors may not be perpendicular to the section of the pylon. Thus, based on the fact that the TCs in the two transmission directions of the suspension pylon are collinear, we further redirect the SPL twice to unify its spatial orientation. As shown in Figure 6, the SPL points are projected onto the X′Y′ and Y′Z planes, and then    θ 1    and    θ 2    between the principal direction of the projected points and the Y′-axis are calculated, respectively. Then, the SPL is redirected around the Z-axis and the X′-axis using the method described in Section 2.1.2.



After redirection, the primary geometric structure of the SPL is concentrated on the Y′Z plane (Figure 6e). In the projection result on the Y′Z plane (Figure 7a), there are two significant differences between insulators and TC in the horizontal direction: (1) The number of zero pixels between the first and last non-zero pixels of the insulator is smaller (Figure 7b); (2) TC has more non-zero pixels and exhibits a mutation at the connection (Figure 7c,d). Therefore, we first count the number of zero pixels between the first and last non-zero pixels of each row to obtain the horizontal void histogram and calculate the position corresponding to 0 as the candidate segmentation position, as shown in Figure 7b. To identify the segmentation position, we then calculate the horizontal density histogram and subtract the adjacent bins to obtain the horizontal density difference (HDD) histogram, as shown in Figure 7d. Finally, the first candidate position above the maximum frequency in HDD is considered the real segmentation position.




2.2.2. Tension Pylon Insulator Extraction


In the tension tower, the tension insulator and suspension insulator may be present simultaneously. The suspension insulator is commonly contained in the JC part, and the tension insulator is located in the TC part. Thus, we first separate JC and TC from SPL and then extract the insulator from JC and TC. Similar to the extraction of the suspension insulator extraction, the SPLs also need redirection, but the TCs of the tension pylon in the two transmission directions may not be collinear since the tension pylons are generally located at the turns of the transmission corridor, so only one HSPL (red points in Figure 8a) is used to ensure unified spatial orientation. We cut the HSPL points into two parts equally based on the distance to the pylon center along the Y′ axis. The part farther from the pylon (orange points in Figure 8a) is used to calculate the principal direction, as involving the JC part may affect the calculation accuracy. Then, the same redirection method as in Section 2.1.1 is used to calculate the angles    θ 1    and    θ 2    (Figure 8b,d) between the principal direction of HSPL and the Y′ axis. Based on the redirection result (Figure 8c,e), the extraction is divided into three steps.



	(1)

	
Separation of JC and TC. After the redirection, the HSPL points are projected onto the Y′Z plane, as shown in Figure 9a. Along the horizontal direction of the projection, the length between the first and last non-zero pixels of TC is larger than that of JC. Then, we count the number of pixels between the first and last non-zero pixels on each row to construct the horizontal width (HW) histogram, as shown in Figure 9b. The lowest bin with a width value larger than half of the maximum width is considered the segmentation position.




	(2)

	
Extraction of tension insulator. The extracted TC points are projected onto the X′Y′ plane, as shown in Figure 10a. Along the vertical direction of the projection, the length between the first and last non-zero pixels of the insulator is larger than that of the transmission conductor. The vertical width (VW) histogram is constructed to recognize the segmentation position between the TC and insulator, as shown in Figure 10b. We pick the bins corresponding to the points used to calculate the principal direction and find the maximum width as the width of transmission conductor. In the VW histogram, the first position whose width is larger than the width of transmission conductor is considered the segmentation position.




	(3)

	
Extraction of suspension insulator. As shown in Figure 11a, the extracted JC points are used to extract the suspension insulator. The suspension insulators in the projection result of JC on the Y′Z plane have 3 boundaries (Figure 11b) that need to be calculated. For b1 and b2, as the length of the insulator is larger than the jumper conductor in the vertical direction, we count the number between the first and last non-zero pixels in each column to construct the vertical width (VW) histogram, as shown in Figure 11c. The two insulators correspond to the two peaks that can be determined using the method described by Formula (2) in Section 2.1.3 for crossarm positioning.
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Figure 8. Redirecting the half single power line (HSPL) of tension pylon. (a) Projection of HSPL (red: the projected HSPL; orange and yellow: points used to calculate the principal direction; green: other single power lines (SPLs); blue: pylon; grey: projection plane); (b) projection on the X′Y′ plane; (c) redirection result on the X′Y′ plane; (d) projection on the Y′Z plane; (e) redirection result on the Y′Z plane. 






Figure 8. Redirecting the half single power line (HSPL) of tension pylon. (a) Projection of HSPL (red: the projected HSPL; orange and yellow: points used to calculate the principal direction; green: other single power lines (SPLs); blue: pylon; grey: projection plane); (b) projection on the X′Y′ plane; (c) redirection result on the X′Y′ plane; (d) projection on the Y′Z plane; (e) redirection result on the Y′Z plane.
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Figure 9. Separation of jumper conductor (JC) and transmission conductor (TC). (a) Projection of half single power line (HSPL) on the Y′Z plane; (b) horizontal width (HW) histogram. 






Figure 9. Separation of jumper conductor (JC) and transmission conductor (TC). (a) Projection of half single power line (HSPL) on the Y′Z plane; (b) horizontal width (HW) histogram.
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Figure 10. Tension insulator extraction. (a) Projection of transmission conductor (TC) points on the X′Y′ plane; (b) vertical width (VW) histogram; (c) extraction result of tension insulator (red: insulator, blue: transmission conductor). 






Figure 10. Tension insulator extraction. (a) Projection of transmission conductor (TC) points on the X′Y′ plane; (b) vertical width (VW) histogram; (c) extraction result of tension insulator (red: insulator, blue: transmission conductor).
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Figure 11. Calculation of horizontal segmentation position. (a) Suspension insulator connected to jumper conductor (JC) (grey: pylon, blue: transmission conductor, red: JC);.(b) projection of JC on the Y′Z plane; (c) vertical width (VW) histogram and horizontal segmentation position. 






Figure 11. Calculation of horizontal segmentation position. (a) Suspension insulator connected to jumper conductor (JC) (grey: pylon, blue: transmission conductor, red: JC);.(b) projection of JC on the Y′Z plane; (c) vertical width (VW) histogram and horizontal segmentation position.
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For b3, as shown in Figure 12a, the width of the insulator,    w i   , is calculated by taking the difference between b1 and b2. Then, we take the width    w i    horizontally at both ends of the insulator to obtain the sub-image (Figure 12b). Alone the horizontal direction, the length between the first and last non-zero pixels of insulators is smaller than that of JC. The HW histogram is calculated (Figure 12c), and the lowest bin position larger than    w i    is considered as the vertical segmentation position.




2.2.3. Extraction of Other Types of Insulators


In this paper, there are two special types of SPL that cannot be recognized using the above methods: the cable-stayed insulator in suspension pylon (Figure 13a) and the insulator where the SPL passes through the tower body in tension pylon (Figure 14a). For the cable-stayed insulator, as shown in Figure 13b, the SPL is projected to the X′Z plane. Along the horizontal direction, the horizontal width (HW) is larger than that of TC, so the HW histogram is constructed to recognize the segmentation position between the insulator and the TC, as shown in Figure 14c. If the maximum width of the HW histogram is larger than a given threshold T, it is considered that the SPL contains a cable-stayed insulator. Then, the maximum of the lower half of the HW histogram is considered the width of TC, and the lowest bin whose width is larger than the width of TC is considered as the segmentation position.



For the insulator where the SPL passes through the tower body, the HSPL is projected onto the X′Y′ plane (Figure 14b), and then the same method described in step (1) of Section 2.2.2 is used to separate the JC and TC. The tension insulator in the extracted TC points is detected using the same method described in step (2) of Section 2.2.2. The suspension insulator in JC is projected onto the Y′Z plane (Figure 14c), and then the HW histogram is constructed. The lowest bin whose width is larger than half of the maximum width is considered the segmentation position.




2.2.4. Adaptive Extraction Based on Multi-Scale Feature Histograms


The pylon crossarm positioning, tension pylon identification, insulator segmentation methods, and other methods proposed in this article are all performed based on multiple types of feature histograms. Obviously, the grid width    w g    for constructing the histogram is an important parameter that determines the extraction results. Generally speaking, setting    w g    for experience-based parameter tuning can achieve satisfactory insulator extraction for most towers. However, it is inevitable that the characteristics of a certain insulator boundary may disappear or be weakened under a fixed grid width. Since the design of towers on the same transmission line usually follows a consistent standard, the length of the same type of insulator on the same pylon is similar [16]. Based on such expert knowledge, we propose an adaptive method based on multi-scale feature histograms to enhance the applicability and obtain higher accuracy: (1) A series of    w g    are generated on the range of [0.05 m, 0.15 m] with an interval of 0.01 m to extract the insulators. (2) The median length values are calculated for suspension and tension insulators, respectively, under all grid widths, labeled as    L s    and    L t   . (3) For each insulator, we select the extraction result whose length is the closest to    L s    or    L t    among all    w g    values.






3. Results and Analysis


3.1. Experimental Data and Operating Environment


The experimental data were acquired on two 220 kV long transmission corridors by DJI drones equipped with AVIA Lidar. The random error is 2 cm, and the scanning rate is 720,000 points/s. Both sets of data were collected in Kunming, Yunnan, China. As shown in Figure 15, data 1 has a total length of 51,452 m and 238,486,804 points. Data 2 has a total length of 22,956 m and 104,473,964 points. After pre-extraction, data 1 has a total of 5,081,466 power lines and pylon points, while data 2 has 5,059,813 points. The details are illustrated in Table 1.



As shown in Figure 16, the experimental data includes eight types of towers, which are divided into suspension pylons (Figure 16a–e) and tension pylons (Figure 16f–h) according to the insulator installation method. Suspension pylon insulators are suspended vertically beneath the crossarm. Tension pylon insulators are primarily connected laterally to transmission conductors, and some jumper conductors contain suspension insulators, as shown in Figure 16h.



The method proposed in this article is implemented using MATLAB 2022b. The program runs in the Win11×64 system environment, configured with a CPU clocked at 3.4 GHz, 32 GB memory, and an RTX 3060 graphics card. We release the source code at https://github.com/c175044/Insulator-Segment-Using-Multi-histogram.git (accessed on 7 May 2024).




3.2. Results and Parameter Analysis


3.2.1. Evaluation Metrics


We employ both point-based and object-based evaluation in the proposed method. Reference insulator point clouds were manually labeled using CloudCompare. For point-based evaluation, precision (P), recall (R), and F1-score (F1) represented by Equation (4) are utilized according to the previous studies [31,32]. For object-based evaluation, similar to the previous research [14,17], we regard an insulator to be correctly identified if half of it has been extracted, and the recognition ratio    R i    is calculated using Equation (4)


  P =   T P   T P + F P   ,   R =   T P   T P + F N   ,   F 1 =   2 ⋅ P ⋅ R   P + R   ,    R i  =    n  i d e n t i f i e d      n  r e f e r e n c e     × 100 %  



(4)




where   T P   is the number of correctly extracted insulator points,   F P   is the number of incorrectly extracted insulator points, and   F N   is the number of unrecognized insulator points.    n  i d e n t i f i e d     represents the total number of insulators correctly extracted, and    n  r e f e r e n c e     represents the total number of reference insulators.




3.2.2. Experimental Results


In the two data sets, the number of insulators for suspension towers is 514 and 385, respectively, while the number of insulators for tension towers is 428 and 162. The extraction accuracy for suspension and tension pylons is presented in Table 2.



From the point-based results, the proposed method has high extraction accuracy. The F1 values for suspension towers and tension towers in the two datasets are 0.92, 0.90 and 0.89, 0.90, respectively. The precision and recall are approximative for each dataset of suspension towers or tension towers, indicating that our method can detect sufficient insulator points while ensuring accurate extraction. From the object-based results, the proposed method can detect all the insulators for the suspension tower, while a slightly lower accuracy is achieved for the tension tower. It is worth mentioning that over 90% of the insulators have more than 80% of their points extracted, not just 50%, indicating that the integrity of individual insulators is reliable. The overall accuracy of the suspension pylon is higher than the tension pylon. The probable reason is that the difference between the TC and the insulator in the vertical direction is more obvious. The insulator distribution in the tension pylon is more complicated, and the proposed method is more susceptible to noise during the multiple segmentation processes. This will be further discussed in Section 4.




3.2.3. Parameter Analysis


The performance of our method is also compared with the extraction results under different fixed grid width values. As shown in Figure 17, the F1-score for each pylon is calculated and divided into different intervals.



As can be seen: (1) The accuracy under the adaptive grid width is higher than that under fixed grid width. (2) For tension towers, the adaptive grid width can greatly improve the extraction accuracy. This largely compensates for the lack of fixed width in tension insulator extraction. For suspension towers, the effect of adaptive grid width is limited, but high-precision extraction can be achieved by empirically setting the grid width while considering efficiency. (3) The overall extraction accuracy of the suspension pylon is higher. This is consistent with the results in Table 2. (4) Without considering adaptive widths, the projection width changes, and the variation in each fixed width of F1 is small. This shows the adaptability of the proposed method. The tension pylon in data1 has the lowest accuracy, but at most projection widths, more than 75% of the tower insulators have an F1 value above 0.7. This proves that experimentally setting a fixed grid width can achieve accurate extraction of most insulator points.




3.2.4. Qualitative Assessment


The extraction results of various types of towers are shown in Figure 18 and Figure 19. It can be seen that most insulators can be accurately extracted. For suspension insulators, the data at the connection between the insulator and the tower are sparse or missing due to the obstruction of the crossarm. Our method can accurately identify those insulators. For tension towers with horizontally installed insulators, the method proposed in this paper can accurately identify and extract point clouds.





3.3. Comparison of Different Methods


In order to further verify the efficiency and accuracy, our approach is compared with a point feature-based method [17], in which a series of point features are utilized, including eigenvalues, dimensional features, and verticality.



We selected one tower from each of the eight types of pylons (Figure 16 except (c)) for comparison, and the results are shown in Table 3. It can be seen that our method achieves higher accuracy. The precision value of the point feature-based method is much higher than the recall value, mainly because the middle part of the insulator can be accurately extracted, while the two ends of the insulator cannot be effectively identified. The recall of our method is much higher, illustrating the effectiveness of our method in extracting the ends of the insulator. For different types of towers, the performance of our method is similar, and the F1 values are all above 0.89, indicating that our method has higher stability.



From the perspective of efficiency, since the point feature-based method needs to search the neighboring points at multi-radius and calculate the feature values point by point, the running time is much longer. Additionally, the efficiency is unstable, as the point-by-point processing is highly affected by the point density. The point density effect in our method is small, as the processing primitive is a histogram instead of a single point. The running time of our method is mainly related to the type of tower (tension or suspension tower). It takes a longer time to process the tension pylon, as extra steps are required, such as fitting the planes on both sides of the crossarm and separating the jumpers.





4. Discussion


Compared with the commonly used point feature-based method, our method has a much lower computing cost. Point feature extraction needs to construct a neighborhood for each point in the form of voxel space [21,33], spherical space [17], or k-nearest neighborhoods [14]. In order to obtain more accurate feature measurements, multiple scales are often calculated. This process is time consuming, so in many cases, the point cloud has to be subsampled, and some detailed information may be missing [34]. The proposed method also requires determining the grid width for feature computation. However, the grid width can be considered a two-dimensional search radius. The features we construct are tailored for objects such as towers and individual power lines rather than computing features for individual points. This significantly reduces the time cost.



Point features often face challenges in determining the segmentation threshold for target objects. In previous research, there has been little discussion on how to set these thresholds [14,17,21]. In this paper, most thresholds are adaptively adjusted based on the grid width, which has the greatest impact on the extraction results. To set a suitable grid width, we involve the prior knowledge that the same design standards are commonly adhered to on the same transmission line and the insulator length will be similar on the same tower. Among a series of predefined grid width values, the suitable setting can be decided by searching for the insulator length closest to the true value, which is set as the median value of those extraction results. Other parameters, such as the threshold for determining the type of tension tower, can be easily established.



Our method is stable by involving prior knowledge about the structure of the tower and the conductor. The separation of insulators based on point features is primarily influenced by two factors. Firstly, due to obstacles, such as towers and varying flight heights, the insulator points obtained by the UAV may be partially missing or have low density. As a result, the search radius of the point is difficult to determine, or the feature calculation results are inaccurate [14,17]. Secondly, other objects, such as transmission wires and pole-shaped objects, may have similar features as the insulator [17]. The proposed method determines the two boundary planes of the insulator based on the structure of the tower and conductor, avoiding the occurrence of the above two situations.



The data source is also an important factor for insulator extraction. Early studies mainly used terrestrial laser scanning (TLS) for insulator measuring [35,36]. As TLS can capture enough details of the insulator, our method can be used for the insulator extraction in the TLS point cloud theoretically, as long as the power line can be correctly separated. However, it is limited in wide applications on a large scale because of the complex environment along the transmission corridor and the low working efficiency. Cable inspection robot (CIR) LiDAR is another way to capture enough insulator points [37]. However, due to its high cost, low flexibility, and more complex data processing, there is little research on this type of data for now. Airborne laser scanning (ALS) has a similar scanning view as UAV Lidar, but as the flight height of ALS is much larger than UAV, the density of ALS point cloud is much smaller, e.g., several points/m2 (ALS) versus hundreds of points/m2 (UAV). In some cases, there is no point captured on the insulator. Thus, it is difficult to extract the insulator from an ALS point cloud, and recognition methods based on ALS mainly focus on large targets, such as pylons and powerlines [14,38].



In summary, the proposed method can achieve ideal results for UVA point clouds, which can well preserve the overall geometric characteristics of the insulator. Due to the gradual maturity and popularization of UAV LiDAR, the proposed method has great application prospects.




5. Conclusions


In this study, multiple types of feature histograms are proposed to extract the insulator in terms of different pylon types, insulator locations, and directions. Then, an adaptive method of multi-scale histograms is proposed based on prior knowledge about the design standard of the tower to solve the problem of parameter setting and improve efficiency. The experiments show that our method can extract various types of insulators (including suspension, tension, and inclined type) accurately and efficiently from both suspension and tension pylons. Compared with the commonly used point feature-based method, our method is much faster, as the processing primitive is a histogram rather than a single point and is more accurate, especially at the end position of the insulator. The results also show that involving prior knowledge about the pylon and powerline can improve the accuracy of object recognition.



For cases where the extraction accuracy from a minority of tension towers is low, future considerations may involve integrating more expert knowledge and developing additional histogram features, such as point density along the transmission direction, to address this issue. Additionally, for scenarios where surge arresters are present, further exploration is needed.
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Figure 1. Insulator extraction process. 






Figure 1. Insulator extraction process.
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Figure 2. Preliminary separation. (a) Rough separation of power line and tower. (red: ground; grey: pylon; cyan: power line) (b) Resulting single power lines (SPLs) from clustering (red: ground; grey: pylon; rendered with random color: SPL). 






Figure 2. Preliminary separation. (a) Rough separation of power line and tower. (red: ground; grey: pylon; cyan: power line) (b) Resulting single power lines (SPLs) from clustering (red: ground; grey: pylon; rendered with random color: SPL).
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Figure 3. Pylon type identification: (a) single power line (SPL) in tension pylon; (b) SPL in suspension pylon; (c,d) projection of the half SPLs (HSPLs); (e,f) vertical void (VV) histograms. 
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Figure 4. Horizontal density histogram: (a) projection of pylon points on X′Z plane; (b) horizontal density histogram; (c) enhanced horizontal density histogram. 






Figure 4. Horizontal density histogram: (a) projection of pylon points on X′Z plane; (b) horizontal density histogram; (c) enhanced horizontal density histogram.
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Figure 5. Crossarm boundary fitting: (a) cutting pylon points (red: resulted slice; blue: power line); (b) edge fitting result; (c) cutting pylon points for transverse power line (red: resulted slice; blue: power line); (d) edge fitting result. 






Figure 5. Crossarm boundary fitting: (a) cutting pylon points (red: resulted slice; blue: power line); (b) edge fitting result; (c) cutting pylon points for transverse power line (red: resulted slice; blue: power line); (d) edge fitting result.
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Figure 6. Redirecting the single power lines (SPLs) of suspension pylon. (a) Projection of SPL (red: the projected SPL; green: other SPLs; blue: pylon; grey: projection plane); (b,d) projection results; (c,e) results of redirection. 






Figure 6. Redirecting the single power lines (SPLs) of suspension pylon. (a) Projection of SPL (red: the projected SPL; green: other SPLs; blue: pylon; grey: projection plane); (b,d) projection results; (c,e) results of redirection.
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Figure 7. Histogram characteristics of insulator in suspension pylon: (a) projection of single power line (SPL) points on the Y′Z plane; (b) void histogram (red boxes: zero-valued bin); (c) horizontal density (HD) histogram; (d) horizontal density difference (HDD) histogram. 






Figure 7. Histogram characteristics of insulator in suspension pylon: (a) projection of single power line (SPL) points on the Y′Z plane; (b) void histogram (red boxes: zero-valued bin); (c) horizontal density (HD) histogram; (d) horizontal density difference (HDD) histogram.
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Figure 12. Calculation of vertical segmentation position. (a) Projection of jumper conductor (JC) on the Y′Z plane; (b) projection of points near the insulator; (c) horizontal width (HW) histogram and vertical segmentation position; (d) extraction result of suspension insulator. 






Figure 12. Calculation of vertical segmentation position. (a) Projection of jumper conductor (JC) on the Y′Z plane; (b) projection of points near the insulator; (c) horizontal width (HW) histogram and vertical segmentation position; (d) extraction result of suspension insulator.
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Figure 13. Extraction of cable-stayed insulator: (a) Cable-stayed single power lines (SPL) (grey: pylon, red: SPL); (b) Projection on the X′Z plane; (c) horizontal width (HW) histogram. 
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Figure 14. Extraction of insulator connected to the tower. (a) Power line on one side of the tower (grey: pylon, bule and red: HSPL). (b) Jumper conductor (JC) and transmission conductor (TC) separation position. (c) Horizontal insulator separation position. 
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Figure 15. Experimental data (grey: ground, red: pylon, green: power line). (a) Transmission corridor 1. (b) Transmission corridor 2. 
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Figure 16. Types of pylons (grey: pylon, bule: power line, red: insulator). 
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Figure 17. Comparison between the adaptive extraction and the extraction using fixed grid width. (a) Results of the suspension pylon in Data 1. (b) Results of the tension pylon in Data 1. (c) Results of the suspension pylon in Data 2. (d) Results of the tension pylon in Data 2. 
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Figure 18. Extraction results for different types of suspension tower in Figure 16 (grey: pylons, red: insulators, green: power lines). 
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Figure 19. Extraction results of tension tower (grey: pylons, red: insulators, green: power lines). (a,b) Extraction results of two types of tension insulators; (c,d) projection of results on the X′Y′ plane; (e,f) projection of results on the Y′Z plane. 






Figure 19. Extraction results of tension tower (grey: pylons, red: insulators, green: power lines). (a,b) Extraction results of two types of tension insulators; (c,d) projection of results on the X′Y′ plane; (e,f) projection of results on the Y′Z plane.
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Table 1. Data information.
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	Length of TC (m)
	Number of Original Points
	Number of Pre-Extraction Points
	Number of Suspension Pylons
	Number of

Tension Pylons
	Point Density (pts/m2)





	Data 1
	51,452
	238,486,804
	5,081,466
	95
	43
	106.3



	Data 2
	22,956
	104,473,964
	5,059,813
	29
	38
	223.6










 





Table 2. Extraction accuracy.
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Suspension Pylons

	
Tension Pylons




	

	
P

	
R

	
F1

	
Ri

	
P

	
R

	
F1

	
Ri






	
Data 1

	
0.93

	
0.92

	
0.92

	
100%

	
0.88

	
0.90

	
0.89

	
97.3%




	
Data 2

	
0.92

	
0.88

	
0.90

	
100%

	
0.87

	
0.93

	
0.90

	
96.5%











 





Table 3. Comparison result.
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Tower Label

	
Pts Num

	
Point Feature-Based Method

	
Proposed Method




	
P

	
R

	
F1

	
T(s)

	
P

	
R

	
F1

	
T(s)






	
tower a

	
8901

	
0.83

	
0.53

	
0.65

	
584.8

	
0.98

	
0.90

	
0.94

	
0.212




	
tower b

	
7883

	
1

	
0.68

	
0.81

	
485.1

	
0.98

	
0.94

	
0.96

	
0.192




	
tower c

	
29,720

	
0.81

	
0.41

	
0.55

	
7213.9

	
0.96

	
0.82

	
0.89

	
0.332




	
tower d

	
15,655

	
0.83

	
0.24

	
0.37

	
1947.8

	
0.93

	
0.85

	
0.89

	
0.212




	
tower e

	
4720

	
1

	
0.48

	
0.53

	
157.4

	
1

	
0.90

	
0.95

	
0.192




	
tower f

	
7619

	
1

	
0.52

	
0.69

	
434.4

	
0.86

	
0.96

	
0.91

	
1.157




	
tower g

	
12,826

	
0.85

	
0.37

	
0.52

	
1040.5

	
0.97

	
0.83

	
0.90

	
1.170




	
tower h

	
22,146

	
0.80

	
0.62

	
0.69

	
3373.6

	
0.88

	
0.90

	
0.89

	
1.728
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