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Retrieving structural parameters of individual tree
through terrestrial laser scanning data
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Abstract: Terrestrial Laser Scanning ( TLS) has shown great potential in obtaining the structural parameters of individual trees in
past decades. In this work three-dimensional point cloud data generated from TLS were obtained for a homogeneous forest plot with
20 Pinus bungeana ( Pinus bungeana Zucc) trees. Through the analysis of the vertical profile of the point cloud data of an individu—
al tree a voxel-based method was developed to estimate crown base height. Further the tree crowns were delineated by calculating
the convex hull of each horizontal sliced point cloud data at different heights. In addition crown volume crown width tree height

and Diameter at Breast Height ( DBH) were estimated at the same time. The TLS-based estimation captured 97% variation of the
manually measured clear bole height (n =20 Root Mean Square Error (RMSE) =0.21 m p=0.01) . The R* and RMSE of DBH
provided the coefficient of R* was 0.79 and 1.07 ¢m ( n =20)
to predict crown volume by the stepwise linear regression method and statistical analysis showed that the linear regression m odel
explained 96.7% of the crown volume variance with an RMSE of 2.64 m*(n =20 p =0.01).

nvestigation accurately estimated crown base height and crown geometry and can thus facilitate the application of TLS in precision

respectively. Crown length  DBH and crown width were selected
The method developed in this i

forestry.
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1 INTRODUCTION ranging is an active remote sensing technology. Airborne Laser
Scanning ( ALS) and Terrestrial Laser Scanning ( TLS) have
had a wide range of applications in forests and have become
important means of forest inventory ( Nesset 1997; Tes—
famichael et al. 2009; Garcia et al. 2010; Kelbe et
2012; Seidel 2012) . TLS has provided vast

and high-quality three-dimensional points of forests. TLS has

Forest inventory is the basis for forest management. For
sustainable forest management a great amount of information
is required for planning future forest management and docu-—
20006) .
ters such as tree height crown base height crown area and
Diameter at Breast Height ( DBH)

ditional forest inventory. Traditional forest inventory based on

menting activities of the past ( Koch et al. Parame— al. et al.

are usually needed in tra— emerged as a tool for detailed data collections in forestry appli—

cations and methods have been p roposed to derive various
manual measurements is very labor-intensive and time consu-—

parameters such as tree position DBH stem density tree

ming. With the emergence of new technologies remote sens— height crown shape and stem volume with TLS data.
ing has been used to investigate forest resources at a larger Different researchers have explored methods for extracting
scale with frequent revisiting abilities as a supplemented ap- forest structural parameters ( including of single trees) and the
proach. Passive optical systems such as photography and the a lgorithm of forest structural parameter extraction based on

TLS ( Bienert etal. 2006 2007; Strahler etal. 2008;
Moorthy etal. 2011). Aschoff etal. (2004) produced a

Landsat Thematic Mapper have been satisfactory for many ec—

ological applications such as mapping land cover onto broad

classes and estimating aboveground biomass and leaf area in-
dex ( Lefsky et al. 2002).
limited in obtaining the three-dimensional structural parame-—

2007) . Light detection and

However passive s ensors are

ters of forests ( Kwak et al.

digital terrain model from a triangulated irregular network.
Based on this model the point cloud was sliced at different
heights above ground and p rojected in two-dimensional lay—

ers. Hough transformation was then used to detect the trees.
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Li et al. (2012) used modified Hough transformation and
the vertical continuity testing of the point cloud to extract a
single trees location DBH and height of complex forest.
et al. (2004) measured parameters such as
tree height DBH

volume with TLS data. These retrieved parameters were com—

Hopkinson

stem location stem density and timber
pared with field manually collected validation data. Mean tree
height was slightly underestimated systematically because of
canopy shadow effects and suboptimal scan sampling distribu—

(2004)

individual branches

tion. Pfeifer et al. reconstructed a single tree

trunk and the whole crown. Jung et
al. (2011) estimated the crown variables of individual trees
through airborne and terrestrial laser scanners and the accu-—
racy was better than that with ALS only.

The voxel-based method is simple and effective. By set—
ting up a voxel of appropriate size we can both reduce the
density of the TLS point cloud and keep the real dimensions of
the trees. Many researches have used the voxel-based meth-
et al. (2013) estimated the single-tree branch

biomass of Norway spruce with TLS based on a voxel-based

od. Hauglin

method. The accuracy of prediction from TLS-based models
was higher than that from the conventional allometric model.
At the same time crown size information has also been de-
rived from point cloud data generated by TLS. The point cloud
was sliced at different heights above ground by the voxel-based
method and was then projected onto a two-dimensional layer.
The two-dimensional raster image is used for detecting trees

(Li etal. 2012). et al. (2011) evaluated the

potential of TLS to characterize forest canopy fuel characteris—

Garcia

tics at plot level. Several canopy properties namely

height

canopy

canopy cover canopy base height and fuel strata

gap were estimated and canopy base height was estimated
from vegetation vertical profiles derived from an occupied /non-
occupied voxel approach. Zheng & Moskal ( 2012a 2012b
2012¢) used a new voxel-based method called point cloud sli-
cing to extract the effective leaf area and leaf orientation.

This study aims to:

(1) Extract clear bole height and crown length from tree
vertical profiles derived from TLS data by the voxel-based a
pproach.

(2) Delineate the outline of crowns from the two-dimension—
al raster image by the convex hull approach.

(3) Estimate the crown volume of an individual tree

through the point cloud data generated from TLS.

2 MATERIALS
2.1 Study area

A forest plot with 20 Pinus bungeana ( Pinus bungeana
Zucc) trees located in the Chinese Academy of Forestry ( CAF)
(40°00718.16" N 116°14°32.51" E) was used to obtain point
cloud data by TLS. P. bungeana originates from northern China
and its bark is very beautiful. The P. bungeana forest in CAF
was planted in 1928. The area is 0.57 ha and the spacing is 1
.67 m x 1.67 m. Soil improvement and thinning studies have
been conducted in this field. This plot is the oldest P. bungeana
plantation in China and has the value of scientific research h

istoric preservation and conservation.

2.2 Field data and acquisition of TLS data

We measured the DBH clear bole height and tree height
of 20 select trees. TLS data were collected in June 2011 with a
Riegl VZ-400 which was operated at a wavelength of 1550 nm
and can quickly and accurately acquire three-dimensional images
up to a range of about 600 m. The laser beam was 10 mm in d
iameter as it left the device and had a beam divergence of 0.3
mrad which equates to a beam 13 mm wide at a 10 m range.
The scanner was mounted on a tripod and a full 360 x 100° scan
( the scanner’s maximum field-of-view) was performed from each
scanner position at an angular resolution of 0. 1°. We implemen—

ted two scans so that each tree was visible.
2.3 Pre-processing of raw data

Flying points came from the edge of the target and their |
aser pulse shape had a higher bias value. The bias of the laser
pulse shape implied that the measuring results have high uncer—
tainty. Therefore the data were filtered to remove “flying
points” with a bias threshold of 25. Because of the ambiguity
problem of the range measurement many incorrect points were
included in the raw data. The incorrect points were reflected
points outside the ambiguity interval that were calculated in the
first interval. Such points usually have low intensity because of
the long distance to the actual reflected points. A defined inten—
sity threshold of 1000 was used as an initial filter. The last step
was the registration of two TLS scans. First the coordinate of the
reflector plate from the total station was imported into RISCAN
software. Second both scans were registered to the WGS-84 co—
ordinate. Finally the second scan was manually a djusted to the
first scan. Fine registration was performed through polydata as
described by Li et al. (2012).

All the extractions of the forest parameters were based on
the normalized point cloud to eliminate the influence of terrain on
tree height. The height of the tree point was the value relative to
the height of the ground. We generate a DEM by extracting the
local lowest height value. The normalized point cloud was that
the height of the point cloud minus the DEM.

3 METHOD

The flow chart of this study is shown is Fig. 1.
3.1 Stem position and DBH

The stem position was the base to extract other single-tree
parameters. The DBH tree height and canopy structure param—
eters were extracted after the tree position was identified. Hough
transformation was used in the detection of the trees and circle
fitting was used to calculate their DBH.

A horizontal layer of the trunk was cut from the scanned
point cloud at 1.3 m above the ground the layer was 10 c¢m
thick. To use standard pattern recognition methods the layer
was mapped onto a regular raster with a grid size of 0.5 cm x 0.
5 em. The pixel value of the raster was the number of points in
the 0.5 cm X 0.5 ¢cm x 10 cm cell. If the number of points in
a pixel was less than 3 then the pixel value was set to zero. To
detect circles in this raster image Hough transformation which

required a predefined diameter was used. Because the diameter
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was unknown before the algorithm was used and DBH was d
istributed between 5 ¢m and 25 ¢cm  we began with a diameter of
5 cm and increased the diameter with an increment of 0.5 cm.
For each tree position several circles were detected. We extrac—
ted the points within the 97% —103% range of the circles and
calculated the number of these points N the diameter of the cir—
cles R and the standard deviation of these points to the circles
S. We chose the circle with minimum 2R/N as the correct cir—
cle. When several minimum results were obtained we chose the

one with a minimum of S.

‘ Normalization poimt |

!

II lorizontal slice and raster at | 3 |||1

l Hough transformation »7

—

‘ DBH | [ I'runk position I»—-I Vertical profile of trunk

[ Vertical profile of ||ﬂ l I'ree height | ‘ Clear bole height |

| I'he height of leave I

Voxel of crown

Convex hull

Outline of crown

.

[ Crown volume

[ Crown vidth |

Fig. 1 Flow chart of this study

3.2 Clear bole height

The position of the clear bole height is the separation loca—
tion between the crown and trunk and the height of the first
branch is the clear bole height. The clear bole height equals the
height of the main trunk. If the tree is bifurcated below 1.3 m
then it is deemed to two tree trunks. Therefore if the tree is b
ifurcated above 1.3 m then it is deemed to branch. The point
cloud from the trunk was sliced into several horizontal layers. We
then used the method introduced in Section 3.1 to extract the di—
ameter and position of the whole trunk.

The scan points from a tree of a height between 1.3 m and
7.0 m were segmented into a series of slices with a 10 cm thick—
ness. For each layer we used the method described in Section 3.

1

to extract the DBH and position of the circle and the mean radius
of the circle R. The approach used in this study to estimate clear
bole height used a grid of occupied /non-occupied cells. The TLS
return points of one layer were arranged in an x-y grid as d
escribed in Section 3.1 and cells occupied by at least three
points were assigned a value of 1. The number of voxels in the
range of 2R with a value in one layer was marked N. We then
calculated the N of all the layers and analyzed the vertical profile
of the point cloud data for the tree trunk.

The scan points from the trunk were focused so that its N
was stable. On the position of the first branch the girth of the
trunk was large ( Fig.2(¢)) . As aresult the value N was much
greater than the value N from the trunk ( Fig.2( a) ). The verti—
cal profile of the stem also shows the variation of N b ecause of
the smaller branch. The spring below the first branch has small
girth so that it never disturbs the detection of the first branch.
Fig. 2 shows the vertical profile of N and the clear bole height is

in p osition with the first dramatic change of the profile.

Hright/m

w2

(]

0 20 40 &0

Cover number N

(a) Vertical profile
of trunk

(b) TLS pomits of tree

(¢) TLS points of
clear bore height

Fig.2 Detecting clear bore height from vertical profile of trunk

3.3 Vertical distribution of leaves

The TLS return points of the single tree were divided into
the voxel space with dimensions of 10 em x 10 cm x 10 cm. A
voxel with more than two points was assigned a value of 1. The
number of voxels in one layer with a value was marked N. We
then calculated the N of all the layers and analyzed the vertical
profile of the point cloud data for the whole tree.

The tree height is the highest Z-value of the TLS return
points from a single tree. In this paper two crown lengths were
defined. One is defined as the difference between the top height
and the clear bolt height. The other is called the leaffilled crown
length. Few leaves are found on the bottom branches of the P
. bungeana trees crown. The value of N was changed quickly in
the vertical profile of the tree and the position was above the
clear bole height ( Fig.3( a) ) . Thus many leaves appeared in
this position. The length between the tree top and this position
was the crown length filled with leaves. The vertical profile of the
tree can display the vertical distribution of leaves so that we s
egmented the single tree into three parts by the vertical profiles of
the tree and trunk ( Fig.3(b)) .
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3.4 Outline of crown crown width and crown volume

In this paper a convex hull was used to extract the outline
of the crown. A set of points were defined as convex if it con—
tained the line segments connecting each pair of its points. The

convex hull of a given set @ may be defined as the ( unique)

minimal convex set containing @ ( Wang et al. 2011) .
16
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(a) Vertical profile of tree

Crown length filled
with leaves

Crown length
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(b) Vertical segment of tree

Fig.3  Vertical profile of tree and vertical segment of tree

Quickhull is a method of computing the convex hull of a f
inite set of points in a plane. This method uses a divide-and-eon—
quer approach similar to that of quicksort from which it d erives
2012) . The algorithm can be broken

down into the following steps:

its name ( Wikipedia

Step 1 The points that have the minimum and maximum x
¢ oordinates and are bound to be a part of the convex are identi—
fied.

Step 2 The line formed by the two points is used to divide
the set into two subsets of points which will be processed recur—
sively.

Step 3 The point on one side of the line with the maximum
d istance from the line is determined. The two points found be—
fore along with this one form a triangle.

Step 4 The points lying inside the triangle cannot be a part

of the convex hull and can therefore be ignored in the next steps.

Step 5

lines formed by the triangle ( not the initial line) .

The previous two steps are repeated on the two

Step 6  The steps are repeated until no more points are
left the recursion has come to an end and the points selected

constitute the convex hull.

(c) Step 6:
recurse until no
more points are left

(a) Steps 1-2:
points are divided
into two subsets

(b) Steps 3-5:
the maximal distance
point is identified,
points inside the triangle
are ignored, and
these steps are repeated

Fig.4  Sketch map of quickhull algorithm ( Wikipedia 2012)

The TLS return points of the crown were divided into the
voxel space with dimensions of 10 cm x 10 ecm X 0.5 m. The
voxel was occupied if the number of laser points in it was more
than 2. The position of the occupied voxel of every layer was r
egarded as the set of points used to extract the outline by the
quickhull algorithm. The read pane was the outline of crown

( Fig.5) .

Fig.5 Outline of one layer of crown

Afterward we can calculate the area of this crown layer a

ccording to the following expression:

S = %IZ{ (xkyl.-H _xk—lyl;) (1

where m is the number of vertices and x, y, are the coordinates
of the vertex. All vertices from all layers were mapped onto the
ground. The crown area was the area calculated from the vertices
extracted by the convex hull algorithm of the point set of all 1
ayers.

The traditional method for measuring crown volume assumed
that the crown had regular geometry. However the crown in the
real world is irregular. TLS technology can obtain the three-di-
mensional structure of the tree; thus it can be a tool to measure
crown volume. In this paper we regarded a layer of the crown as
the prism whose base area was the area of this layer and whose
height was 0.5 m. The crown volume was approximately the ac—

cumulation of all prisms through the following e xpression:

k

V:ESxH (2)

k =L/H (3)
where V is the crown volume S is the base area of the prism of

this layer H is the prism’s height (0.5 m in this study) and L
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is the crown length. Fig. 6 shows the segments of the crown.

Fig. 6 Segments of crown

4 RESULTS AND ANALYSIS
4.1 Clear bole height and DBH

We compared the clear bole height and DBH with field
measurements. The clear bole height yielded a high coefficient of
determination (R =0.97 p =0.01) and the Root Mean
Square Error ( RMSE) was 0.21 m. DBH had a low coefficient
of determination ( R* =0.79 p =0.01) compared with the clear
bore height. However DBH had a small error with an RMSE of
1.07 cm. Fig.7( a) and Fig. 7( b) show the regression results
of the clear bore height and DBH respectively.

7.5

[ o g
2 ss #
= s
B 45 . o
5 £ 0.96x+0.13
@ 354 0961015
8 R=097
11 B RMSE=021 m
15 : : -
1.5 25 35 4.5 55 6.5 7.5
Estimated DBH/m
(a) Observed DBH
25¢
E 24} .
W 23
2 22t
E 21} :
y 20f .
5 19t . .
2
"_3 I8} . * . . v=0.9x+1.9
g 17 . R=(.79
£ 164 s RMSE=1.07 ¢m
<15 — —
15 16 17 18 19 20 21 22 23 24

Estimated clear bore height/m

(b) Clear bore height

Fig.7 Estimated versus observed DBH and clear bore height

4.2  Regression between crown volume and other p
arameters

A regression model was established between crown volume

and other parameters such as crown width crown length the
length of a crown filled with leaves tree height and DBH. The
model excluded variables such as tree height and crown height.
The model had a high coefficient of determination ( R* =0. 96)
and RMSE was 2.64 m’. The regression function is

y = 3.56x, +1.47x, + 1. 045x, (4)
where x, is the crown width «x, is the crown length and «; is the

DBH.
4.3 Analysis

Compared with field-measured data the result of DBH esti—
mated by Hough transformation yielded a small error. Some
DBHs were underestimated. Data checking revealed that these
trees were far from the scan station and that the error resulted
from blocking by other trees.

This paper estimated clear bole height precisely. The impor—
tant point of this paper was to detect the vertical profile of the
trunk which was based on the position of one layer. The study
area was located in an artificial forest and the shrub had little i
nfluence on position detection. Thus we assumed that all the
detection positions were inside the trunk. The clear bole height
estimated by this method had a small error and a strong relation—
ship indirectly showing that the position was estimated precise—
ly. In structurally heterogeneous forest environments however
the result would be influenced by leaves and shrubs.

In the real world the crown is irregular. Thus we segmen—
ted the crown into many layers and the greater the number of
layers the higher the accuracy. Voxels are means to represent a
three-dimensional space by a regular grid. The voxel-based
method can reduce the density of TLS scan points and the num-
ber of point sets of the convex hull algorithm. Quickhull’s aver—
age case complexity is considered to be O (n x log ( n))
whereas in the worst case it takes O (n°) . The best condition e
merges if the point set is divided in a balanced manner. The 1
ocation of voxels in one layer of the tree had a well-proportioned
distribution. The quickhull algorithm is suitable for extracting the
outline of crowns.

We calculated crown volume starting from the clear bore
height. Crown volume was influenced by crown length and crown
width. The regression result showed little relevance b etween
crown volume and crown length but a good relation with the
length of a crown filled with leaves because the most part was the
volume of the crown filled with leaves rather than the branches of
the P. bungeana trees. Crown volume was related to crown
shape. For one tree species the crown shape is similar to that of
other trees but different from that of other tree species. Thus
tree structure should be described. The TLS scan point data have
potential for the extraction of tree structure p arameters and build
the relationship between easily obtained and hard-io-obtain pa—

rameters.
5 CONCLUSION

We selected 20 P. bungeana trees as the experiment materi—
als and estimated the position and DBH of trees by Hough trans—

formation. On the basis of tree position the vertical profile of
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the trunk was extracted. The clear bole height was then estimated
from the vertical profile of the trunk. Finally the crown was
sliced into several layers from the clear bore height to the tree
top and the crown width and crown volume were calculated.
The main conclusions are as below.

(1) As a result the DBH values were underestimated for
those trees far from the scan station. Generally the DBH values
and positions determined were precise.

(2) We extracted the clear bole height from the vertical p
rofile. The result showed the desired accuracy by R* and RMSE
values of 0. 97 m and 0. 21 m indicating that the method was
suitable for extracting clear bole height from a homogeneous f
orest.

(3) The quickhull algorithm was suitable for extracting the
outline of the crown.

(4) A strong relation was found between crown volume and
other tree structure parameters such as crown width the length
of a crown filled with leaves and DBH. TLS has the potential to
construct a single-tree structure model.

The superiority of TLS is obtained by extracting the vertical
structure of the tree without damage. TLS is convenient for the
continuous observation and dynamic monitoring of forests and for
modeling the three-dimensional structure of trees. The shadow
generated by other trees influences the accuracy of single-tree pa—
rameters extracted in the forest area. The scan station should be
designed reasonably to obtain accurate parameters in the forest
area. More research is needed to extract the p arameters of heter—

ogeneous forests.
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