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Abstract

:

Crown volume is an important tree factor used in forest surveys as a prerequisite for estimating biomass and carbon stocks. This study developed a method for accurately calculating the crown volume of individual trees from vehicle-borne laser scanning (VLS) data using a concave hull by slices method. CloudCompare, an open-source three-dimensional (3D) point cloud and mesh processing software package, was used with VLS data to segment individual trees from which single tree crowns were extracted by identifying the first branch point of the tree. The slice thickness and number to be fitted to the canopy point cloud were adaptively determined based on the change rate in area with height, with the area of each slice calculated using the concave hull algorithm with portions of the crown regarded as truncated cones. The overall volume was then calculated as the sum of all sub-volumes. The proposed method was experimentally validated on 30 urban trees by comparing the crown volumes calculated using the proposed method with those calculated using five existing methods (manual measurement, 3D convex hull, 3D alpha shape, convex hull by slices, and voxel-based). The proposed method produced the smallest average crown volume. Gaps and holes in the point cloud were regarded as part of the crown by the manual measurement, 3D convex hull, and convex hull by slices method, resulting in the calculated volume being higher than the true value; the proposed method reduced this effect. These results indicate that the concave hull by slices method can more effectively calculate the crown volume of a single tree from VLS data.
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1. Introduction


Forests are among the most valuable resources on Earth [1,2]; they comprise the earth’s ecosystem together with the atmosphere, soil, and water, playing an important role as a treasure trove of terrestrial biodiversity [3,4,5]. The investigation of tree parameters is valuable in understanding forest dynamics [5] and is an essential component of forestry management as a key tool in sustainable forest development and the accurate evaluation of forest resources [6]. Tree parameters include tree height, diameter at breast height (DBH), crown diameter, and crown volume [7]. Because of the fractal nature of plants, the definition of crown volume is quite subjective [8]. Traditionally, this term has been defined as the apparent geometric volume that includes all the branches and leaves [9]. Crown volume in this study continues this definition. Crown volume is central to the estimation of biomass and carbon stocks [3,7,10,11,12], but has proven to be difficult for forest workers to assess because it is impossible to directly measure using field-based surveys [10,13,14]. However, extracting tree parameters from remote sensing data has been shown to be an effective means of acquiring such features. Jing et al. [15] proposed a method that applies multi-scale filtering and segmentation to extract high-quality individual tree crown maps from multispectral airborne imagery. Yin et al. [16] applied an object-based method for delineating old-growth larch tree crowns using Geoeye-1 imagery and quantitatively validated the correlation between delineated tree crown and base areas. Their method provided large-scale larch tree information that was applied in the renovation of historical buildings in China. Dalponte et al. [5] obtained the three-dimensional (3D) structures of tree crowns from remote sensing data gathered using airborne laser scanner (ALS) data to detect individual tree crowns and used the resulting hyperspectral images to identify tree species. Although their work provided a theoretical approach to tree crown volume calculation, they reported no quantitative calculation results.



Various types of remote sensing data, including medium- and high-resolution optical and synthetic aperture radar (SAR) images along with light detection and ranging (LiDAR) results have been used for the extraction of tree parameters [1,4,15,17,18,19,20,21,22,23]. Among these, LiDAR data is widely used for tree crown detection and calculation because it can produce high-density 3D data. Kato et al. [24] developed a wrapped surface reconstruction method to obtain accurate results for various conifer and deciduous species parameters (tree height, crown diameter, and crown volume) from ALS data. Korhonen et al. [10] used 3D alpha shape and 3D convex hull techniques to extract tree crown volumes from ALS data, with the results showing that the LiDAR-based estimates were highly correlated with the field-measured tree crown volumes (best R2 = 0.83). Lecigne et al. [25] developed a voxel-based R package to analyze complex tree crown arrangements from terrestrial laser scanner (TLS) data. They noted that the voxel division size had a significant influence on the calculated crown volume and that the choice of voxel size should depend on the research objectives and the quality of the TLS data.



Despite these advantages, there are some drawbacks to using ALS and TLS data to calculate tree crown volume. ALS-produced estimates are system-driven and return limited information from within and below the crown [10,14] because the low sampling density of ALS data makes it impossible to express the structure in detail [14]. The TLS approach, which employs a laser scanner mounted on a ground support [26,27] to acquire high-density point clouds, can be applied to the delicate modeling of buildings and trees. However, limitations in scanner range can make it necessary to repeatedly move the system over a large observation area, producing a high amount of data-matching work and reducing the processing efficiency.



Vehicle-borne laser scanning (VLS) systems, which use vehicles as platforms [28,29,30], can be used to produce 3D point clouds from the surrounding objects, providing an effective method for the rapid and accurate collection of tree information [31,32]. VLS is more flexible and with lower costs when compared to ALS, and VLS is faster and capable of acquiring more 3D data than TLS [33]. The relative point precision of the VLS is generally no more than 1 cm; however, its absolute accuracy mainly depends on the GNSS-IMU navigation solution, which can reach centimeter level [33,34]. Although there is abundant literature on detecting individual trees from VLS data [12,28,31,32,35], there have been relatively few studies on the calculation of tree crown volume. Wu et al. [35] applied a voxel-based marked neighborhood searching (VMNS) method to identify trees and derive their morphological parameters (tree height, crown diameter, DBH, and crown base height). However, they omitted crown volume calculations and only reported that tree crown volume can be characterized by summing the volumes of individual voxels within the crown.



This study developed a new approach to calculating tree crown volume from VLS data producing a concave hull method for more accurately calculating crown slice area, and an adaptive slicing method based on the rate of change in area with height. Using these tools, the slice thickness and the number of tree crown slice layers can be adaptively determined according to the shape and the size of the crown. After estimating tree crown volume using this approach, the results were compared with those achieved using conventional methods.




2. Literature Review


Commonly used methods for calculating tree crown volume include conventional field-based surveys, geometric calculation, and voxel-based methods.



The conventional field-based survey approach (Figure 1a) can essentially be divided into two steps. First, the crown diameters and the heights of trees are measured in the field [9,11,26,36]. The crown diameter is usually taken as the average of the crown diameters in the east-west and north-south directions [7,35], while the crown height is taken as the difference in height between the first branch point and the vertex of the crown [9,35]. Second, an appropriate geometry must be used to fit the crown shape, with the volume of the geometry used to calculate the crown volume [9,26]. Ellipsoids are most widely used to fit crown shapes [10,26,36].



The geometric calculation method involves construction of a geometry based on 3D scatter data obtained by applying a LiDAR system to the crown; the volume of the geometry is used to calculate the tree crown volume. Gupta et al. [37] reconstructed the crown structure of individual trees using the 3D convex hull algorithm (Figure 1b), an approach that has been applied in a number of studies [9,10,11,38]. Fernández-Sarría et al. [9] improved the overall 3D convex hull algorithm by segmenting using height intervals of 5 cm, calculating the volumes of small blocks by applying 3D convex hulls, then summing the small block volumes to obtain the crown volume. Similarly, two-dimensional (2D) convex hulls (Figure 1c) have been used to calculate the planar areas of individual crown slices, which are then divided into small blocks that are summed to produce the tree crown volume [7,31].



Another commonly used geometric calculation method is the alpha shape approach [10,26,39,40,41,42,43,44], in which geometric reconstruction is performed from a discrete set of spatial points (2D or 3D), i.e., contours are extracted from a set of unordered points. The alpha shape of a finite point set S is a closed polyhedron that is uniquely determined by the constituents of S and α, which is a parameter determined by the level of detail of the polyhedron (Figure 2). The principle behind the construction of the polyhedron can be imagined as a circle with a radius α rolling along the exterior of S [39] (Figure 2a). For a sufficiently large value of α, the path of the circle will not go inside S and the trace of its scroll will therefore map the boundary line of S. The alpha shape approach can be regarded as a generalization of the convex hull method: as α→∞, the alpha shape converges to a convex hull [39,43] (Figure 2c). By gradually decreasing the value of α, a more vivid boundary of S can be generated (Figure 2a,b). Vauhkonen et al. [39,40,42,44] applied the alpha shape approach to perform a number of experiments on the segmentation and description of individual trees and found that the alpha shape deteriorated when the LiDAR point density was low [44]. Korhonen et al. [10] used the 3D alpha shape technique to calculate crown volumes from LiDAR point cloud data and concluded that this approach produces more accurate crown volumes than ellipsoid-fitting using the conventional method.



The voxel-based method (Figure 1d) uses a regular 3D grid to organize a discrete crown point cloud. Depending on the range of this point cloud, extreme values in the X-, Y-, and Z-directions are determined and the grid is divided according to the cell spacing on each coordinate axis to produce a set small cubes called voxels [32,35]. The volumes of the voxels containing at least one data point are summed to obtain the crown volume [9,25,45]. Hosoi and Omasa [46] applied a voxel-based method to reconstruct a precise 3D model of a crown that included its interior. Wu et al. [35] used the voxel-based method to separate the crown and trunk of a single tree from VLS data and estimated its morphological parameters (tree height, crown diameter, crown height, and DBH); they observed that the method can be used to calculate crown volume.



The above methods have several drawbacks. Conventional field-based surveys, for example, require a high amount of manpower and material resources, which is expensive and time-consuming [36,47]. Crown volumes calculated using 3D convex hulls do not include gaps within the crown and therefore generally overestimate its volume [10,24]. Although slice-based volume calculation reduces the estimation error of global 3D convex hull approaches [9], there is no uniform method for producing segmentation [11,26]. Furthermore, methods for calculating crown slice area based on 2D convex hulls have shown to be not very effective [48]. Theoretically, the alpha shape approach uses an optimal alpha value to approximate crown shape; however, a solution to this optimal value is very difficult [10,44]. Although the voxel-based method is considered to produce the best approximations of true crown shape [9,25,45,46], the calculated crown volume depends on the voxel size and the approach involves a large cost in terms of time [9,49].



Given the problems described above, we propose a novel method for accurately calculating crown volume, in which a concave hull algorithm is used to calculate the crown slice area and an adaptive slicing method is then used to perform point cloud slicing. The results produced by the proposed method were compared with those obtained using five existing approaches (manual measurement, 3D convex hull, 3D alpha shape, convex hull by slices, and voxel-based).




3. Materials and Methods


3.1. Field Data Collection


Thirty trees in the city of Qingdao, Shandong Province, China were selected for this study: 20 Platanus orientalis and 10 Ginkgo biloba, both of which are common, tall, deciduous street tree species [50,51]. P. orientalis grows fast and produces large, approximately oval canopies [52]. G. biloba is one of the oldest living tree species [51] and has a conical crown shape [52]. Tree point cloud data were collected using the Vsurs-Q VLS system, which was jointly developed by the Shandong University of Science and Technology and Qingdao Xiushan Mobile Measurement Co., Ltd. The Vsurs-Q VLS system uses a motorcycle as a platform and employs laser scanners, an integrated navigation system, panoramic cameras, and various sensors (Figure 3). It has been applied to topographic mapping, ancient building protection, streetscape image acquisition, and urban component mapping. Because the Vsurs-Q system is compact, it offers high maneuverability, convenient data collection, and wide applicability. Vsurs-Q uses a Faro X130 laser scanner (technical parameters given in Table 1).




3.2. Calculating Crown Volume Using VLS Data


Although a number of methods for the segmentation of individual trees using VLS data have been reported in the literature [12,31,32,35,49], this study focused on methods for calculating crown volume, and therefore, did not apply an individual tree segmentation algorithm. Instead, the work of segmentation of individual trees was performed manually using CloudCompare, an open-source 3D point cloud processing software package (Figure 4a). In addition to its general point cloud processing capabilities (browsing, editing, and thinning), CloudCompare includes many advanced algorithms, such as registration, resampling, statistics computation, and interactive or automatic segmentation [53,54]. The principal method flow undertaken in this study (Figure 4) involved four main parts: (1) segmentation of individual trees using the VLS data; (2) tree crown extraction; (3) calculation of crown volume using the proposed concave hull by slices algorithm; and (4) comparison of the results with those produced by the five existing methods.



3.2.1. Tree Crown Extraction


The first branch point of a tree is the division point between the crown and the trunk [11,43,55]. In other words, a tree point at a height greater than that of the first branch point belongs to the crown; otherwise, it is a trunk point. The first branch point is determined by assuming that the horizontal projection characteristics of the tree will change at this point, with the horizontal projection area above the first branch point larger than the area below it. By identifying the first branch point of a tree, its crown can be extracted (Figure 4b), thereby providing data support for the calculation of the crown volume. Using this principle, its height can be manually determined using CloudCompare software and the point cloud output above it can be defined as the tree crown point cloud.



The flowchart of the first branch point identification algorithm is shown in Figure 5. First, the tree point cloud was imported into the CloudCompare software, and the point cloud within a certain height range containing the first branch point was manually selected as the candidate point cloud. The height range of the candidate point cloud was determined manually, as shown in the red solid line box in Figure 5. Then, the candidate point cloud was subdivided into 3D cells. The cell size was determined empirically and can also be manually tuned repeatedly. The horizontal projected area of each layer was calculated, which is the number of cells containing the crown points. The area of the adjacent layer was compared from bottom to top to determine the layer in which the first branch point is located. When the area of the upper layer was larger than that of the lower layer, and the difference in area between the upper and lower layers was greater than a certain threshold, it was considered that the first branch point was located in the lower layer, and the height of the lower layer was the height of the first branch point.




3.2.2. Slice Area Calculation Using Concave Hull Algorithm


For discrete points on a given plane, the convex hull approach is a commonly used method to calculate the plane area; however, the boundary of the convex hull polygon does not really represent the contour of the discrete points, which is especially evident in the tree point cloud [48]. Due to existence of holes and gaps in the crown point cloud, if the convex hull is used to calculate the horizontal area of the crown slice, its area will be overestimated. The concave hull algorithm has been proposed to better describe the area formed by discrete points on a given plane [48,56,57]. A set of discrete points on a given plane has a unique convex hull, but generally do not have a unique concave hull. Therefore, a method for determining candidate concave hull has been proposed, which is the k-nearest neighbor concave hull algorithm [48]. As the number of neighbor points (k value) increases, if the vertices of the candidate concave hull are sequentially connected to form a closed polygon, the concave hull that satisfies the requirements is obtained. The following steps are used by the concave hull approach to sum the areas of crown point cloud slices:



Step 1: The point A (xa,ya) with the smallest y value in a plane point set is used as the initial detection point, with Point O, whose coordinates satisfy the following conditions, used as an auxiliary point:


xo=xa−1, yo=ya



(1)







Step 2: An initial k value of not less than three is determined and then the k points (P1,P2,⋯,Pk) nearest to point A are selected. This is illustrated in Figure 6a, with points B, C, and D selected for k = 3. For each k, the three points O, A, and Pk are connected in the clockwise direction to form the angle OAPk and all k points are traversed to find the point with the maximum value of OAPk, which is set as the second point of the concave hull. In the Figure 6a, this is point D.



Step 3: Replacing the vertex point A by O and using the current vertex (point D) as the detection point, Step 2 is repeated. In Figure 6b, point E is selected in this process. The next vertex (Figure 6c, point H) is selected in a similar manner. In this case, however, point H cannot be directly regarded as a concave hull vertex and it is necessary to check whether the line segment EH intersects with the previously formed concave hull line segments that are not adjacent to EH. If not, H is designated as the vertex of the concave hull; otherwise, it is removed from the k-nearest neighbor point set and the remaining point that generates the maximum angle is selected if it satisfies the edge condition. These steps are repeated until the subset of k-nearest neighbor points of E satisfying the edge condition is identified. If this subset is empty, then the value of k is iterated (k = k + 1) and all of concave hull points are recalculated.



Step 4: If a concave hull is formed using the process in Steps 1–3 with a vertex is the initial point A, a closed concave hull has been formed and the loop terminates, although the final solution has not necessarily been reached because it is also necessary to judge whether the concave hull encloses all the data points within a given plane of the hull. The interiority of each point is determined by counting the number of intersections of a ray generated from the point with the surface of the concave hull; if it is odd, the point is inside the concave hull; if it is even, it is outside. If there is at least one point outside of the concave hull, the concave hull construction is considered to have failed and it is necessary to increase the k value and restart the calculation.



Step 5: Once the concave hull has been built, its vertices are arranged counterclockwise. For the vertex coordinates (x1,y1), (x2,y2), ⋯, (xi,yi), ⋯, (xn,yn), the formula for calculating the concave hull area is:


S=12∑i=1n−1(yi+yi+1)(xi−xi+1),



(2)




where S is the area of the crown point cloud slice calculated based on the concave hull algorithm, (xi,yi) are the coordinates of the i-th vertex of the concave hull formed by the crown point cloud slice, and n is the number of concave hull vertices.




3.2.3. Adaptive Slicing of Tree Crown


Differences in species, growing environment, planting time, and other factors lead to significant variations in crown shape and size among individual trees of the same or different species, making it unsuitable to slice the crown point cloud in the vertical direction with a uniform thickness [58]. To overcome this, we propose a slicing method that adaptively determines the number of layers and the thickness of each layer based on the shape and size of the crown point cloud. Slices are only created when the slice area in the vertical direction changes, ensuring that the horizontal projection area of the point cloud in the same slice is similar and that the horizontal projection area of the point cloud in different slices is significantly different. By reducing the number of slice layers, the proposed method ensures that the thickness of each slice and the number of slice layers are well-adapted to the shape and size of the tree crown itself, thereby improving the slicing rationality of the point cloud in the vertical direction. The adaptive slicing method algorithm employs the following steps (Figure 7):



Step 1: Uniform-thickness tree crown slices are generated by dividing the point cloud into m layers in the vertical direction, each with an initial layer thickness of ti=t0 (i=1,2, ⋯, m). A value of t0 = 5 cm was used in this study. Because construction of the concave hull requires at least three points, a slice containing less than three points is merged with its upper adjacent slices until the resulting slice contains at least three points. After recording the thickness and point cloud data, the slice area of each point cloud layer is calculated using the concave hull method and recorded as Si.



Step 2: The vertical rate of change in the slice area is calculated and adjacent slices with minimal difference in area are combined into a single slice to fit the crown. First, the areas of the slices are classified with respect to the standard deviation in area. Taking the average of all slice areas as the starting point and the standard deviation as the spacing, the i-th slice can be categorized as follows:


Ci={INT(Si−SmeanStd)+1, if Si−Smean≥0INT(Si−SmeanStd)−1, if Si−Smean<0,



(3)




where Ci is the category number in which the i-th slice is located, Si is its slice area, Smean is the arithmetic mean of all tree crown slice areas (calculated as Smean=∑i=1NSiN, where N is the layer number), Std is the standard deviation of all tree crown slice areas (calculated as Std=1N−1∑i=1N(Si−Smean)2), and INT() is a truncation function that leaves only the integer part of the argument. If adjacent slices i and i + 1 belong to the same category, they are merged:


Ci+1=Ci,



(4)




where Ci and Ci+1 are the category numbers of slices i and i + 1, respectively. If the slice areas of layers i and i + 1, satisfy Equation (4), the point cloud is considered consistent between the two layers and they are merged into a single layer, i, of thickness Tc=Ti+Ti+1, where Ti and Ti+1 are the thicknesses of layers i and i + 1, respectively. Otherwise, the two layers are left unmerged and the slice areas of layers i + 1 and i + 2 are compared.



Step 3: The tree crown is sliced using an adaptive thickness approach. First, the slices meeting the combined conditions in Step 2 are combined from bottom to top and sequentially numbered from bottom to top, with the layer number, slice area, and slice thickness of each crown slice recorded as:


li={(i,Si,ti),i=1,2,⋯,n},



(5)




where li is the i-th slice, i is the layer number, Si is the slice area of the i-th slice, ti is the slice thickness of the i-th slice, and n is the total number of slices.




3.2.4. Tree Crown Volume Calculation


Using the proposed adaptive slicing method described in the previous sub-section, the tree crown point cloud is divided into N layers that sum to the total crown volume. The volume of each layer is calculated as follows:


Vi=Si+Si+12Δhi,



(6)




where Vi is the volume of the i-th layer, each S is the area of the concave hull formed by a given plane of points, where Si and Si+1 are the areas of the lower and uppers borders of the i-th sub-volume, and Δhi is the slice thickness of the i-th layer.



The volume of the entire crown, Vt, is then simply the sum of the layer volumes:


Vt=∑i=1nVi,



(7)




where Vi is the volume of the i-th layer and n is the number of horizontal sections.





3.3. Comparison of Five Crown Volume Calculation Methods


To evaluate the accuracy of the proposed method in calculating crown volumes from VLS data, its performance was compared with those of the five existing methods. Linear regression was used to measure the strength of relationship (determination coefficient, R2) between crown volumes calculated by the existing method and the proposed method. We also applied t-tests to compare the calculation results of different methods. All methods and analysis were conducted using MATLAB 2018 (The MathWorks Inc., Natick, MA, USA).



Manual measurement: the crown volume, VP, of the approximately oval P. orientalis [11,52] was calculated using:


VP=πx2y6,



(8)




where x is the crown diameter and y is the crown height.



The crown volume, VG, of the approximately conic G. biloba [52] was calculated using:


VG=πx2y12,



(9)




where x and y are the same as in Equation (8).



3D convex hull: the entire crown was represented as a 3D convex hull geometry.



3D alpha shape: the entire crown was represented using a 3D alpha shape geometry.



Convex hull by slices: the crown was divided into slices along the vertical axis from the bottom to the top of the tree in 20 cm intervals. The area of each slice was defined as the area bounded by the 2D convex hull of points on the plane corresponding to the slice and the volume of the slice was calculated as the volume of a truncated cone stretching from the top to the bottom of the slice [11]. The volume of the overall crown was then calculated as the sum of the slice volumes.



Voxel-based method: The crown points were divided into voxels of size 0.2 m × 0.2 m × 0.2 m and the crown volume was calculated as product of the voxel size and the number of voxels containing at least one tree count LiDAR point [25,45,59].





4. Results and Discussion


The crown volumes of the 30 sample trees calculated using the six methods differed significantly by tree species and stage of growth (Table 2), with a manual measurement volume range (standard deviation) of 3.84–85.54 m3 (16.21 m3), 3D convex hull range of 4.30–66.58 m3 (14.54 m3), 3D alpha shape range of 0.81–50.28 m3 (9.48 m3), convex hull by slices range of 2.17–38.90 m3 (8.74 m3), voxel-based range of 1.56–14.96 m3 (4.14 m3), and concave hull by slices range of 1.03–23.99 m3 (5.09 m3). The proposed method produced the smallest average crown volume (6.90 m3).



A scatter plot of crown volumes calculated by the proposed method against corresponding manual measurement values is shown in Figure 8. The crown volumes calculated using the latter method were larger than those calculated using the proposed method by an average of 17.15 m3. There was an outlier point in the scatter plot in Figure 8a, which needed to be removed to obtain robust fitting results. The scatter plot and linear fitting of crown volumes calculated by the two methods after denosing are shown in Figure 8b. A t-test on the results showed a significant difference at the 5% significance level (p-value < 0.0001), because the manual measurement method uses geometric entities to simulate the crown, resulting in an over-calculation of the volume [11]. By constructing a better geometric representation of the crown structure, the concave hull by slices method improved the accuracy of crown volume calculation.



A scatter plot of crown volumes calculated by the proposed method against corresponding 3D convex hull values is shown in Figure 9. As with manual measurement, the crown volumes calculated using the 3D convex hull method were larger than those calculated using the proposed method. A t-test on the result showed a significant difference at the 5% significance level (p-value < 0.0001), because the former approach calculated the volume by constructing a 3D convex geometry of the outer surface of the point cloud, which over-calculates the volume of the actual crown that included gaps and holes [9].



Figure 10a shows a scatter plot of crown volumes calculated by the proposed method against corresponding 3D alpha shape values, where the point in the red dotted line box is an outlier. A t-test on the results of deleting the outliers showed a p-value of 0.6595, greater than the critical value at the 5% significance level, implying no meaningful comparison as shown by the point distribution in Figure 10b. Further analysis reveals that the crown volumes calculated by the concave hull by slices method exceed those calculated using the 3D alpha shape approach in 90% of the G. biloba trees. There is less disparity between the 20 P. orientalis results, with the proposed method exceeding the 3D alpha shape results only in 25% of the trees and producing smaller crown volumes for 15 samples. Overall, for samples with a small crown, the crown volumes calculated using the concave hull by slices method are larger than those calculated using 3D alpha shape. VLS imaging misses more points in small-sized crowns, resulting in point clouds with more holes. The 3D alpha shape approach excessively removes holes and gaps in calculating the crown volume, resulting in under-calculation of the volumes of small crowns [42,43]; as it avoids this effect, the concave hull by slices method is more applicable across the crown size spectrum than the 3D alpha shape approach.



A scatter plot of crown volumes calculated by the proposed method against corresponding convex hull by slices values is shown in Figure 11. For a given slice point cloud, the slice plane area calculated using the convex hull approach exceeded its actual value [48]. Because the concave hull approach obtains an approximately accurate outer contour of the point cloud by constructing a concave hull (Figure 6d), it produced crown point cloud slices with volumes closer to the actual values [56,57] and less than the corresponding the convex hull results. A t-test on the results at the 5% significance level (p-value < 0.001) proved that the convex hull by slices method produced larger volumes than the proposed method. The crown volumes of 30 sample trees calculated by convex hull by slices method and concave hull by slices method are smaller than that of manual measurement method and 3D convex hull method (Table 2). The latter two methods regard the crown as a whole to calculate the volume, and the volume includes all internal holes in the crown and external spaces between branches, thereby generating an overestimation of the crown volume [9]. Compared with the overall fitting strategy of the tree crown, the slice method can weaken the influence of the holes in the tree crown point cloud on the calculation results.



A scatter plot of crown volumes calculated by the proposed method against the corresponding voxel-based values is shown in Figure 12. The voxel-based method can eliminate gaps and holes within the crown to some extent and so produces a useful approximation of the crown’s shape. The average crown volumes calculated using this approach (7.25 m3) and the concave hull by slices method (6.90 m3) were the smallest among the six methods, as was the difference between the two (0.35 m3) (Table 2). Lecigne et al. [25] pointed out that the crown volume calculated by the voxel-based method is greatly affected by the voxel size; however, the impact of the initial slice thickness on concave hull by slices method remains to be studied. To further compare the two methods, we carried out the following experiments. First, the voxel size of the voxel-based method and the initial slice thickness of concave hull by slices method, in turn, were set from 5 cm to 50 cm with an interval of 5 cm. Second, the two methods were applied to calculate the volume of the same tree crown point cloud, and the result is shown in Figure 13. Tree crown volume calculated by voxel-based method increased from 0.51 m3 to 32.50 m3, and the calculation results of the crown volume depend heavily on the voxel size. Finding the optimum voxel size is not easy, and the voxel-based method is likely more sensitive to the point cloud completeness. However, the crown volume calculated by concave hull by slices method fluctuated between 10 m3 and 15 m3, and was relatively less affected by the initial slice thickness. Compared with the voxel-based method, the crown volume calculated by the proposed method was more stable.



This study focused on calculating the crown volume of individual trees using VLS LiDAR data from common broadleaf urban trees, while excluding other important coniferous trees. In future research, we intend to further test the effectiveness of the proposed method on coniferous trees, as well as on the estimation of biomass and carbon stocks using calculated tree crown volumes. In addition, the selection of initial thickness has a certain impact on the crown volume calculated by the proposed method, and the determination of the optimal initial thickness will be carried out in future research.




5. Conclusions


The use of vehicle-borne laser scanning (VLS) technology is a new approach in the field of remote sensing [29,30]. In order to apply VLS data to the calculation of individual tree crown volumes, we developed a concave hull by slices method that improves on existing methods. To validate this approach, the crown volumes of 30 single urban trees (10 G. biloba and 20 P. orientalis) were calculated using the proposed method and compared with the results produced by five existing methods. These results indicate that the proposed method is best suited among the examined ones to calculate the volume of individual tree crowns with VLS data, to be used in the subsequent estimation of biomass and carbon stocks. This study can be summarized as follows:



(1) Since gaps and holes exist in the crown, the calculated volume will be larger than the true value without removal of these spaces. The pre-existing convex hull method cannot eliminate this effect, resulting in an overly large calculated crown volume, while the concave hull by slices method can address this problem to a certain extent, improving the accuracy of crown volume estimation.



(2) An adaptive slicing method based on the rate of change of crown area with height was proposed to reduce the number of slice layers and ensure that the thickness of each slice and the number of slice layers were adapted to the shape and size of the tree crown itself, improving the slicing rationality of the point cloud in the vertical direction.



(3) The proposed concave hull by slice method produced the smallest average estimated crown volume (6.90 m3) of the six tested methods. Manual measurement, the 3D convex hull method, and the convex hull by slices method produced volumes that were consistently higher than the proposed method. The 3D alpha shape method and voxel-based method showed a fair agreement on the average values and the proposed method and voxel-based method showed more internal coherence, as they have low standard deviation and low ranges compare to the others. However, the proposed method is likely more robust than voxel-based method.
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Figure 1. Schematics of four tree crown volume calculation methods: (a) manual measurement, (b) three-dimensional (3D) convex hull, (c) convex hull by slices, and (d) voxel-based. 
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Figure 2. Schematic of the 3D alpha shape method. For a given set of discrete points, the alpha shape extracted using the alpha value α (a) and the alpha shape extracted using the alpha value α+ (b). As the alpha value increases (α<α+), the fineness of the extracted alpha shape decreases (red dotted box in (b)). α→∞ (c), in which the extracted alpha shape is a convex hull. 
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Figure 3. Vsurs-Q vehicle-borne laser scanning (VLS) system: (a) system sensors, including a panoramic camera, laser scanner, GPS receiver, integrated navigation system, and terminal computer; (b) VLS data collected using the Vsurs-Q VLS system; (c) VLS data for a single tree. 
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Figure 4. Flow chart of study methodology. CloudCompare software was used with VLS data to segment individual trees (a) from which single tree crowns were extracted by identifying the first branch point of the tree (b). Crown volumes were calculated based on concave hull by slices method (c), and the results were compared with those of the existing five methods (d). 
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Figure 5. Flow chart of the first branch point identification algorithm. 






Figure 5. Flow chart of the first branch point identification algorithm.



[image: Remotesensing 11 00623 g005]







[image: Remotesensing 11 00623 g006 550]





Figure 6. The principle of the k-nearest neighbor concave hull algorithm as illustrated in [48] for (a–c) k = 3 (locating the three closest points to the selected point); (d) provides an example contrasting a convex and concave hull for a given set of points. 
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Figure 7. Adaptive slicing of a tree crown. 
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Figure 8. Scatter plot of crown volumes calculated by the concave hull by slices and manual measurement methods, where the point in the red dotted box is an outliner point (a). Scatter plot and linear fitting of crown volumes with deleted outliers are shown in (b). 
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Figure 9. Scatter plot of crown volumes calculated by the concave hull by slices and 3D convex hull methods, where the point in the red dotted box is an outlier point (a). Scatter plot and linear fitting of crown volumes with deleted outliers are shown in (b). 
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Figure 10. Scatter plot of crown volumes calculated by the concave hull by slices and 3D alpha shape methods, where the point in the red dotted box is an outlier point (a). Scatter plot and linear fitting of crown volumes with deleted outliers are shown in (b). 
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Figure 11. Scatter plot of crown volumes calculated by the concave hull by slices and convex hull by slices methods, where the point in the red dotted box is an outlier point (a). Scatter plot and linear fitting of crown volumes with deleted outliers are shown in (b). 
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Figure 12. Scatter plot of crown volumes calculated by the concave hull by slices and voxel-based methods, where the point in the red dotted box is an outlier point (a). Scatter plot and linear fitting of crown volumes with deleted outliers are shown in (b). 
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Figure 13. Comparative test of voxel-based method and concave hull by slices method. 
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Table 1. Main technical parameters of the Faro X130 laser scanner.
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Indicator

	
Value






	
Scanning distance

	
≤130 m




	
Angle of field of view

	
Vertical angle 305°




	
Horizontal angle 360°




	
Accuracy of measurement

	
±2 mm accuracy of measurement at a scanning distance of 25 m




	
Angle resolution

	
Vertical resolution 0.009°




	
Horizontal resolution 0.009°




	
Line frequency

	
97 Hz




	
Scanning rate

	
976,000 points/s
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Table 2. Crown volumes obtained using the six calculation methods *.
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Tree Number

	
Tree Species

	
CD (m)

	
CH (m)

	
Crown Volume (m3)




	
M1

	
M2

	
M3

	
M4

	
M5

	
M6






	
1

	
G. biloba

	
2.13

	
3.23

	
3.84

	
5.29

	
0.81

	
2.92

	
2.98

	
1.12




	
2

	
G. biloba

	
4.16

	
6.18

	
28.05

	
35.65

	
6.26

	
19.93

	
13.82

	
9.59




	
3

	
G. biloba

	
3.87

	
5.60

	
21.95

	
32.31

	
5.71

	
18.92

	
12.41

	
7.75




	
4

	
G. biloba

	
3.82

	
5.61

	
21.48

	
32.85

	
6.04

	
19.25

	
14.96

	
11.30




	
5

	
G. biloba

	
3.43

	
6.41

	
19.77

	
30.92

	
4.29

	
16.59

	
12.48

	
6.82




	
6

	
G. biloba

	
3.02

	
5.32

	
12.69

	
16.41

	
1.35

	
9.17

	
5.55

	
3.83




	
7

	
G. biloba

	
4.21

	
6.48

	
30.11

	
43.07

	
7.76

	
24.51

	
14.68

	
13.19




	
8

	
G. biloba

	
3.61

	
6.29

	
21.46

	
33.63

	
13.67

	
21.86

	
13.66

	
12.46




	
9

	
G. biloba

	
4.10

	
5.46

	
24.06

	
35.47

	
3.85

	
18.01

	
9.63

	
10.33




	
10

	
G. biloba

	
3.82

	
7.12

	
27.16

	
36.69

	
6.33

	
21.09

	
11.98

	
10.55




	
11

	
P. orientalis

	
2.11

	
2.85

	
6.61

	
5.61

	
1.42

	
4.96

	
2.78

	
1.81




	
12

	
P. orientalis

	
3.49

	
4.27

	
27.18

	
17.89

	
8.73

	
12.36

	
6.91

	
6.38




	
13

	
P. orientalis

	
2.38

	
3.64

	
10.83

	
7.43

	
2.49

	
4.13

	
3.38

	
2.32




	
14

	
P. orientalis

	
3.20

	
4.17

	
22.35

	
14.83

	
7.73

	
10.82

	
5.90

	
4.22




	
15

	
P. orientalis

	
4.34

	
4.17

	
41.19

	
33.21

	
19.96

	
25.18

	
6.78

	
12.69




	
16

	
P. orientalis

	
3.94

	
5.59

	
45.46

	
26.58

	
12.24

	
17.95

	
8.65

	
8.54




	
17

	
P. orientalis

	
2.40

	
2.99

	
9.05

	
5.97

	
1.94

	
2.99

	
1.82

	
1.45




	
18

	
P. orientalis

	
3.40

	
3.67

	
22.16

	
14.75

	
8.70

	
9.80

	
4.80

	
4.20




	
19

	
P. orientalis

	
3.37

	
4.39

	
26.15

	
13.16

	
5.68

	
8.98

	
5.42

	
3.46




	
20

	
P. orientalis

	
2.60

	
3.60

	
12.74

	
8.90

	
2.95

	
6.99

	
3.87

	
3.03




	
21

	
P. orientalis

	
1.89

	
3.34

	
6.22

	
4.89

	
1.57

	
2.17

	
1.56

	
1.03




	
22

	
P. orientalis

	
2.84

	
5.85

	
24.71

	
23.28

	
14.02

	
11.76

	
4.58

	
6.30




	
23

	
P. orientalis

	
2.23

	
3.78

	
9.87

	
7.27

	
3.08

	
4.55

	
3.21

	
1.97




	
24

	
P. orientalis

	
2.31

	
3.82

	
10.66

	
6.65

	
1.53

	
2.83

	
2.74

	
1.59




	
25

	
P. orientalis

	
3.22

	
4.55

	
24.69

	
15.86

	
4.58

	
9.07

	
5.21

	
4.67




	
26

	
P. orientalis

	
4.08

	
5.42

	
47.29

	
31.91

	
19.82

	
22.52

	
8.67

	
11.07




	
27

	
P. orientalis

	
1.94

	
3.45

	
6.79

	
4.30

	
1.12

	
2.40

	
2.33

	
1.50




	
28

	
P. orientalis

	
3.80

	
5.42

	
41.03

	
33.23

	
17.60

	
21.71

	
9.76

	
11.93




	
29

	
P. orientalis

	
3.59

	
4.48

	
30.29

	
23.22

	
8.31

	
15.42

	
6.82

	
7.87




	
30

	
P. orientalis

	
4.96

	
6.64

	
85.54

	
66.58

	
50.28

	
38.90

	
10.22

	
23.99




	
Max (m3)

	
85.54

	
66.58

	
50.28

	
38.90

	
14.96

	
23.99




	
Min (m3)

	
3.84

	
4.30

	
0.81

	
2.17

	
1.56

	
1.03




	
Mean (m3)

	
24.05

	
22.26

	
8.33

	
13.59

	
7.25

	
6.90




	
Stand. Dev. (m3)

	
16.21

	
14.54

	
9.48

	
8.74

	
4.14

	
5.09








* Definitions: CD, Crown diameter; CH, Crown height; M1, Manual measurement; M2, 3D convex hull; M3, 3D alpha shape; M4, Convex hull by slices; M5, Voxel-based; M6, Concave hull by slices.
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