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Extraction of crown volume using triangulated irregular
network algorithm based on LiDAR
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Abstract: To improve the precision and effectiveness of crown-volume measurement and calculation, the authors
have analyzed the characteristics of existing methods for processing the point cloud and have proposed a crown-sur-
face reconstruction algorithm using a triangulated irregular network and voxel-based volumetric algorithms. This al-
gorithm, after reconstructing the surface of the point-cloud crown, can extract the crown volume. This paper com-
pares classic Delaunay grid-construction results with those from the proposed algorithm using a visualization method
and carries out algorithm complexity analysis. These efforts have confirmed that the method presented in this paper
is better than the traditional algorithm from the viewpoints of grid-construction accuracy and efficiency. This re-
search, examined 30 trees in the study area. T-LiDAR was used to obtain point-cloud data for the crown. The clas-
sical manual dendrometric method, the point-cloud measurement method, the classical Delaunay algorithm, and the
method proposed in this paper were used to calculate crown volume, and the results were compared. The four
methods showed a good correlation (R > =0.831) , while the improved Delaunay method presented in this paper
achieved good precision, good stability, and the least calculation time. The results of these experiments proved that
the proposed algorithm has a considerable advantage in crown-volume extraction from point clouds ( especially from
T-LiDAR data). The combination of the proposed algorithm with T-LiDAR data could extract crown properties
such as surface area and biomass quickly and precisely.
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Introduction

The crown is an important fundamental factor indi-
cating the productivity of trees. It influences and reflects
the health status of trees''’. In addition, the crown plays
a very important role in the tree nutrient absorption, pho-
tosynthesis, and water preservations'>’. Crown volume,
as one of the most difficult tree parameters to be calculat-
ed"® | is also among the most important factors indicating
the biological characteristics and ecological functions of
the crown. It influences directly the photosynthetic effi-
ciency of the tree, which in turn influences forest pro-
ductivity*'. Current forest inventories based on allomet-
ric relationships with standard measurements of heights
and diameters at breast height (DBH) generally lead to
large errors, especially in commercial volume esti-
mates">’. 3D laser scanning technology, with its increas-
ing power and decreasing cost, can be used as a techni-
cal means to perform high-precision measurement and
quick construction of an object’ s spatial structure. This
technology is highly helpful in obtaining detailed informa-
tion at the tree or plot scales'®’. This information can be
used to model quickly and in great detail the tree struc-
ture in a forest, based on which the factors and structural
parameters of individual trees, e. g. , the stem shape and
quality,, crown dimensions, branch biomass, and leaf-ar-
ea index (LAI ) of each tree, can be extracted quantita-
tively*>"*/

Many studies have been performed using T-LiDAR
to study the structural parameters of forests and single
trees, including detecting tree trunks in point clouds and
determining diameters at breast height ( DBH) using
shape-recognition techniques'®"”). This technique has al-
so been used to determine the complex geometry of forest-
canopy structural parameters ( canopy cover, gap frac-
tion, leaf-area ratios, foliage distribution, and biomass)
more rapidly than with conventional techniques. This has
been achieved by using the Echidna® prototype or by
inserting a point cloud into a voxel grid (a voxel grid is a
3D space composed of adjacent cubic cells) '"'"*'. Other
authors have modeled tree structure to estimate tree
growth and ecology by fitting cylinder sequences to the
point cloud to determine trunk and branch geometry or by
projecting point clouds into a voxel space'”'. These pio-
neering studies have demonstrated the potential of T-Li-
DAR scanning for accurate extraction of forest and tree
information.

Because of the diversity and complexity of the crown
shape, many methods are used to calculate crown vol-
ume. Some studies have used voxel methods and a K-di-
mensional tree algorithm using discretized cloud points in
voxels to render discontinuous crown surfaces. The crown
volume can be calculated by counting the effective num-
ber of voxels'". The advantage of this method is that it
reduces distortion when processing T-LiDAR data and ac-
commodates the simultaneous representation of interior
and exterior T-LiDAR sensor readings'">’. However, this
method cannot completely prevent the occultation of
points inside the crown by external leaves and branches

and requires much computing time to perform volume cal-
culations' "’

Other studies have focused on using the Delaunay
triangulation algorithm to generate a 3D tree-crown mesh
model for ecological simulation''”"®. This method pro-
gressively fits discrete point clouds to a continuous trian-
gular mesh, covering the whole surface of the crown to
generate a 3D model and to extract the crown factor. This
approach is different from voxel-based region-growing
methods; it can better restore details on the continuous
surface of the object with less calculation time, while
voxel-based region-growing methods are always slow and
suffer from discretization artifacts'"*”’. Fernandez-Sarria
et al. compared the precision and efficiency of seven
crown-volume extraction methods using point-cloud data,
including the Delaunay triangulation algorithm and the
voxel-based region-growing method. The results showed
that the Delaunay-based crown-reconstruction algorithm
(in this paper, it was called “flat sections”) is precise
and fast''®’. However, the classical Delaunay algorithm
is generally sensitive to these factors and therefore lacks
robustness >’ ', One consequence of this is that the
classical Delaunay algorithm commits more errors and
consumes more time when used to model the crown sur-
face using T-LiDAR data.

To extract the crown volume correctly and quickly
from a large quantity of T-LiDAR point-cloud data, this
research integrated the voxel-based method and Delaunay
triangulation to propose a crown-surface reconstruction
method based on a spatial division mechanism. This
method obtains 3D dot-matrix data from a ground-based
3D laser scanning system. First, the point-cloud space is
subdivided into tetrahedra, and every tetrahedron is
screened. The characteristic points of the crown are re-
served as constraints; then Delaunay triangulation is pro-
gressively applied to the tetrahedra. After local optimiza-
tion, the triangulated irregular network (TIN) model is
constructed for the crown surface; finally, the crown vol-
ume is calculated based on the TIN data.

This study considered four different crown-volume
calculation methods. The research confirmed the advan-
tage of the proposed method by comparing the efficiency
and precision of the four methods. The proposed method
was able to improve measurement precision and operating
efficiency while achieving automated measurement and
crown-factor calculation.

1 Experimental

1.1 Experimental platform

The experiment used T-LiDAR as the data source.
The T-LiDAR system consisted of a ground-based 3D la-
ser scanner, a power source, a digital camera, registra-
tion spheres, a support, and auxiliary equipment. It ob-
tains the surface point-cloud data of an object by non-
contact laser measurement. The experiment used a
FARO Focus 3D ground-based laser scanner ( manufac-
tured by FARO) , which is a single-reading system. The
vertical scanning angle was 305°, the horizontal scanning
angle was 360°, and the maximum resolution was 0. 9
mm when the device is 10 m away from the target. This



2 GONG Yin-Xi et al:Extraction of crown volume using triangulated irregular network algorithm based on LiDAR

179

device is characterized by its wide range of vertical scan-
ning angle, its high emission frequency, and its acquisi-
tion rate up to 976 000 pts/s , (http://wenku. baidu.
com/ view/669eb68ccc22bedl 26ff0c72. html). It can
scan an entire tree.

1.2 Field data collection

The study site was a temporary plot located in the
northern section of the Miyun Reservoir in Miyun County
near Beijing. The coordinates of the plot center were
(40°29.946' N, 116°49.049' E). For the experiment,
30 trees were chosen in good growing condition and with
little shading from the surrounding environment. At the
same time, traditional manual measurement was conduc-
ted on these trees. The heights of the studied trees were
between 5.67 m and 15.97 m, and the crown diameters
measured between 5.69 m and 12.28 m.

To obtain multi-directional point-cloud information
for the crown, scanning should be carried out from at
least three stations for the same object'”’. Data from the
three stations were aligned and merged by arranging reg-
istration spheres uniformly in the plot. The SCENE LT
software was used to select and splice the point-cloud da-
ta. Using digital photos taken on-site, point-cloud data
for the ground and for other non-target trees were elimi-
nated manually. Thus, a complete set of point-cloud data
for individual trees was obtained. Because human factors
account for most errors in traditional crown-volume meas-
urement'™ | manual data collection and point-cloud
measurement were used to extract the crown characteriza-
tion factors (including height, diameter, and shape) to
improve data precision. Manual collection used the tradi-
tional Height Finder and soft tape to measure crown
height and diameter. SCENE LT was used for point-
cloud data measurement. The precision reached centime-
ter scale.

1.3 Data pre-processing

Pre-processing of the point-cloud data included
matching of data from different stations and the elimina-
tion of redundant data for the ground and other non-target
trees. The pre-processing was done using SCENE LT in
combination with visual recognition. The goal of matc-
hing the point-cloud data was to define an absolute coor-
dinate system to align data from different stations. T-Li-
DAR could obtain the point-cloud data for the crown, but
during data collection, the trunk was inevitably scanned
into the point-cloud data. To obtain pure point-cloud for
the crown, the point cloud was rotated and zoomed in
Cyclone to eliminate the point-cloud data for the trunk.
Consequently, the crown-surface model was determined,
and the crown-volume data obtained.

2 Methods

Four methods were used to calculate the crown vol-
ume in this paper:

1) Classic Delaunay triangulated irregular network
method ; this method was applied to all the trees to con-
struct the crown-surface model. Using the crown-surface
model and the base model, the crown volume was extrac-
ted.

2) Spatial Division Delaunay method ( SD Delau-
nay) : this is an improved classic Delaunay triangulated

irregular network method. It uses the same principles for
crown-volume extraction as the classic Delaunay triangu-
lated irregular network method. The difference lies in
their grid construction effects.

3) Classic manual-dendrometric crown-volume cal-
culation ; using on-site measurements of the crown diame-
ter, height, and shape, the crown was simulated as a
regular geometric shape to calculate its volume.

4) Crown-volume calculation by point cloud: using
software, the crown diameter, height, and shape were
measured. The calculation principle was the same as that
of the classic dendrometric crown-volume calculation.

The following discussion introduces the principles of
each method in detail, with a focus on explaining the
mechanism, improvements, and features of Spatial Divi-
sion Delaunay.

2.1 Delaunay triangulated irregular network meth-
od

Delaunay triangulation is the most commonly used
algorithm for fitting a crown surface by building a digital
elevation model with discrete points. Its advantages are
that it is more efficient than the method based on contour
lines and that it reduces data redundancy compared with
a regular mesh' ™.

The calculation based on the triangulated irregular
network requires two models: the crown-surface model
and the base-surface model. The volume between the tri-
angular units formed by the superposition of the two mod-
els is the crown volume. Thus, the TIN data for the
crown surface are obtained. The principle of this process
is shown in Fig. 1.

Fig. 1 Principle of the calculation of crown volume based on
the TIN model
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The left part is rotated by -90° along the X-axis, by
0° along the Y-axis, and by -90° along the Z-axis; the
right part is rotated by 90° along the X-axis, by 0° along
the Y-axis, and by 90° along the Z-axis. The principle of
crown-volume calculation using a TIN model of the crown
surface is; first, the surface points are projected onto the
zero plane to obtain the coordinates of discrete points, or
in other words, to transform 3D coordinates into 2D coor-
dinates. Then the points on the zero plane are vertically
connected to the surface points to obtain a large number
of straight triangular prisms. The sum of the volume of all
the straight triangular prisms is the crown volume. In ad-
dition, the triangular prisms formed by the TIN do not
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mutually intersect and are close to each other. There-
fore, the summation can be represented by the following
equation ;

V=V, +V 4+ VsV, = 3V, (1)
i
where V, is the volume of each individual straight triangu-
lar prism. The sum V is the volume of the crown. A
schematic diagram illustrating this principle is shown in
Fig.2.In Fig. 2, V, represents the volume of each straight
triangular prism, and the sum V is the crown volume.

Crown surface (TIN)

Fig.2 Principle of volume calculation

K2 R

2.2 SD Delaunay triangulated irregular network
The crown surface usually includes multiple clus-
tered, unevenly distributed bulges and holes. It is more
complex than the ground surface. The classical Delaunay
algorithm is generally sensitive to these factors, and
therefore twisting or knotting can be generated by this
lack of robustness'”''. The algorithm presented in this
paper establishes a spatial division mechanism, selects
the point cloud of the crown using blocks, and reserves
the characteristic points of the crown as constraints. Then
a 3D local optimization procedure (LOP) is carried out
over the point cloud representing the crown. This ap-
proach avoids the holes and errors of triangulation meth-
ods while effectively fitting the bulges and holes of the
crown surface. The recognition of the crown surface thus
becomes more accurate. 3D LOP is a commonly used
method for optimization of a triangulated irregular net-
work. It determines a parallelogram made up of two tri-
angles with common sides. If the circumcircle of any tri-
angle contains the third vertex of another triangle except
the common points, the common side is interchanged.
Ordinary T-LiDAR data are too massive for this proce-
dure because the constructed network must search every
point that falls into the mesh, and therefore the efficiency
of the traditional Delaunay triangulation algorithm is low.
In comparison, the SD Delaunay triangulated irregular
network generation algorithm proposed in this paper has
the advantage of selecting the point cloud by spatial divi-
sion of point-cloud data, which reduces the number of
unnecessary point clouds and improves calculation effi-
ciency. To improve search efficiency in the point-cloud
space, to specify the relation between data and objects,
and to facilitate point-cloud data storage and network
construction, the data structure of the traditional Delau-

nay triangulated irregular network was improved in this
research! ™. The improved data structure involves
points, baselines, and a mesh, as shown in Fig. 3.

- 1:.VERTEX ~L 1:BASELINE L 1:GRID
X:float VertexA:VERTEX Vertex Array
Y:float VertexB:VERTEX | (—¢ Baseline Array
Z:ﬂoa} Direciton:bool Baseline Number
State:int Effective Vertex Number
I 2:VERTEX 2:BASELINE —
 2:VERTEX 3:BASELINE —
'— n:VERTEX n:BASELINE|——

Fig.3 Improved data structures and topological relations
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2.3 Classic crown-volume calculation

In the traditional crown-volume calculation method,
tree characteristics are usually collected manually in the
field to calculate the crown volume using the crown diam-
eter and height as parameters, and the crown is simula-
ted as a regular geometric body. In this research, the
crown diameter, height, and shape of 30 trees were col-
lected using two methods; manual measurement and
point-cloud measurement.

3 Results and discussion

3.1 Effectiveness analysis of the algorithm

Figure 4 shows a comparison of network-construction
effectiveness for the same crown with an interval of 20 cm
x 20 cm using the Delaunay algorithm proposed by Wei
et al. ') and the proposed algorithm.

Comparing Figs. 4(a) and (d), it is apparent that
the Delaunay algorithm and the SD Delaunay algorithm
are on the whole similar in triangulation effectiveness and
that both reflect the surface shape of the crown in a rela-
tively correct manner. After magnification of the crown
surface, holes appear in the irregular parts of the crown
surface when the Delaunay algorithm is used, as shown
in Fig.4(b). The presence of holes compromises the in-
tegrity of the triangulation network; as shown in Fig. 4
(e), such phenomenon can be avoided when using the
SD Delaunay algorithm. The triangulation network in Fig.
4 (c) shows clustered overlapping in areas with large
changes in the point-cloud distribution due to the irregular
crown surface; Figure 4 (f) shows that this situation can
be improved greatly after the point-cloud data have been
screened and divided using the SD Delaunay algorithm.
3.2 Calculation results for crown volume

In this paper, traditional
ment'??) | point-cloud measurement'" | Delaunay tri-
angulation ( the algorithm described in Ref. 25) |, and
the SD Delaunay algorithm were used to calculate the
crown volume. The two triangulation algorithms were im-
plemented using a VC + +6.0 program, with an Intel E
5700 CPU and 4 GB DDR2 memory as the hardware con-

figuration. The calculation performance and efficiency of

manual
[18]

measure-
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Fig.4 Comparison of TINs for the crown for different algo-
rithms (a) Overall result of Delaunay triangulation, (b) local
result of Delaunay triangulation 1, (c) local result of Delaunay
triangulation 2, (d) overall result of SD Delaunay triangula-
tion, (e) local result of SD Delaunay triangulation 1, and (f)
local result of SD Delaunay triangulation 2

K4 AR AR S5 R XTI (a) Delaunay SR H 9 4521
(b) Delaunay #4 ¥ Jajifi 2t 5 1, (¢) Delaunay #4) % Jry 355 5 2,
(d) SD Delaunay & A&¥ [ 45 5%, (e) SD Delaunay #4 % J&) 7
4558 1, (f) SD Delaunay H4) /4 Jsy 45 5 2

different methods were analyzed. Figure 5 and Table 1
show a comparison of the results of crown-volume calcu-
lation using the four methods.

Table 1 Summary of calculated crown-volume results

®1 WEERHEERSGITR

Manual measurement Point-cloud measurement ~ Delaunay ~ SD Delaunay

Method Volume /m* Volume /m? Volume /m*  Volume /m?
Mean 36.266 37.102 41.611 40. 114
Max 110.073 113.364 143.478 138.321
Min 13.916 14.087 13.283 12.791

Stand. dev. 25.396 24.655 27.776 26.424
C.V 70.0% 66.5% 66.8% 65.9%

Fig.5 Comparison of crown volume

K5 BOEARFRS L

The results in Table 1 show that the means of the
two Delaunay methods are close to each other, and so are
those obtained by the two dendrometric methods. This is
due to a difference in the volume-calculation mechanism.
The largest volume calculated was from the Delaunay
method , and the results of the two Delaunay methods were
slightly larger than those from the two dendrometric meth-
ods. This result originates from the nature of the dendro-
metric methods, which fit the crown as a regular geomet-
ric body and fail to guarantee accuracy in cases of irregu-
lar crowns. Meanwhile, some internal holes in the crown
may be inevitably included in the crown volume, causing
larger values with the two Delaunay methods. By compa-
ring the coefficients of variation in Table 1, it is apparent
that the results of manual measurement fluctuate greatly.
This reflects the fact that human factors may interfere
with manual measurement to a certain extent, causing
large raw variance. Figure 5 shows the large variation in
results obtained using these methods. From Fig. 5, it is
also apparent that for relatively small values of crown vol-
ume, the results from the four methods differ only slight-
ly, while the differences for large values are greater.
This may indicate a more complex structure in larger
crowns.

Comparing the volumes obtained using manual
measurement and point-cloud measurement, as shown in
Fig. 5 and Table 1, the standard deviation and coeffi-
cients of variation of the point-cloud measurement results
were all lower than those for manual measurement. This
can be explained by the fact that the point-cloud meas-
urement has better accuracy and stability.

Comparing the volumes obtained using the Delaunay
and SD Delaunay methods, as shown in Fig. 5 and Table
1, the mean volume calculated using SD Delaunay is evi-
dently lower than that of classic Delaunay. This can be
explained by the fact that SD Delaunay can better reflect
the holes and bulges of the tree crown than the classic
one, so that the real shape and surface of the tree crowns
can be replicated. However, it is difficult for the classic
Delaunay method to reflect the holes and bulges proper-
ly. As a result, when the volume is calculated, the holes
are filled and the bulges are amplified, reducing the ac-
curacy of the volume calculation.

This research has studied the correlations among dif-
ferent methods using linear regression models, as shown
in Table 2. The correlation between any two methods was
high. Analysis of the methods as applied to LiIDAR data
shows an R’ greater than 0. 95. When these methods
were compared with dendrometric methods, the R* values



182 b5 2 K F 35 %

were slightly lower (0.831 ~0.889). The lowest value
(0.831) was found between SD Delaunay and manual
measurement. A good correlation was found between the
dendrometric method and the Delaunay method, which
also proves that the Delaunay method is highly suitable
for crown-volume extraction.

Table 2 R’ of crown volumes calculated by different methods

®2 FEFEFHERBGHERN R

Manual Point-cloud
Method Delaunay SD Delaunay
measurement measurement
Delaunay - 0.982 0.845 0. 886
SD Delaunay 0.982 - 0.831 0.889
Manual measurement 0.845 0.831 - 0.927
Point-cloud measurement 0.886 0.889 0.927 -

Figures 6 and 7 show the scatter plots relating the
results of the Delaunay methods to those from the point-
cloud measurement method. It is clear that the volumes
of smaller crowns exhibit a more concentrated distribution
than big crowns. This is explainable by the fact that a
large canopy has a more complex shape and structure.
All results have a good coefficient of determination
(R*). These good correlations between the Delaunay
methods and the point-cloud measurement method have
proved the reliability of both methods for crown-volume
calculation.

Y=0.7997xX+3.8245
R*=0.886

120.00

100.00

80.00

60.00

40.00

Point cloud measurement/m?

20.00

0.00 1 1 1
0.00 50.00 100.00 150.00

Delaunay/m?

Fig.6 Relationship of crown volumes between the point-cloud
measurement method and the Delaunay method
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From the above analysis, it is apparent that the
point-cloud measurement is more efficient among the
dendrometric methods because it has good stability. A-
mong the triangulation methods, SD Delaunay is better
than Delaunay method due to its better precision ( smaller
mean volume) and stability (smaller coefficient of varia-
tion ). The high correlation coefficient between SD
Delaunay and the point-cloud measurements confirms SD
Delaunay’ s effectiveness in measuring crown volume.

Y=0.8197xX+4.1241
R*=0.889

120.00

100.00

80.00

60.00

40.00

Point cloud measurement/m?

20.00

0.00 1 1 1 1 1
0.00 25.00 50.00 75.00 100.00 125.00

SD Delaunay/m?

Fig. 7 Relationship of crown volumes between the point-
cloud measurement method and the SD Delaunay method
K7 SR SD Delaunay J5 b /AR B4 (149 46
Ktk

A statistical experiment was then conducted on the
time consumption of the three different point-cloud meas-
urement methods for measuring crown volume. Thirty
trees were arranged from small to large and were divided
into ten groups. The time consumptions for the crown-
volume calculation were then compared, as shown in
Fig. 8. The different time consumptions for the volume
calculation using the digital elevation model were related
to the complexity of the different triangulation network-
construction algorithms.

Time consuming comparison of various methods

12000 -
—e—Point cloud measurement
10000 | --o--Delaunay triangulation
- —v— SD Delaunay triangulation
g 8000
2 6000}
3 2
a e
g 4000 0
o -
2000 o7 e P
_v
...... e——
ok Qs '_"'_'_'.'.s-——"—"'" v

0 3 6 9 12 15 18 21 24 27 30

Fig.8 Comparison of the time consumption of various meth-
ods

B8 AREHUT kAR BRI [ H

According to Fig. 8, the time consumption of the va-
rious methods increased linearly with the number of
trees. The time consumption of the SD Delaunay method
increased slowly and showed high execution efficiency.
Its time consumption was less than half that of the classic
Delaunay method. The processing times increased
markedly from the twenty-first tree onwards because the
crown of this tree was unusually large. The time con-
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sumption of the two methods showed no significant differ-
ence for smaller crown sizes.

4 Conclusions

Based on point-cloud data for tree crowns collected
by T-LiDAR, this research used the SD Delaunay meth-
od, an improved Delaunay triangulation growth algo-
rithm, to construct a crown-surface model and then to
calculate the crown volume. This algorithm improves the
data structure of the classic Delaunay algorithm by fully
considering the features of T-LiDAR point-cloud data and
eliminates redundant data by reserving the characteristic
points of tree crowns as constraints using a block mecha-
nism. Local 3D LOP optimization is used to expand the
cover gradually to the whole surface of the crown, thus a-
chieving crown-surface reconstruction. The algorithm can
avoid filling in or omitting some details of the crown sur-
face, and also greatly increase the efficiency of the vol-
ume calculation. The resulting 3D crown-surface model
is greatly superior to the classic Delaunay algorithm and
provides a convenient method for crown-factor extraction.

To study the performance of SD Delaunay in calcu-
lating crown volume, this research has implemented four
methods for calculating tree volume, with T-LiDAR
point-cloud data used in three methods and manually col-
lected crown data in one method. All four methods
showed high correlations among each other. The volume
calculated by the SD Delaunay method was much smaller
than that calculated by the classic Delaunay method. The
reason for this was that SD Delaunay could better reflect
the holes and bulges of the crown and therefore achieved
a higher precision of crown-surface restoration than the
classic one. It can be inferred that SD Delaunay is better
than classic Delaunay in estimating crown parameters
such as surface area and biomass. This research also
found that the crown-volume results showed only small
differences among the various methods when calculating
smaller crowns, but huge differences for bigger crowns.
This occurs because the bigger the crown, the more com-
plex is its shape. It was also apparent that classical den-
drometric methods are more suitable for calculating the
volumes of smaller crowns. By comparing the coefficients
of variation of point-cloud measurement and manual
measurement, it is clear that point-cloud measurement
has higher precision and stability because it is better at
reducing the errors that may be caused by manual meas-
urement. The manual measurement results had the high-
est fluctuations, revealing their relatively low precision.

From a comparison of the calculation time of the
three point-cloud methods, it is apparent that SD Delau-
nay possesses an absolute advantage, with a time con-
sumption far smaller than that of point-cloud measure-
ment and less than one-half that of classical Delaunay.
The size of the tree crown is the decisive factor determi-
ning the processing time of the two triangulation meth-
ods, but it does not affect the processing time of the
point-cloud measurement. This is attributable to the dif-
ferent volume-calculation mechanisms used by the vari-
ous methods.

Generally, the SD Delaunay method has better sta-
bility, accuracy, and efficiency than the classic Delau-
nay method and is therefore more suitable for crown-sur-

face reconstruction using massive point-cloud data ( ac-
quired by T-LiDAR). The combination of the SD Delau-
nay method and T-LiDAR provides a reliable basis for
extracting crown parameters such as volume, surface are-
a, and biomass more rapidly and precisely than before.
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Fig. 16 Simulated and measured results of the BPF2
& 16 BPE2 [y {j 5545 %

shown in Fig. 16. Two TZs, which are individually resul-
ted by the perturbing angles 8,, B, of notches, are loca-
ted at 61.25 GHz and 68.6 GHz, respectively. The oth-
er TZs generated by the rotation angle a =90°are located
at upper stopband. The measured BPF2 has the expand-
ed fractional bandwidth of 2.5% , 1.35 dB insertion loss
of at center frequency of 64.8 GHz. The measured S, is
smaller than -20dB, and the out-of-band rejection is a-

bout 65dB.
4 Conclusion

This paper proposed a novel technique to design
high selectivity BPFs with controllable transmission ze-
ros, which does not need the sophisticated tuning screws
for the filter tuning after fabrication. A small perturbation
notch is provided for the filter application, which can be
used to easily adjust the locations TZs to improve the se-

lectivity of the filters. Two V-band filter prototypes have
been designed, fabricated and measured. The experi-
ment results confirm the good agreement with the simula-
ted results, which shows that the proposed techniques are
promising to design the compact and low cost mm-wave
quasi-planar BPFs.
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