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Abstract: Airborne LiDAR can obtain three鄄dimensional structural information of trees, get forest information by using
points cloud classification and calculation method of crown projection area and volume. From the distribution of points
cloud, the laser pulse formed once echo when encountered the bare ground and roof of the building,and the distribution of
the generated points cloud were smooth and continuous. The laser pulse penetrated vegetation would appear multiple
echoes,the distribution rules of the points would be destroyed, and the distribution were in an irregular shape such as
cluster鄄like. First, the points cloud of ground were extracted by triangulated irregular network,then the points cloud of
building were extracted by using planar鄄fitting filtering algorithm. Filter points cloud of building to get points cloud of forest,
and the points cloud of forest were projected onto x - y plane. The edges of points cloud of timber were extracted by using
the angle method;its corresponding image was display;the area of polygon were calculated by using area algorithm;then the
calculation of the projection area of crown was achieved,combine the formula to calculate crown volume. In the study area,
10 experimental districts were randomly selected to carry out the traditional manual measurement. The experimental results
showed that the projection area and volume爷 s correlation coefficient of the two measurement methods were 0郾 957 and
0郾 944,respectively. The proposed method was feasible to achieve the accurate extraction of forest information that extracts a
wide range of tree crown projection area and crown volume rapidly and efficiently.
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0摇 Introduction

摇 With the deepening understanding of vegetation
structure, vegetation function and ecological benefits,
the acquisition and monitoring technology of projection
area and the volume of forest canopy information get
more and more attention by government departments
and relevant industry[1] . These studies can detect the
distribution of trees grow, study the distribution of trees
to help municipal administration departments get access
to accurate information timely, provide the basis for
biomass calculations of trees and other vegetation,
growth monitoring and management[2 - 4] .
摇 Traditional optical remote sensing technology was
limited by vertical resolution, could only get a two鄄
dimensional color information of trees, and the trees

information could not be extract effectively[5 - 6] .
Airborne light detection and ranging ( LiDAR )
technology was characterized by initiative, unrestricted
from light and shadow and had a certain penetration
through ground objects, its detection capabilities of
spatial structure of vegetation and topography were
strong, which could get the structural information of
trees and had a significant innovation in remote sensing
of forestry compared to other remote sensing data[7 - 12] .
摇 This paper uses the algorithm of points cloud
classification and border search, calculation method of
area and volume to achieve the extraction of projection
area and volume of forest canopy based on the airborne
LiDAR data, provides accurate data to support the
research and monitoring of the forest region.



1摇 Research area and experiment system

The research area is located north of Jixian County
in Tianjin City, while connecting the cities of Beijing,
Tianjin, Tangshan and Chengde, the location is
117郾 40毅E, and latitude is 40郾 05毅N.
摇 This research took Y - 12 transport aircraft as flight
platform according to LiDAR systems and regional
characteristics, in order to ensure good flight results.
As shown in Fig. 1a, this type of aircraft had oxygen
systems, flight recorders and proximity warning
devices, while suitable for a variety of environments
and mountain plateau, etc. , average ground speed of
routes could be maintained at 230 km / h, the flight was
stable and safe. In September 2013, the flight was
starting when the weather was sunny, using ALTM -
NAV flight control software was used to design route
according to range, terrain elevation and slope of the
experimental area. The flight altitude was about
800 m.

Fig. 1摇 Acquisition system of LiDAR data
摇

摇 The ALTM Gemini system used in experiment
including laser scanner, a direct geopositioning system
and digital camera, as shown in Fig. 1b. The system
used automatic multi鄄continuous pulse technology, it
utilized the powerful capabilities of processing software
HASHMap for the fast output of three鄄dimensional
coordinate data. Parameters of the system were shown
in Tab. 1.

Tab. 1摇 ALTM Gemini system parameters

Parameters Value
Laser wavelength / nm 1 064
Elevation accuracy / m 0郾 1
Horizontal accuracy / m 1 / 5 500 伊 relative flying height
Maximum pulse frequency / kHz 166
Single pulse鄄echo times 4
Double鄄beam scattering angle / mrad 0郾 25,0郾 8
Scan angle / (毅) 0 ~ 50
Strength / bit 12
Camera resolution / (pixels 伊 pixels) 7 228 伊 5 428
Pixel size / 滋m 6郾 8

2摇 Research methods

2郾 1 摇 Extraction of ground, buildings and trees
points cloud

摇 To analyze the three鄄dimensional information of
trees, firstly, the points cloud of trees should be
extracted from the points cloud collected by airborne
LiDAR. Steps were as follows: separate the ground
points, extracte regular points cloud rules, analyze and
calculate of the point cloud of forest.
2郾 1郾 1摇 Extraction of ground points cloud
摇 (1)According to the given size set square grid, the
lowest point in elevation was extracted from each grid
as the ground seeds, and was added to the triangulated
irregular network ( TIN) for establishing the initial
ground model. The grid should be greater than the
maximum reference (trees or buildings) of point cloud
data typically.
摇 (2) Traverse TIN, calculate the distance d which
was contained in each triangle triangulation to its
plane. If d was smaller than the set threshold, then set
this point as ground point, and add it to the ground
point group. Repeat this step until the points satisfied
the conditions were added to the triangle network,
completed iteration[13] .
摇 Achieved extraction of ground points by the above
steps, and filtered the ground points, the remaining
were buildings points and trees points and other non鄄
ground points, as shown in Fig. 2.

Fig. 2摇 Non鄄ground points after filtration ground points
摇

2郾 1郾 2摇 Extraction of building points cloud
摇 After filtering the ground points, the planar鄄fitting
filtering algorithm was used to obtain the building
points based on the characteristics of buildings and
trees points cloud.
摇 (1)Distribution of building and forest points cloud
摇 From the distribution of points cloud in space, laser
pulses encountered bare floor and roof of the building
formed once echo, the distribution rule of generated
points cloud were smooth and continuous[14] . While
the laser pulses penetrated vegetation will appear
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multiple echoes, the generated points cloud were
clustered, and the distribution were in irregular shape.
The cross鄄sectional view of trees and buildings points
cloud were shown as Fig. 3.

Fig. 3摇 Cross鄄sectional view of buildings and trees
摇

摇 (2)The planar鄄fitting filtering algorithm
摇 In recent years, airborne LiDAR data were mostly
filtered based on elevation mutations, commonly used
morphological filtering, elevation texture analysis and
topographic gradient filtering[15 - 16] . In this paper,
planar鄄fitting filtering algorithm was used, which
needed to set multiple parameters to fit the approximate
plane, as schematically illustrated in Fig. 4.

Fig. 4摇 Parameters illustration of planar鄄fitting
filtering algorithm

摇
摇 P忆b was the projection point of Pb to the Pa plane, r
was the distance between P忆b and Pa, h was the height
from Pb to Pa, 琢 was the inclination from Pb to Pa

plane. Set Pa as starting point, calculated the adjacent
point Pb whether contained in fitting plane of Pa, the
conditions to be met:

r < rt
| h | < ht

琢 < 琢

ì

î

í

ïï

ïï
t

(1)

Where rt is distance; ht is height difference; 琢t is dip
threshold.
摇 Pa was the center for plane fitting. Calculate the r,
h and 琢 between Pa and its neighboring points.
Classify as Pa fitting plane if conforming to the

requirements of Eq. (1). Then set neighboring point of
Pa as the center fitting the plane, fitted all the points
met requirements to the fitting plane.
摇 If the number of points meets the conditions was
greater than the preset threshold parameter m, then it
was classified to the other type of plane. The plane
fitting results were shown in Fig. 5. As could be seen
from the figure, the points cloud of building achieved a
perfect fit, and the remaining points cloud of forest had
been classified as non鄄planar.

Fig. 5摇 Extraction of buildings points cloud
摇

2郾 1郾 3摇 Extraction of forest points cloud
摇 Filtering points cloud of buildings as shown in Fig. 5,
the remaining part of the points cloud of forest were
shown as Fig. 6.

Fig. 6摇 Points cloud of trees
摇摇 The planar鄄fitting filtering algorithm was used for

classification of points cloud of suburb forest, since
there was no influence of the building, using this
algorithm classified all forest points cloud as non鄄planar
points, achieved the extraction of forest points cloud,
as shown in Fig. 7.

Fig. 7摇 Points cloud classification of suburb
摇摇 Setting the parameters for each step was an important

factor in achieving good classification results,
according to the characteristic of classification data to
set parameters.
2郾 2 摇 Forest canopy projection area and volume

calculations
摇 After extraction of the points cloud of forest,
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according to the characteristics that trees in urban and
rural were cross鄄distribution, each communication area
as was set as an units, the crown projection area was
calculated by using boundary search and polygon area
calculation algorithm, and crown volume was
calculated by using accumulating stratification method.
2郾 2郾 1摇 Projection area calculations
摇 The canopy projection area of forest points cloud
were constituted by the maximum cross鄄sectional data
set, the specific steps: computing the projection of x - y
plane by forest points cloud; calculating the crown
projection area by boundary search and polygon area
calculation algorithm, and taking its result as the
projected area of the forest canopy.
2郾 2郾 1郾 1摇 Boundary search method
摇 The boundaries of discrete target group were
searched by using angle method based on vector
data[17] . The laser points cloud were in uneven
distribution, however, the average distance d忆 between
the adjacent points met the certain requirements, and
the length of the boundary line was related to average
distance. Let d忆max was the maximum value of the
boundary line, it must met

d忆max = qd忆 (2)
Where q is a coefficient, the higher value of q
indicated a longer boundary line, the rougher of the
border, and q was usually set between 4 ~ 10.
摇 The coordinate of trees points cloud, which was
projected onto the xy鄄plane, was (xi, yi), i was 1 ~
n. Boundary generation steps were as follows:
摇 (1) Set the initial boundary. Find the extreme value
of coordinates of the points set, get points A, B, C, D
to constitute a convex polygon, as the initial boundary
of points set, as shown in Fig. 8a, and save the initial
boundary points list in counterclockwise order.

Fig. 8摇 Boundary generation process
摇

摇 (2) Extension of the boundary. Taking order along
the edge (AB side) in list, search for a point I in its
left, try to make sure the angle between the point and
edge AB was the minimum, as shown in Fig. 8b. If
point I is found, add it to the list, and use AI, IB to

replace AB. Traverse each edge, search boundary
point I, J and M that met the conditions, then connect
them to the original polygons. Repeat this step, the
border continued to expand, after the completion of
traversing, the boundary had been extended to the
convex hull.
摇 (3) Calculate the maximum length of the boundary
line. Calculate the area S of convex hull polygon
according to convex hull point set, and compute the
density of points set, i. e.

籽 = n / S (3)
Where n is the number of points surrounded by convex
hull.
摇 The average distance between adjacent points was
calculated as follows

d忆 = 1
籽

(4)

and then calculate d忆max based on the Eq. (2).
摇 (4) Contraction of the boundary. Traverse the list,
if the length of edge was longer than d忆max, find the
largest angle between the edge and point J in its right,
add the point J to the list, and realize that two edges
could replace one edge. Traverse one loop, find the
qualified border point, and establish a new polygon.
Repeat this step, the boundary continued contraction
inwardly. The results were shown in Fig. 9, and
display the contour of forest points cloud on CCD
image, and achieve the extraction of forest canopy.

Fig. 9摇 Extraction of trees canopy
摇

2郾 1郾 1郾 2摇 Polygon area calculation method
摇 The boundary points of each connected region were
successively connected into line, then constitute a
plurality of polygons, take a polygon with n vertices for
example, select a point as the start point optionally, as
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shown in Fig. 10.

Fig. 10摇 Area calculation for polygon
摇

摇 The polygon area constituted by n points[21]:

S = 移
n

i = 1

1
2 (xi + 1 - xi)(yi + 1 - yi) (5)

Where xn + 1 = x1, yn + 1 = y1 .
摇 The sum of polygon area of each connected region
was calculated, that was the projection area of the
forest canopy.
2郾 2郾 2摇 Canopy volume calculation model
摇 In this paper, volume was calculated based on the
actual distribution and edge extraction of forest canopy,
the algorithm was as follows: extracting points cloud of
forest canopy according to the different characteristics
of urban and suburban regions. Stratified crown points
cloud into slice from the bottom at regular intervals,
calculated polygon area by border search and polygon
area calculation method, calculated the area of each
piece slice, set the adjacent sections as a table body
approximately, used the calculation formula of volume
table to get the crown volume, i. e.

V = 移
p-1

m = 1
(Sm + SmSm + 1 + Sm + 1) z / 3 (6)

Where Sm, Sm + 1 are m, m + 1 layer slice area, m2;
z is adjacent sections space, m; V is crown volume,
m3; p is slice layers.
摇 The sum volume of each connected region was the
volume of the trees canopy.

3摇 Result analysis

3郾 1摇 Extraction accuracy of forest points cloud
摇 The extraction of trees were shown as Fig. 9a, the
red points cloud were trees, the extraction of forest
information had been completed with closed curve.
Fig. 9a showed the edge information on CCD image, it
could been seen that the edges were not perfectly match
the image of trees, because the CCD images were
corrected, but were not orthophotos, the images had a
certain inclination, while the data of LiDAR points
cloud were accurate rendering forest location. Fig. 9b
also has the same problem, since the complex and

diverse of urban feature, combined with the optical
image could be seen parts of points were mis鄄
classificated, the surface shape of points cloud which
was complex was misclassifying forest.
摇 While minimizing the workload, in order to ensure
the accuracy of verification, selected 500 points on the
image randomly to artificial determine whether trees,
and compared with the classification results.
摇 The classification error contained leak points and
multisection points error, as shown in Tab. 2, the
classification of forest points cloud was better, the
leakage points and multisection error were within
3郾 4% ; while the leakage and multisection error of
ground points were within 9% , the classification effect
was relatively poor.

Tab. 2摇 Error of classification results

Select
points

Leakage
points

Leakage
error /
%

Multis鄄
ection
points

Multis鄄
ection

error / %

Total
error /
%

Trees
points 323 11 3郾 4 8 2郾 5 5郾 9

Ground
points 177 13 7郾 3 16 9郾 0 16郾 3

摇 The points cloud of forest had a certain height and in
clustered distribution, with respect to the ground points
cloud which had significantly different, and easier to
distinguish, so the extraction forest points cloud were
better.
3郾 2摇 Canopy projection area and volume

compared with manual measurements
摇 Compared the laser measurement method based on
LiDAR points cloud with traditional manual
measurement methods. Ten experimental districts were
randomly selected to carry out the traditional manual
measurement, the points cloud of forest were projected
onto x - y plane, then the border search and polygon
area formula were used to calculate the crown
projection area. While artificial measuring of the
projection area of the canopy in the ground, the
projection of an individual tree crown were seen as an
ellipse, the length of the major axis and the minor axis
were the lengths of crown爷 s two vertical direction, in
order to calculate the projection area of a single tree,
and then sum of each individual tree within the region
was calculated to get the projection area of the forest
canopy. The area A1 was LiDAR laser measurement
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result, and area A2 was manual measuring result, as
shown in Fig. 11.

Fig. 11摇 Canopy projection area by laser and manual
measurement

摇
摇 Using the proposed method to achieve the canopy
volume measurement based on 3D laser points cloud;
and getting the canopy height and crown width by
artificial measurement, selecting volume formula as
shown in Tab. 3 according to tree species canopy to
estimate the volume.

Tab. 3摇 Formulas for calculating volumes of different
crown geometries

No. Canopy shape Volume formula

1 Cylinder 仔x2 y
4

2 Conic 仔x2 y
12

3 Spherical 仔(3xy2 - 2y3)
6

4 Hemispherical 仔(3xy2 - 2y3)
12

5 Ball fan 仔(3y3 - y2 4y2 - x2 )
3

6 Ovate 仔x2 y
6

摇 The volume V1 of LiDAR laser measurement and
volume V2 of manual measurement were shown in Fig. 12.

Fig. 12摇 Canopy volume by laser and manual measurement
摇

摇 The average measurement error of canopy projection
area of laser and manual measurement were within
6% , and the correlation coefficient was 0郾 957; the
average error of canopy volume by laser measurement
and manual measurement were less than 8% , the
correlation coefficient was 0郾 944, reached the practical
requirements.

3郾 3摇 Effect of season on forest growth
摇 Forest canopy shape and foliage volume in different
seasons affected the acquisition of airborne LiDAR data
directly, which presented challenge to the adaptability
of this method. In this paper, the experimental data
collected in the vigorous growth period of vegetation, if
in the winter or when tree species had rare leaves,
would require a lot of practical work to verify the
proposed method. Furthermore, the growth status of
trees may affect the results, which also needs to
explore in the subsequent study.

4摇 Conclusions

摇 In order to achieve rapid and efficient extraction of
the projection area and volume of a wide range of forest
area, this paper got the three鄄dimensional structural
information of trees by airborne LiDAR, used points
cloud classification algorithms to filter the ground and
buildings points cloud, achieved the extraction of forest
points cloud in urban. The angle method was used to
search boundary, and then it was displayed on the
corresponding CCD images. Canopy projection area
and volume of each connected region was calculated
with polygon area formula and volume calculation
algorithm. Ten experimental districts were randomly
selected to carry out the traditional manual
measurement, compared the proposed LiDAR
measurement method and manual measurement
method, the average leakage and multisection error
were both within 8% . High鄄quality data sources were
provided for the precision quantitative of vegetation
canopy and estimation of biomass. The proposed
method has high precision and large measuring range,
which has broad application prospects in the forestry,
and will contribute to relevant government departments
for efficient scientific management and rational
decision鄄making.
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基于机载ＬｉＤＡＲ数据的林木冠层投影面积与体积测量
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摘要：机载激光雷达系统能够采集反映林木三维结构的点云，利用点云分类及林木冠层投影面积和体积计算方法

获得林木信息。通过不规则三角网法和平面拟合过滤算法分别提取地面和建筑物点云，并将建筑物点云过滤得到

林木点云，将树冠点云投影到 ｘ ｙ平面，采用角度法搜索边界，提取林木点云边缘，并在与其相对应的 ＣＣＤ影像上
显示。利用任意多边形面积算法计算各个连通区域的面积，将它们求和得到冠层投影面积，通过台体的体积计算

得到冠层体积。在研究区域随机选出 １０个外业样地进行传统的人工测量，实验结果表明，基于 ＬｉＤＡＲ的激光测量
与人工测量测得的投影面积和体积的相关系数分别为 ０９５７和 ０９４４。本文提出的方法准确有效，为高精度定量
估算林木冠层生物量提供了依据。
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ｆｉｔｔｉｎｇｆｉｌｔｅｒｉｎｇａｌｇｏｒｉｔｈｍ



　　引言

随着对植被结构、功能及生态效益认识的不断

深入，林木冠层投影面积及体积等信息的获取与监

测技术越来越受到国内外政府部门及相关行业的重

视
［１］
。通过这些研究可以检测树木的生长分布情

况，研究林木的分布规律，有助于市政管理部门及

时、准确地掌握信息，为林木等植被的生物量计算、

生长监测与管理提供依据
［２－４］

。

传统的光学遥感技术受到垂直分辨率的限制，

只能获取林木的二维色彩信息，不能有效地提取林

木信息
［５－６］

。机载激光雷达（Ｌｉｇｈｔｄｅｔｅｃｔｉｏｎａｎｄ
ｒａｎｇｉｎｇ，ＬｉＤＡＲ）具有主动性、免受光照及阴影限制
和一定的地物间隙穿透性等优点，对植被空间结构

和地形的探测能力强，可以获取林木的三维结构信

息，在林业遥感研究方面具有重大创新，相比其他遥

感数据具有极大优势
［７－１２］

。

本文在机载 ＬｉＤＡＲ数据基础上，利用点云分类
及边界搜索、面积和体积计算方法实现林木冠层投

影面积和体积的提取，以提供准确数据支撑区域的

林木研究和监测。

１　研究区域及实验系统

研究区域位于天津市北部的蓟县，同时连接北

京市、天 津 市、承 德 市 和 唐 山 市，地 理 位 置 是

１１７４０°Ｅ，４００５°Ｎ。
根据 ＬｉＤＡＲ系统和研究区域特点，飞行平台采

用运１２飞机，以保证良好的飞行效果。如图 １ａ所
示，该机型设有供氧系统、飞行记录仪和近地告警设

备，同时适于高原和山地等各种环境，航线中平均地

速可保持在２３０ｋｍ／ｈ，飞行稳定且安全性高。２０１３
年９月，选择天气晴朗少云的时间飞行，依据实验地
区范围、地形高度和坡度等，采用 ＡＬＴＭＮＡＶ飞行
控制软件设计航线，飞行高度在８００ｍ左右。

图 １　ＬｉＤＡＲ数据采集系统

Ｆｉｇ．１　ＡｃｑｕｉｓｉｔｉｏｎｓｙｓｔｅｍｏｆＬｉＤＡＲｄａｔａ
　
实验采用包括激光扫描仪、直接地理定位系统

和数码相机等的 ＡＬＴＭＧｅｍｉｎｉ系统，如图 １ｂ所示。
该系统采用全自动连续多脉冲技术，利用功能强大

的激光雷达处理软件 ＤＡＳＨＭａｐ快速输出三维坐标
数据。系统的参数如表１所示。

表 １　ＡＬＴＭ Ｇｅｍｉｎｉ系统参数

Ｔａｂ．１　ＡＬＴＭ Ｇｅｍｉｎｉｓｙｓｔｅｍｐａｒａｍｅｔｅｒｓ

参数　　　　 数值

激光波长／ｎｍ １０６４

高程精度／ｍ ０１

水平精度 １／５５００乘以相对航高

最高脉冲频率／ｋＨｚ １６６

单脉冲回波次数 ４

双光束散射角／ｍｒａｄ ０２５、０８

扫描角／（°） ０～５０

强度／ｂｉｔ １２

相机分辨率／（像素 ×像素） ７２２８×５４２８

像素大小／μｍ ６８

２　研究方法

２１　地面、建筑物及林木点云提取
要对林木的三维信息进行分析，首先需要从机

载 ＬｉＤＡＲ所采集的复杂地物点云中提取林木点云。
步骤为：分离地面点，提取规则点云，林木点云的分

析计算。

２１１　地面点的点云提取
（１）依据给定尺寸设定正方形网格，从每个网

格中提取高程最低的点作为地面种子点，添加到不

规则三角网（ＴＩＮ），建立初始地面模型。通常网格
应大于点云数据中最大参照物（林木或建筑物）。

（２）遍历 ＴＩＮ，计算包含在三角网的各个三角
形中的点与其平面的距离 ｄ，若 ｄ小于设定的阈值
则规定该点为地面点，加入到地面点集合。重复此

步骤，直到满足条件的地面点都加入到三角网中，完

成迭代
［１３］
。

通过以上步骤实现地面点的点云提取，并将之

过滤，剩余建筑物和树木等非地面点，如图２所示。

图 ２　过滤地面点后的地面点点云

Ｆｉｇ．２　Ｎｏｎｇｒｏｕｎｄｐｏｉｎｔｓａｆｔｅｒｆｉｌｔｒａｔｉｏｎｇｒｏｕｎｄｐｏｉｎｔｓ
　
２１２　建筑物的点云提取

过滤地面点后，通过分析建筑物和林木点云的

特点，采用平面拟合过滤算法获得建筑物点云。

（１）建筑物及林木点云分布特征
从点云的空间分布规律来看，激光脉冲遇到光

秃地面和建筑物屋顶形成一次回波，产生的点云分

布规则，平滑连续
［１４］
。脉冲穿透植被会出现多次回

波，呈簇状等不规则形状分布。图 ３为林木和建筑
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图 ３　建筑物和林木点云的剖面图

Ｆｉｇ．３　Ｓｅｃｔｉｏｎａｌｖｉｅｗｏｆｂｕｉｌｄｉｎｇｓａｎｄｔｒｅｅｓ
　
物点云的剖面图。

（２）平面拟合过滤算法
近年来，机载 ＬｉＤＡＲ数据多以高程突变为基础

作滤波，常用的有形态学滤波法、高程纹理分析法和

基于地形坡度滤波等
［１５－１６］

。本文利用平面拟合过

滤算法，需要设置多个参数来拟合该近似平面，参数

示意如图４所示。

图 ４　平面拟合过滤算法的参数示意图

Ｆｉｇ．４　Ｐａｒａｍｅｔｅｒｓｉｌｌｕｓｔｒａｔｉｏｎｏｆｐｌａｎａｒｆｉｔｔｉｎｇ

ｆｉｌｔｅｒｉｎｇａｌｇｏｒｉｔｈｍ
　
Ｐ′ｂ为 Ｐｂ到 Ｐａ所在平面的投影点，ｒ为 Ｐ′ｂ与 Ｐａ

的距离，ｈ为 Ｐｂ与 Ｐａ的距离高度，α为点 Ｐｂ相对点
Ｐａ所在平面的倾角。以 Ｐａ点为中心起点，计算相邻
点 Ｐｂ包含于 Ｐａ的拟合平面，需满足条件

ｒ＜ｒｔ
｜ｈ｜＜ｈｔ
α＜α

{
ｔ

（１）

式中　ｒｔ———距离　　ｈｔ———高度差
αｔ———倾角阈值

平面拟合是以 Ｐａ为中心点，计算该点与所有邻
近点的 ｒ、ｈ及 α，符合式（１）要求的，归入以点 Ｐａ为
中心点的拟合平面。再按顺序以 Ｐａ的邻近点为中
心拟合该平面，将满足要求的点全都包含到拟合平

面内。

本算法中满足条件的邻近点数量大于预设的阈

值参数 ｍ，则归入某平面类。平面拟合结果如图 ５
所示。从图中可看出建筑物点云已实现较好的拟

图 ５　建筑物点云信息提取效果

Ｆｉｇ．５　Ｅｘｔｒａｃｔｅｄｂｕｉｌｄｉｎｇｓｐｏｉｎｔｓｃｌｏｕｄ
　
合，剩下的林木点云已被归类为非平面。

２１３　林木的点云提取

将图 ５中的建筑物点云过滤，所剩部分主要为
林木点云，如图６所示。

图 ６　林木点云

Ｆｉｇ．６　Ｐｏｉｎｔｓｃｌｏｕｄｏｆｔｒｅｅｓ
　
采用平面拟合过滤算法进行郊区林木点云分类

时，因为没有建筑物的影响，采用该算法将林木全部

归类为非平面点，同样实现了林木点云的提取，效果

如图７所示。

图 ７　郊区林木点云分类

Ｆｉｇ．７　Ｐｏｉｎｔｓｃｌｏｕｄｃｌａｓｓｉｆｉｃａｔｉｏｎｏｆｓｕｂｕｒｂ
　
各个步骤中参数的设定是实现良好分类效果的

重要因素，依据分类数据的特征设定参数。

２２　林木冠层投影面积及体积计算
完成林木点云的提取后，根据城区及郊区林木

常有距离相近而产生交叉或粘连的生长分布特点，

以连通区域为单位，通过边界搜索和任意多边形面

积算法计算冠层投影面积，通过分割累加法计算冠

层体积。

２２１　林木冠层投影面积的计算
林木冠层投影面积用最大横截面点云数据点集

构成，具体步骤为：计算林木点云在 ｘ－ｙ平面投影；
利用边界搜索和任意多边形面积算法计算投影面

积，以此作为林木冠层的投影面积。

２２１１　边界搜索方法
采用基于矢量数据的角度法搜索离散目标群的
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边界
［１７］
。激光点云分布不均，但相邻点间的平均距

离 ｄ′满足一定的要求，边界线段的长度与平均距离
有关。设 ｄ′ｍａｘ是边界线段的最大值，满足

ｄ′ｍａｘ＝ｑｄ′ （２）
式中　ｑ———系数

ｑ越大表明边界线段越长，边界越粗糙，通常为
４～１０。

树木点云投影到 ｘ－ｙ平面的坐标为（ｘｉ，ｙｉ），
ｉ为１～ｎ。边界生成步骤如下：

（１）设定初始边界。查找点集的坐标极值（点
Ａ、Ｂ、Ｃ、Ｄ）并构成凸多边形，作为点集的初始边界，
如图８ａ所示，保存为按逆时针方向排列的初始边界
点链表。

图 ８　边界生成过程

Ｆｉｇ．８　Ｂｏｕｎｄａｒｙｇｅｎｅｒａｔｉｏｎｐｒｏｃｅｓｓ
　
（２）边界扩展。按顺序沿链表的边（如 ＡＢ边），

在其左边搜索一个点 Ｉ，使该点与 ＡＢ边的夹角最
小，如图 ８ｂ所示。若搜索到 Ｉ点就把它加到链表
中，实现 ＡＩ、ＩＢ取代 ＡＢ。遍历各条边，搜索到符合
条件的边界点 Ｉ、Ｊ和 Ｍ，把它们连接到原有的多边
形。重复该步骤，边界不断向四周扩展，完成遍历

后，边界已经扩展为凸壳。

（３）计算最大长度的边界线段。根据点集的凸壳
计算该凸壳多边形的面积Ｓ，并计算点集的密度，即

ρ＝ｎ／Ｓ （３）
式中　ｎ———凸壳所包围的点的数量

计算相邻点的平均距离为

ｄ′＝１

槡ρ
（４）

再依据式（２）计算 ｄ′ｍａｘ。
（４）边界收缩。遍历链表，若边长大于 ｄ′ｍａｘ，就在

它的右边找到与该边夹角最大的点 Ｊ，把点 Ｊ加到链
表中，实现２条边替换 １条边。遍历 １周，发现符合
条件的边界点，建立新的多边形。重复该步骤，边界

不断向内收缩。效果如图９所示，并将林木区域点云
的轮廓显示在 ＣＣＤ影像上，实现林木冠层提取。
２２１２　任意多边形面积方法

将各个连通区域的边界点分别依次连接成线，

则构成多个多边形，以其中有 ｎ个顶点的多边形为
例，任选一点作为起始点，如图１０所示。

则由 ｎ点构成的多边形的面积［１８］
为

图 ９　林木冠层信息提取

Ｆｉｇ．９　Ｅｘｔｒａｃｔｉｏｎｏｆｃａｎｏｐｙｔｒｅｅｓｉｎｆｏｒｍａｔｉｏｎ
　

图 １０　多边形面积计算

Ｆｉｇ．１０　Ａｒｅａｃａｌｃｕｌａｔｉｏｎｆｏｒｐｏｌｙｇｏｎ
　

Ｓ＝ ∑
ｎ

ｉ＝１

１
２
（ｘｉ＋１－ｘｉ）（ｙｉ＋１－ｙｉ） （５）

其中 ｘｎ＋１＝ｘ１　ｙｎ＋１＝ｙ１
各连通区域的多边形面积之和即为林木冠层的

投影面积。

２２２　冠层体积计算模型
本文结合林木的实际分布及边缘提取情况采用

台体公式法计算冠层体积，具体算法如下：根据城区

和郊区等不同区域林木点云特征确立林木冠层点

云。从下向上等间隔的将冠层点云切片，通过边界

搜索及任意多边形面积方法，计算每幅切片的面积，

将相邻切片间近似地作为台体，采用台体体积累加

公式计算冠层的体积，即

Ｖ＝∑
ｐ－１

ｍ＝１
（Ｓｍ＋ ＳｍＳｍ槡 ＋１＋Ｓｍ＋１）ｚ／３ （６）

式中　Ｓｍ、Ｓｍ＋１———第 ｍ、ｍ＋１层切片面积，ｍ
２

ｚ———相邻切片间隔，ｍ
Ｖ———冠层体积，ｍ３

ｐ———切片层数［１１］

各连通区域的体积之和即为林木冠层的体积。

３　结果分析

３１　林木点云及冠层提取精度分析
图９ａ为林木信息的提取，红色点云为林木，已

经采用闭合曲线完成林木信息提取，图９ａ是检测的
边缘信息在 ＣＣＤ影像上进行叠加，可以看到一部分
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闭合边缘与影像上林木的边缘不是特别吻合，是因

为 ＣＣＤ影像虽经过校正，但并不是真正射影像，图
像会有一定角度的倾斜，而 ＬｉＤＡＲ点云数据是准确
表现林木位置的。图９ｂ也存在同样的问题，由于城
区地物复杂多样，结合光学影像可以看出在中间部

分有部分多分，将表面形状复杂的点云误分为林木。

在尽量减少工作量的同时，为了保证验证的精

度，人工判定在图像上随机选取的 ５００个点是否为
林木，并与分类结果相比较。分类误差包含漏分误

差和多分误差，如表２所示，林木点云的分类效果较
好，漏分误差和多分误差均在 ３４％以内；地面点漏
分误差和多分误差均在９％以内，相对较差。

表 ２　分类结果的误差

Ｔａｂ．２　Ｅｒｒｏｒｓｏｆｃｌａｓｓｉｆｉｃａｔｉｏｎｒｅｓｕｌｔｓ

选取

点数

漏分

点数

漏分

误差／％

多分

点数

多分

误差／％

总误差

／％

林木　 ３２３ １１ ３４ ８ ２５ ５９

地面点 １７７ １３ ７３ １６ ９０ １６３

林木点云具有一定高度且呈簇状团聚分布，相

对于较平整缓和的地面点云差异明显，更容易区分，

因此林木点云的提取效果较好。

３２　冠层投影面积及体积与人工测量结果比较

将本文基于 ＬｉＤＡＲ点云的激光测量方法与传统
人工测量方法相比较。选取１０个外业样地的树冠点
云，将树冠点云数据投影到 ｘ－ｙ平面，再用边界搜索
和任意多边形面积计算公式，获取树冠投影面积。人

工测量树冠在地面的投影面积时，将单木树冠投影视

为椭圆，其长、短轴的长度分别为树冠东西和南北方

向的冠幅，以此求取单木投影面积，再对区域内各个

单木面积求和得到林木冠层的投影面积。激光测量

面积 Ａ１和人工测量面积 Ａ２如图１１所示。

图 １１　激光与人工测量冠层投影面积

Ｆｉｇ．１１　Ｃａｎｏｐｙｐｒｏｊｅｃｔｉｏｎａｒｅａｂｙｌａｓｅｒａｎｄ

ｍａｎｕａｌｍｅａｓｕｒｅｍｅｎｔ
　
采用本文方法，实现了基于三维激光点云数据

的冠层体积测量；并利用人工测量得到的树冠高度

和冠幅，依据树种的冠形选择表 ３中的体积公式估
算冠层体积。

激光测量体积 Ｖ１和人工测量体积 Ｖ２结果如
图１２所示。

表 ３　不同冠形冠层体积计算公式

Ｔａｂ．３　Ｆｏｒｍｕｌａｆｏｒｃａｌｃｕｌａｔｉｎｇｖｏｌｕｍｅｓｏｆ

ｄｉｆｆｅｒｅｎｔｃｒｏｗｎｇｅｏｍｅｔｒｉｅｓ

序号 冠形 体积计算公式

１ 圆柱
πｘ２ｙ
４

２ 圆锥
πｘ２ｙ
１２

３ 球形
π（３ｘｙ２－２ｙ３）

６

４ 半球形
π（３ｘｙ２－２ｙ３）

１２

５ 球扇 π（３ｙ３－ｙ２ ４ｙ２－ｘ槡
２）

３

６ 卵形
πｘ２ｙ
６

图 １２　激光与人工测量冠层体积

Ｆｉｇ．１２　Ｃａｎｏｐｙｖｏｌｕｍｅｂｙｌａｓｅｒａｎｄｍａｎｕａｌｍｅａｓｕｒｅｍｅｎｔ
　
　　激光测量与人工测量的冠层投影面积的平均误
差在６％以内，相关系数为 ０９５７；激光测量与人工
测量的冠层体积的平均误差在 ８％以内，相关系数
为０９４４，可以满足实际要求。
３３　季节及林木生长状况的影响

林木在不同季节的树冠形态和树叶量对采集的

机载激光雷达数据有直接影响
［１９－２１］

，这也对本方法

的适应性提出了一定的挑战，本文实验数据的采集

是在植被生长旺盛的时间段，若在冬季或者有些树

种的树叶稀少时，需要进行大量的实践工作以验证

本文方法。此外林木生长状况等对结果可能产生影

响，也需要在后续研究中进行探讨。

４　结束语

为解决大范围的林木投影面积及体积难以高效

快速提取的难题，本文采用机载 ＬｉＤＡＲ获取点云，
利用点云分类算法，分别过滤地面和建筑物点云，实

现了城区林木点云的提取。采用角度法搜索边界，

并在相应的 ＣＣＤ影像上显示，用任意多边形面积算
法和体积计算公式计算各连通区域的冠层投影面积

和体积。在研究区域随机选出 １０个外业样地进行
传统的人工测量，将基于 ＬｉＤＡＲ的激光测量与人工
测量２种方法进行比较，平均漏分误差和平均多分
误差均在８％以内，为植被冠层和生物量的高精度
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定量估算提供了优质数据源，具有精度高、测量范围

大等优点，将其引入到林业领域具有广阔的应用前

景，有助于政府等相关部门进行高效合理地科学管

理和决策。
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