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Abstract

Light detection and ranging (LiDAR), an active rdmaensing (RS) technique, is able to
describe tree structural attributes by measurirgparses of emitted laser pulses from a tree.
Alterra in cooperation with Geodan and NEO creatdrke database which was based on raster
airborne laser scanning (ALS) LIiDAR data and inelddnformation about tree locations, tree
crown projection perimeters, and several tree shagrameters according to SILVI-STAR

method. SILVI-STARmethodwasdesigned to save tree attributes as a paramete8bechodel.

The aim of the study was to find a new way of dediting trees and deriving their parameters
using terrestrial laser scanning (TLS) and ALS L®Aooint data, which can improve the

existing method of tree parameter extraction arassess the quality of the existing method.

The delineation essence was in extraction of agdeegand classified as high vegetation TLS
points. Individual TLS and ALS tree point cloudsrev@rocessed in R to derive tree parameters.
Visual assessment showed that tree height, pedpheight and peripheral points extracted from
TLS point data were accurate in more than 90% ségawhile the same parameters extracted
from ALS point data were correct only in 46-77%tloé cases. Meanwhile, only in 60.41% of
cases the height of the first living fork and in®®% of cases the DBH and tree location have
been correctly computed, thus the method of treanpeter extraction from point data needs
improvements. The suggested enhancements are paaten of solitary trees from the
aggregation of trees and creation of a better igaerfor noise removal.

The quality of tree parameters derived from ALSteasand point data was assessed using
parameters derived from TLS point data. Based enrésults of validation, the tree location
calculation from ALS raster data was not as preaseairban tree managers may be requiring,
producer’s accuracy was 0.23 and user’s accuracyOuEb. However, this result is not very
much reliable, as only in 63.07% of cases treetioea derived from TLS point data were
correct. In addition, height parameters retrievaif ALS data were reliable only for tree heights
extracted from ALS point data {R- 0.71 and RMSE = 3.89). This could be explaingdHhe
fact that the accuracy of ALS raster data is muetel, which is caused by the low density of
points and averaging these points during the toamedtion of point data into 0.5mx0.5m raster
cells. The extraction of periphery points from ApS8int, as well as raster, data was perfeét (R
was no smaller than 0.9). In general validatiormgttb that extraction of parameters using ALS

point data rather than ALS raster data gives mogeige result.



Undoubtedly, extraction of tree parameters from Tidint data is more precise compared to
ALS data. However, taking into account the factt thequiring TLS data in comparison with
ALS data for the same area takes more time andresgmore labour, the perspective of using

ALS point data to derive tree parameters seems nealstic.

Keywords. Terrestrial Laser Scanning, Airborne Laser ScamnliDAR, SILVI-STAR tree

parameters
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Nomenclature

AHN — Actueel Hoogtebestand Nederland, the preuesght dataset of the Netherlands

LIDAR — Light Detecting and Ranging

DEM - Digital Elevation Model

DTM — Digital Terrain Model

DSM - Digital Surface Models

ALS — Airborne Laser Scanning

TLS — Terrestrial Laser Scanning

TP — True positive

FP — False positive

FN — False negative

CP — Canopy Projections

TCPE — Tree Canopy Perimeter Extraction

TLSref — Terrestrial Laser Scanning reference

DBH — Diameter at breast height (1.3 m above tloeimgpl)
PCTPE - point cloud tree parameters extraction
ALStpe — Aerial Laser Scanning tree parameter eitna
R? — coefficient of determination

RMSE - root-mean-square error

RS — remote sensing
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1. Introduction

1.1. Background

The trees in the cities are highly important, as/tperform many useful functions (Sander et al.
2010). However, tree maintenance is necessary &p kbem healthy and to prevent the
occurrence of events that could have negative cpmesees for inhabitants of a city. For
successful urban tree management a database, wcickles information about tree locations
and their attributes, is needed (Benthem 2013).

In order to explore the possibilities of creatimgagen tree dataset for the Netherlands, in 2012 a
Public-Private Partnership has been set up betWwéageningen UR-Alterra and two private-
sector companies: Geodan (IT) and Neo (Remote &@n@Rip and Bulens 2013). On the base
of the “AHN2” national digital elevation datasett@&ira has developed a method of canopy
perimeter extraction (Rip and Bulens 2013). Actudebgtebestand Nederland (AHN) is the
official governmental dataset, the precise heightasket of the Netherlands, seized through
airborne LIDAR. AHNZ2, the new version of AHN, is moaccurate and has a higher point
density compared to the previous version, was basuyuired from 2007 (Rafiee et al. 2013).
The method of canopy perimeter extraction is stitler development. In addition, Alterra has
created a procedure to compute the values of deveeashape parameters according to SILVI-
STAR method (Koop 1989). The derived parametersehféeen used to produce 3D
visualizations of trees in urban environment. Urbr@e managers are interested in the produced

result, as it could help them to have a bettervoeer of the trees with less labor.

According to a field test the tree canopy peringetigrived by Alterra are captured with about
60% completeness (Rip and Bulens 2013). Furthessassent of the quality of the tree canopy
perimeter dataset and of the SILVI-STAR parametdues derived from this dataset, showed
that an improvement of the extraction method isdede This research is focused on
improvement of the tree parameters extraction filoenAHN2 data, using the raw terrestrial and
airborne LIDAR point cloud data, validation of thessults of the tree canopy perimeter extraction
method and validation of derived SILVI-STAR parageretalues.



1.2. Research overview

Problem definition

Trees are very important in urban areas. They prdtem soil erosion, provide the habitat for
wildlife, improve the quality of air, mitigate urbadeat island effect, help to save energy through
building shading and insulation, and reduce stortexvaunoff. There are also cultural benefits,
which urban tree cover provides. Trees in an udsasironment improve the quality of urban life
as they may refine the scenic quality of a neighbood, provide privacy, reduce stress, etc
(Sander et al. 2010).

As Europe realizes this value, its policy is diegcto increase the number of green area and at
once to decrease agricultural area, because thema excess in agricultural production. This
policy should encourage the increase of biodiverditough the presence of small landscape
elements such as bushes, hedges, trees (Rip aedsE2013).

The owners of the trees in the Netherlands havéiqudsponsibility to keep them healthy in
order to prevent falling of branches or a treelfitse public space. This obliges tree owners to
keep record of individual tree conditions. Howewhrs information is not uniform and it is not
collected with the purpose to make one databaseh Sudatabase should contain information
about locations and properties of all non-foresedr of different owners, such as private and
public organizations and private owners. The abs@afidhe database limits the effectiveness of

tree maintenance, pests and diseases managemein@RBulens 2013).

The database might be useful for urban tree masagleo take care of large amount of trees.
Despite they are the main inspirers of the databeesion; the main focus of this research is not
an investigation of their needs and desires coimgrithe database. This research is
concentrated on technical part of tree parametgsisition for creation of the dataset.

To derive all the necessary information about thed location and their main attributes there are
traditional methods, such as field measurementsveider, they are very labor-intensive and
time consuming (Chang et al. 2013). Therefore rensensing has a potential to supplement or

even replace field measurements (Homolova et 43R0

The main action to derive single tree informatioont any kind of remote sensing data is to find
and delineate individual trees. To delineate sepdraes using multispectral imaginary several
methods have been used: multiple scale edge segtoeni{Brandtberg and Walter 1998),
valley-following method (Gougeon 1995), template tchang (Pollock 1996), watershed

segmentation (Schardt et al. 2002), local maxirteriing (Dralle and Rudemo 1996). However,
2



the spatial resolution of the imaginary has to lghdr than the area of tree crowns, otherwise

tree crown will not be recognizable as discreteotsj (Kwak et al. 2007).

With the appearance of LIDAR and its wide introdioictinto remote sensing, the number of
studies on individual tree detection started toease (Jakubowski et al. 2013). LIDAR is based
on measurements of laser range to acquirg and z coordinates of reflecting objects. This
provides a modern and powerful tool to derive indlial tree data (Chang et al. 2013). To detect
single trees and get their main attributes diffeadgorithms like k-means clustering (Morsdorf
et al. 2004), region-growing algorithm (Koch et 2006), morphological analyses (Kwak et al.
2007), spatial wavelet analysis (Falkowski et 8l0&), and a combination of variable windows

size filtering (Popescu and Wynne 2004) were usakubowski et al. 2013).

Latter studies focus on operating with point claada and not transforming the LIDAR data into
a raster. An adaptive clustering algorithm impletedrby Lee et al. (Lee et al. 2010) is similar
to watershed segmentation. However, the method apatied to the 3D LIDAR points. The
algorithm in this method bases on training datgpedorm segmentation relied on supervised
learning. However, there is an individual tree segtation approach, where training data are not
necessary. The algorithm implemented by Li etlalef al. 2012) uses the distance between the
tops of the trees to identify and group points iateingle tree based on rules of proximity and
likely tree shape (Jakubowski et al. 2013).

The method of tree crown perimeter extraction (T{;Rffeated by Alterra employee Jan
Clement (Clement 2013), uses the AHN-2 Digital aetean model (DEM) covering the
Netherlands which was acquired during the period720012. LIDAR point clouds, Digital
Terrain Models (DTMs) and Digital Surface ModelsSias) are available AHN-2 products. On
average the point cloud has 8 points pér BTM and DSM are raster data with a resolution of
0.5 m and vertical accuracy of 5 cm. The tree crewtnaction algorithm uses DTM and DSM.
A normalized height raster, called delta_h_rasgegained by subtracting the DTM from the
DSM. Moreover, to decrease the search area oflgoeithm, two exclusion masks were created.
One of them, called nodata_top10, made on the basbke topographic ToplOsmart raster,
excludes buildings from the search area. Additignahis mask contains no data areas of the
DTM. Another one, called STD_notrees, made by dpgly standard deviation filter on the
DSM, serves to remove areas with low standard tlewiai.e. no tree areas, which based on Jan
Clement’s observation that in the AHN2 DTM vegetatshows a relatively high, more than 1.5

m, standard deviation in grid cell valteafter applying masks and defining the search atea

! Source: personal communication with Frans Rip



final extraction of the tree crowns is made on basis of the delta _h raster. The extraction

algorithm also records the attributes of the exé@d¢ree crowns (TablB.

Table 1. The attributes of the tree crown extractions

Attribute name Description

BLAD_ID Map number of the corresponding AHN-2 sheet

BOOM _ID Unique tree crown number

BM_X X coordinate of the crown centroid

BM_Y Y coordinate of the crown centroid

GEM_MV Average ground elevation beneath crown (ARIRTM)
BOOM_HOOGT Maximum normalized height (delta_h_rgstgth crown projection
GEM_HOOGTE Average normalized height (delta_h_rastéh crown projection
SHAPE_AREA Area of crown projection in“m

There are several versions of the algorithm. Theebaf the canopy extraction algorithm is
almost the same; however, there are some minoerdiites between the versions. The
differences consist in modification of the filtegiof the output, masking of buildings and filling

of no data. The method is still under improvement.

From the result, produced by the TCPE algorithmadulitional set of parameters was derived in
accordance with the SILVI-STAR tree model (Koop 2P8his model is designed to save tree
attributes as a parameterized, 3D model. SILVI-STdéscribes the trees using y and z
coordinated of 8 points: stem base (B), heightirst bifurcation (F), top of the tree crown (T),
base of the tree crown (C), and four peripherahtsoof the crown circumference (P1, P2, P3,
P4). The 3D model of the tree is shown in Figurerhe horizontal projection of the tree crown
is indicated by a combination of quarter of ellipsgketched up by peripheral points, which are

extremities of the tree crown in x- and y-direct{®iigure 2).

P3

P1

Figure 1. The 3D tree model, where B-stem basefFigure 2. Horizontal projection of the tree crown.
F-height of the first bifurcation, T-top of thedre Peripheral points P1, P2, P3, P4 are connected to
crown, C-base of the tree crown, P-periphery each other with quarters of ellipses. “Source: Koop
point. “Source: Koop 1989” 1989”



The vertical projection is approximated with elBpsquations, where the ellipses are used to
connect both the top of the tree crown and the basige tree crown with each of the peripheral
points. As different species of the trees havesdifit forms of the crowns, the ellipse equations

are adjusted to allow convex or concave crown aifBenthem 2013).

The dataset, created by version 9.2 of the TCPBadeis referred to as the Canopy Projections
(CP) dataset. Several validations were made to dutdhow good the CP dataset is. An early
field test in 2011 for a limited area was made (®tén 2012). It indicated that around 60% of
the tree canopies were captured (Rip and Bulens3)20dalidation of the tree extraction
algorithm made in 2013 by Rik van Benthem, interiNBO, was focused on (1) checking the
algorithm’s ability to find individual tree locatns, (2) comparing extracted crown projections
with actual crown areas, and (3) verifying the eotness of the extracted height parameters.
Validation of the algorithm was based on compatimg extracted tree crown projections with
the ground truth database. The basis of this dstaleas the municipal tree database of
Amersfoort; it was improved using the availablei@lamages. The validation indicated that the
extraction algorithm misses 30 to 50% of the myoratand private trees in the urban study area.
The accuracy values for the crown areas are hitjiaer for tree locations; the algorithm misses
25 to 38% of the urban tree crown area. There aréarge differences between the heights
calculated by the algorithm and the extracted HhsigiBenthem 2013). In 2013 another
validation was made by Frans Rip (Meijer 2014). Tile® crown perimeters, which served as
reference model, were derived by digitizing treecmaes from the aerial photographs for the
part of WUR campus. There were two types of trassnguished within the model: solitary
trees (SolitaryVegetationObjects) and groups ofgimeoring trees with adjoining canopies
(PlantCover). The validation was made for two \arsiof the tree canopy extraction algorithm:
V5 and V9.2. The validation was made by finding &mositives (TP), False Positives (FP),
False Negatives (FN) and then by calculating theluevaof Quality, which is
Quality=TP/(TP+FN+FP). The closer the Quality vala€l, the better the quality of the result of
TCPE method. As a result of validation, the Qualiyue of PlantCover looking at area iff is
0.78 for V5 and 0.83 for V9.2; the Quality value SdlitaryVegetationObjects looking at the
number of canopies is 0.44 for V5 and 0.48 for ®/2ijer 2014).

There are several versions of the tree crown eitracalgorithm and each of them has
limitations. In V5 and V6 the algorithm extracteds with a height of more than 1 m and crown
area of more than 17min V7 the algorithm only extracts trees with heigf more than 4 m and

crown area more than 52m



There are some drawbacks in the used method, whahiices the accuracy of the tree crown
extraction. The extraction algorithm uses rastéa @s input. In order to derive the raster ALS
points were resampled in favour of the highest eslto a grid, where possible values for the
underside of the canopy and the stem got lost. Theie is no possibility to derive the point
representing the base of the tree crown and thet wdithe first bifurcation. Moreover, the

location of the tree stem is based on calculatiegcentroid of the crown projection, so it can be

not accurate.

There are also some problem cases with the fortheofrees themselves. First of all, its shape

may not be ideal; trees are not totally symmetiather, there can be several trees, which stand
close by and their crowns intersect. Thirdly, thank of the tree can split on the base of the tree,
so such a tree has two crowns, a stem can be bdriha crown will be not above the stem or a

tree can be totally without crown, e.g. freshly pailard-willows. This makes it difficult to

distinguish and extract individual trees from aerizaginary.

The TCPE method is still under development and awgment. Further validation of the results
of the method and the correctness of the derivad/ISSTAR parameters is necessary. To
derive better accuracy of the tree canopy extractiethod, cope with drawbacks of the method
and with problems with tree shapes indicated alibeeimprovement of the method appears

necessary.

Research objectives
The main objective of this research is to find avneay of delineating individual trees and

deriving their parameters, which can improve thistexg method of tree canopy extraction.

In order to achieve the main objective of the regeahe following questions have to be

answered:

1. Isit possible to improve the extraction of treegmaeters, using the raw point cloud

terrestrial and airborne LIDAR data, instead oftibyg-of-canopy raster datasets?

2. How good is the CP dataset for use by municipal tnenagers?

3. How good are the SILIVI-STAR parameter values, esved from ALS point data and
ALS raster data for use by municipal tree managers?



2. Methodology
2.1. Study area

The area selected for this research is North-Easternpart of Wageningen University al
Research centre campusdure3). It is located in Wageningen city in the Netheda The size

of the area is around 12202

Figure 3. Studyarea (part of Wageningen UR camg

2.2. Data

To improve the method and to make validation of ldtest version (V2) of the CP dataset,

created by Jan Clement, both terrestrial and aeills\R point cloud datawere used.

Terrestrial Laser Scanning

Terrestrial laser scanning (TLS) is an active semschnology which uses a LIDAR scani
fixed on a tripod on the ground and is capabletwrd spatial distribution of the tree in the tr
dimensions. TLS gives a possibility to describetieal treeproperties more accurate compa
with any other RS techniques, as it has high réieolucharacteristics and stands at be
canopy levelA terrestrial laser scanner Reigl -400 was provided by Wageningen Univer:

in order to acquire TLS data for tstudy area.



Airborne Laser Scanning

Airborne laser scanning (ALS) is an active sensmhhology which uses a LIiDAR scani
mounted on aircraft. It is also able to record ispadistribution of the tree in the thr
dimensions and has quite high sparesolution. The advantage of ALS is in its abilibycover
areas with larger exteiats the scanner is orbiting at higher altitudes. ey, as it scans fro

above the surface, vertical tree properties arerdes] worse than by TL

Aerial LiDAR point cloud datset, the Actueel Hoogtebestand Nederland 2 (AcHgeibht
model of the Netherlands 2, AHN was provided by Wageningen UniversitThe AHN 2
product consists of precise and detailed LIDAR base covering the whole Netherlands.
density of the points irhe AHN data used in this reseais approximately2-3 pts./16 i The
data were acquired i801C. There were 8 ALS tilesvhich covered the study ar Figure 4

shows ALS data for the study ai

Figure 4. ALS data for the study area

2.3. Used software
To process the data thHellowing software was usi: R 3.0.2, RiISCAN prc v1.7.9., ArcGIS
10.1, LasToolsv.131105R is a freesoftware environment for statistical computing .

graphics.The following packages were us rgl®, colorspac’, raster, fields’, sg,

% Martin Isenburg, LAStools efficient tools for LIDAR processin version 131105http:/lastools.or.

% Daniel Adler, Duncan Murdoch and others (2014): B visualization device syst¢ (OpenGL). R package
version 0.93.996. http://CRAN-project.org/package=rg|

* Ross lhaka, R& Murrell, Kurt Hornik, Jason C. Fisher, Achim HKs&s (2013). colorspace: Color Sp:
Manipulation. R package version -4. URL http://CRAN.Rproject.org/package=colorspi

®Robert J. Hijmans & Jacob van Etten (2013). r: raster: Geographic data analysis and modelingadkage
version 2.116. http://CRAN.Rproject.org/package=ra



spatstat gstal, scatterplot3tf, hexbirt!, hydroGOE? rgeos® circulat®, ggplot?°.
RiScan PRO is the accompanying software for RIEGL€eBgnal 3D Laser Scanner
Systems. It gives opportunity to visualise datadntrigfter acquisition and provides a
multiplicity of functions for data processing. Art$sis powerful GIS software for

working with geographic information. Used functioase: “Create Las dataset”,

“Multipoint to single point”, “Aggregate”, “Split ¥ attributes”, “Calculate geometry”.
LAStools is a collection of tools which are ableprocess LAS, LAZ, BIN, SHP and

ASCIl file formats. The following tools were usedilasclip”, “lasmerge”,

“lasground”, “lasclassify”, “las2las”, “las2txt”.

2.4. Research methodology

This section is dedicated to give an overview allbetcontent of the research. According to the
research objective and the research questionsmam stages could be identified. In the first
stage (Figure 5) the requirements for the treesgatand the usability of the research were
investigated, TLS point data were acquired andppoeessed, individual trees were delineated
and the tree parameters, which were necessarligd@@ modelling of trees, were acquired from
terrestrial and airborne LIDAR point cloud data.eTmain purpose of the first stage was to
improve the TCPE method, to find a new way of dsdiing trees and deriving tree parameters.

The second stage (Figure 6) was focused on congpand validating the tree parameters from

® Douglas Nychka, Reinhard Furrer and Stephan 24ih3). fields: Tools for spatial data.
R package version 6.9 Aitp://CRAN.R-project.org/package=fields

" Pebesma, E.J., R.S. Bivand, 2005. Classes anadsetbr spatial data in R. R News 5
(2), http://cran.r-project.org/doc/Rnews/.
Roger S. Bivand, Edzer J. Pebesma, Virgilio GoRehio, 2008. Applied spatial data
analysis with R. Springer, NY. http://www.asdarek.org/

8 Adrian Baddeley, Rolf Turner (2005). spatstat: RiPackage for Analyzing Spatial Point
Patterns. Journal of Statistical Software 12{6}2. URL
http://www.jstatsoft.org/v12/i06/.

° Pebesma, E.J., 2004. Multivariable geostatistic3:ithe gstat package. Computers &
Geosciences, 30: 683-691.

191 igges, U. and Machler, M. (2003). Scatterplotath-R Package for Visualizing
Multivariate Data. Journal of Statistical Softed(11), 1-20

" Dan Carr, ported by Nicholas Lewin-Koh and MaMaechler (2013). hexbin: Hexagonal
Binning Routines. R package version 1.26.3. HERAN.R-project.org/package=hexbin

12 Mauricio Zambrano-Bigiarini (2014). hydroGOF: Gawess-of-fit functions for comparison
of simulated and observed hydrological time serfepackage version 0.3-8.
http://CRAN.R-project.org/package=hydroGOF

13 Roger Bivand and Colin Rundel (2013). rgeos: fats to Geometry Engine - Open Source
(GEOS). R package version 0.2-16. http://CRANtBjgxt.org/package=rgeos

14 C. Agostinelli and U. Lund (2013). R package 'giac’: Circular Statistics (version
0.4-7). URL https://r-forge.r-project.org/projskdircular/

> H. Wickham. ggplot2: elegant graphics for datalysis. Springer New York, 2009.




the CP dataset and tree parameters, acquired fidgnp®int cloud data, with the help of tree
parameters, acquired from the TLS point cloud data.

Investigating
: ' 1T the

TLS point data acquisition

TLS data pre-processing:
FEass Uk teciination s

~ Delineation of solitary
s

Pre-processing of

Tree parameters

Figure 5. Methodology flowchart (stage 1)
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TLSref
errestrial laser scanning reference) CP
ALStpe dataset, which includes: dataset, which includes:

(aerial lxllser suuming.lrfe garxmﬂer -tree location / -tree location
extr ) d which includ -tree crown projection perimeter -tree crown projection perimeter
~tree height ~tree height ~tree height
-periphery height -priphery height -periphery height
-periphery points periphery points -periphery points
-height of the first living fork
' -DBH
y ‘
e Comparison and Comparison and
b ““‘I‘I'a’;j‘f;ﬁf“t’;‘e“ et validation of ALStpe validation of CP
g:tr actedtree dataset with TLSref dataset with TLSref
ey dataset using R2 and dataset using R2 and
P RMSE RMSE

Results of visual Results of comparison
assessment and validation in graphs
and tables

Figure 6. Methodology flowchart (stage 2)

2.4.1. Usability and requirements for the tree dataset
In order to investigate which parameters are esddnt know for urban tree managers, which
geometrical accuracies tree parameters should hagleto assess the usability aspect of the
research a questionnaire for interviewing urbaa tranagers was designed. The questionnaire

Is presented in Appendix 1.

2.4.2. Data acquisition and pre-processing

Two rules had to be fulfilled during data acquaitiprocess. All the trees in the study area had
to be covered by terrestrial laser scanner froms2#h positions. Scans had to be derived on

reasonable distance, around 50 meters from eael. oth

Data pre-processing included scans co-registratmohartefacts removal.

Scans co-registration
The origin of each scan refers to the specific tmmsiof the scanner. First, in order to have all
TLS scans in the same coordinate system, they a@registered together. Reflectors, which
were already present in the scanned environmemg used as tie-points. The co-registration of
the scans was based on the locations of tie-pdintsas accomplished in RISCAN PRO v1.7.9.

software. The settings which were used to fincecirs are presented in Table 2.

11



Table 2. Reflector extraction parameters

Search radius 0.05m
Maximum diameter 0.8 m
Minimum points 2
Maximum reflectors 1000
Maximum deviation 0
Minimum reflectance 5dB

The parameters which were used to find correspgnploints in two scans were the followir
tolerance was equal to 0.1 m, minimal number ofesponding points was set to

Artefacts removal
The scans contained mistake points mainly becauseighal:of the scanner reflected from t
windows of the buildings and from water surfaceotder to get rid of thartefacts the scans
were filteredby visually selecting and manually delet them.The examples of point cloud wi

noise and point cloud filted from noise are presented in Figure 7 Riglire8.

Figure 7. An example @fLS point cloud with noi:  Figure 8.An example ofitered TLS point cloud

ALS data was already amgisered and without noise, thus oegistration and filtering were n
applied to ALS data.

In order to combine points from different scans leé derived data, the LAStools functi
lasmerge was applied to TLS scans, as well as t8 Atans. Both TLS and ALS data w
clipped by the study area with the help of lasdlipction in LAStods in order to exclude

unnecessary points.

2.4.3. Point cloud tree parameters extraction (PCTPE) method
This section is dedicated to describe the proceduvkich were followed, to delineate trees
to derive tree parameters using aerial and teraestiDAR point cloud data. Tree delineati
and each single tree parameextraction ardreated in each corresponding subsection, wher

undertaken methodology approaches are desc
The following tree parametewere derived from the collected data:

1. Location of tree (L)
2. Perimeter of tree cano projection (A)

3. Tree height (crown top) (
12



Four periphery points (P1,P2,P3,P4)

Periphery height (height of the greatest widthhef ¢rown) (P)
Diameter at Breast Height (DBH)

The height of first bifurcation (F)

N o o bk

Two of the SILVI-STAR parameters, described in Kgopork (Koop 1989), namely height of
the crown base and height of first bifurcation, evaot derived by the TCPE method. One of
these parameters, the height of first bifurcatio additionally DBH were used only for
improvement of this research. The crown base paeaneas not possible to derive from the
existing point data, as both TLS and ALS data wi@gved in the period of year, when there
were no leaves on the trees. Another SILVI-STARapeeter, namely the relative height of the
tree base to the ground level, was not derivedas8dels of trees are usually placed directly to
existing DTM™. All other parameters listed above were used boththe extraction method

improvement and for validation of the existing cata

There was an existing R script (Source: Harm Bdotheus) which removed the noise from
individual tree point cloud and calculated suchapaeters of pure solitary tree point cloud as
tree height, tree location, height of the firstubdfation of the tree, DBH. The script was
improved in order to be able to derive parameterspariphery height, periphery points’
coordinates, perimeter of the tree crown projectaomd to process the point clouds of all
individual trees automatically, store the extracpedlameters and validate the CP dataset. The

improved script it presented in Appendix 4.1. lisvegoplied to point clouds of solitary trees.

Extracted parameters were stored in one dataskgd CBerrestrial Laser Scanning reference
(TLSref ) dataset. The extraction method, which wsead to complete the dataset, was referred
to as the Point Cloud Tree Parameters Extracti@TfE) method.

The PCTPE method was developed in order to apply ierrestrial LIDAR point cloud data.

However, it seemed interesting to check how a&il@AR point cloud data could improve the

extraction of tree parameters. Not all the parametehich were derived from TLS dataset,
could be derived from aerial LIDAR point cloud ddma applying the method. Thus the PCTPE
method was applied to aerial LIDAR point cloud dataxtract only part of the parameters: tree
height, periphery points’ coordinates and peripheeyght. The dataset, where the extracted
parameters were stored, was called Aerial Lasenriog tree parameter extraction (ALStpe)

dataset.

'8 Source: personal communication with Henk Kramer
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The TLSref dataset was used for assessing thetyjoélihe tree parameters from the CP dataset
and ALStpe dataset.

3.4.3.1. Delineation of trees
The study area is situated in urban environmener&ltould be human made objects, which
could be recognized as trees. To exclude non-vegetabjects in was necessary to create a

non-vegetation mask.

Three LAStools functions (lasground, lasclassifarat and las2las) were applied to terrestrial
LIDAR point cloud data to separate vegetation mfndtm non-vegetation. Lasground classified
LIDAR points into ground points and non-ground gsimAs the tool was designed for airborne
LIDAR, for processing of the TLS data the “not airbe” option was used. Settings of the tool
were adjusted taking into account the fact, thagdauildings are situated in the territory of the
study area and the landscape is mostly flat. Tee size was set to 50 meters; granularity was
set to “fine”. In order to skip using lasheightetheight above the ground for each point was
computed directly in lasground and elevation valfieach point was replaced by this calculated
value. Function lasclassify was applied in orderclassify points into “ground”, “building”,
“high vegetation” and “unassigned” classes. Theadlfsettings of the tool were changed. As
TLS data has high density of points, search ammawas set to 1 meter instead of 2 meters. By
default the algorithm intends to find neighboringirgs that are at least 2 meters above the
ground and form “planar 0.1” or “rugged 0.4”, whiclorrespond with buildings and trees,
regions. The city of Amsterdam consider a tree tieq if the stem is present at DBH and stem
diameter is more than or equal to 0.1 métdRelying on this information the ground offsete(th
height from which neighboring points were beingrebad) was set to breast height, 1.3 meters.
The threshold value corresponds with standard tewighat neighboring points can have from
the region they share. The “building planarity” afidrest ruggedness” was set after set of
experiments aimed at finding appropriate thresHoldmore precise classification of points.
Figure 9 shows an example of classification.

7 http://www.bomenstichtingamsterdam.misited April 2013
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Figure 9 An exampl of classification of the point cloud for the paftstudy are

With the help of las2las function points, whichdrgd to “high vegetation” class weselected
using “keep classification 5” option. In ArcGIS tHeAS files, which were toring high
vegetation class points were transformed to Muiltip@bjects using “LAS to Multipoint
function (point spacing 0.001). Eventually, applyimo the points ArclS “Aggregation”
function with aggregation distance of 0.3 metesmap of vegetatic was produced. Because
of the time constraints, it was decided not tordie individual tree crown projections from
aggregation of trees and process only sol trees. The trees were chosen by visually asse
if their projections had specific shape of treenanqrojection. A tree was considered as soli
if its crown projection didn’t touch the boundary meighboring tree crown projection. /

example of vgetation mask is presentedFigure 10.

Figure 10. An example of vegetation mask
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Crown projections of solitary trees were selected exported as individual shape files. These
shape files were applied to raw point cloud TLS &h& data in order to clip point clouds of

individual trees.
2.4.3.1. Pre-processing of individual tree point clouds

The aim of pre-processing of individual tree podtduds was in deleting from them all the
points, which didn’'t belong to trees and were cdead as noise. Noise removal consisted on
two steps. First, solitary outlier points were resed from the individual tree point cloud.

Second, understory and ground points were deleted ihdividual tree point cloud.

Removal of solitary outlier points
In the point clouds of individual trees besides puénts, which belong to the tree or to the
ground there were solitary outlier points. In ortteremove them filtering was made. To remove
the outliers, the distance from each point to igaraest neighbour in the point cloud was
calculated, and threshold, which was investigate@xperiments, was set to 10 cm. All points,
which were further than 10 cm away from their neameighbour, were deleted. Figure 11

presents an example of outlier points’ removal.

D2_tree03 sideview D2_tree03 sideview

Elevation {m)
Elewation (m)
4
|

T T T T T T T T
174251 174252 174253 174254 174251 174252 174253 174254

. ¥-coordinate (m)
¥-coordinate (m)

Figure 11. An example of solitary outlier pointenoval. Tree point cloud before (left) and aftégkt)
outliers removal

Removal of understory and ground points
DEM
Point clouds of individual trees were extractednfréhe raw data, so all the heights were

absolute, not relative to the ground level. It ortte find heights of all points relative to the

ground level, first, it was necessary to find thheumpd points. The procedure of finding them
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was: making a ground raster, deleting all infinitdues from it, and dividing all the objects in
the raster into two classes ground and non-growpetrading on their height. If they were less
than mean height value of the ground raster, thengwonsidered as ground. After that the DEM
was interpolated. An example of interpolated DEMpigsented in Figure 12. For further

calculations interpolated ground raster was transéal to tree-dimensional point pattern.
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Figure 12. An example of interpolated raster DEMdcolitary tree

Individual pure tree point clouds

In order to reduce the number of errors in calonet of tree parameters from individual tree
point clouds, it was decided to delete all unnemgsgoints, namely points, which belong to the
ground and understory of a tree. Using the DEM-tlesensional point pattern the minimal
distance from the original filtered point clouddipts to ground points was calculated. These
distances were stored in the individual tree polatid data frame. First, the points which were
closer than 1.3 m to the ground were assigned @amdrpoints; other points were classified as
tree points. Figure 13 shows an example of ingiggdaration of the TLS points to the ground and

tree points.
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Figure 13. An example of initial separation of TLSFigure 14. An example of separation of ALS point
point cloud into ground and tree points cloud into ground and tree points

However, for TLS data such separation made thelt@en shorter, so some stem points should
have been returned to the tree. The density rastercalculated from the filtered raw data and
the cell in that raster with the highest numbereaitirns was designated as the tree stem. An

example of density raster is presented in Figure 15
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Figure 15. An example of density raster of a ti@ark green raster cell is the cell with the highest
number of returns (stem position)

A buffer of 0.3 m was made around the stem cells Duffer was applied to ground points. All
points from the ground points, which fell into tHwsiffer, were returned to tree points. An
example of tree points with understory and grounohs is presented in Figure 16, while an
example of pure tree points is presented in Figire
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Figure 16. An example of TLS tree points with  Figure 17. An example of pure TLS tree points
understory and ground points

ALS data consisted mostly from points which belaither to the tree crown, either to the

ground. It didn’t have any solitary outlier poinis. order to extract solitary pure tree point

clouds, tree points and ground points were segapending on their height. If they were less
than mean height value of the point cloud, theyewmmsidered as ground, if they were more —
as a tree. Figure 14 shows an example of sepamaitiarpoint cloud into ground and tree points.

The height value was replaced by calculated shodistance from the tree points towards the
ground points.

2.4.3.2. Tree parameters extraction
Tree location

In order to derive tree location, first, the cregstion of the point cloud of individual tree was
done at breast height (1.3 m), which thickness itlasm (1.25 m — 1.35 m). After the subsection
was done, a stem of a tree was represented aam@hts resembling the circular geometry of
circumference. Second, tree stem was detectedrdlg €itting using “Isfit.circle” function in R

software. The assumption was made, that the cesftreach circumference represents the

location of a tree.

Tree crown projection perimeter

Crown projections of solitary trees, which wereragted using vegetation mask and stored as
shape files were used in order to derive tree crpmfection perimeters. Perimeter of each tree

crown object was calculated in ArcGIS using “Cadtalgeometry” function.
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Tree height

As height values of raw point cloud data of eaditasy tree was in absolute heights, first, the z-
coordinate was corrected for ground level valuee Tiee height parameter was calculated as

maximum height value (maximum of corrected z-cauatk) of the point cloud.

Periphery points

In the TCPE dataset there were oxlgndy coordinates of periphery points, however in PCTPE
method also z-coordinate of the peripheral poirds walculated, in order to use it for computing
the periphery height. First, the minimum and maximx andy coordinates of tree crown
projections, made to horizontal plane, were foufildese minimum and maximum andy
coordinates represented the coordinates of fountpaf the boundary box of the tree crown
projection. On the other side, each of these coatds was either x or y coordinate of one of the
periphery points. Afterwards, using alternatelyleat these coordinates correspondingndz

coordinates ox andz coordinates were found.

Periphery height

The peripheral height is the height of the maximwidth of the crown. In other words, the

periphery height is the height, where the periphgoints are situated. The 3D tree model is
geometrically correct and symmetric; all the peeighpoints are situated at the same height.
However, in reality it is not always the case. B® periphery height was found by averaging the
z coordinates of four periphery points, calculatmfrwhich is described in Section "Periphery

points”.

DBH

The DBH parameter was computed with the identiggdr@ach described in the tree location
calculation section, in which the location of aetwas retrieved by finding the centre of the
circle, which was fitted to the cross-section ¢ ghoint cloud made on breast height. The DBH

parameter was calculated as diameter of fittedigiference.

The height of the first bifurcation

Vertical tree profile slices were made by everynd and the number of returns was calculated
for each slice. An example of graph, representingmer of returns computed per slice of
vertical tree profile, is presented in Figure 18.
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Figure 18 An example of graplrepresenting Figure 19.An example of inflection points of fitt
number of returns computed per slice of vert line
tree profile

Afterwardsa line was fitted through the plot of the rber of the retuns at the different slices.
Inflection pointsof the fitted linewere found.An example of inflection points of fitted line
presented in Figure 19.ifdances betweeall inflection points werecomputer. The inflection
point after which the largest increase was detewtasiconsidered as point, where the first
branch of the tree starts.

2.4.4. Assessment of quality of SILVI-STAR parameters from TLSref and
ALStpe datasets

Quality of SILVI-STAR tree parameters, which were extracted from &h& ALS point clouc
data using PCTPHethod wasassessed visually by comparing side views, top viemd cros-
sections of tree point clouds with derived params The numberof parameters extracted
accurate was found and divided to the number oteweed trees point clouds in ordetl

calculate percent afases when parameters were compcorrectly.

2.4.5. Validation of CP and ALStpe datasets
Based on previous resear(Watt et al. 2003),Hopkinson et al. 20(), (Henning and Radtke
2006) the assumption that TLS parameters retrievias good aslerivation of them by field
measurements was maddéus the assessment of quality of the CP andllstpe datasets we
made by comparing them wiTLSref dataset.
The assessment of quality of the CP dataset ced of several parts: 1) assessing TCPE
algorithmability to find individual tree locations, 2) vaéting tree crown projection perimete
and 3) validating extracted SIL-STAR paramedrs (tree height, periphery height, periph
points). The assessment of quality of the ALStpe datasesistatl on validating extracte
SILVI-STAR parameters (tree height, peripheral heightperipheral points

2.4.5.1. Assessing the algorithms ability to find tree locations
In order toinvestigate how well the algorithm finds treesetlecation extracted from CP data
was compared with the ground truth stem locations fibioSref dataset. The distance betw:
two corresponding point&as calculated and a threshold value veasaccording to results of
21



interviews with urban tree managers. There wereethpossibilities defined as a result of

comparison:

1) True Positive (TP)when the distance between ground truth stemitotand extracted
from CP dataset was not more than threshold valleat(was both in CP and TLSref

datasets).
2) False Negative (FN)Wwhen there were no trees from the CP datasetnitie threshold

value distance from the ground truth stem locatipmisat was missing in CP dataset
compared to TLSref dataset).

3) False Positive (FPWwhen there were no ground truth trees within ttimeshold value

distance from the tree locations, extracted fromdarset (what is more in CP dataset
compared to TLSref dataset).

Calculations of quality aspects were made base@X@o et al. 2012). Both producer’s and
user's accuracy were calculated with the use of ¥R, and FP. Producer’s accuracy
(completeness) was calculated as TP/(TP+FN). Usecsiracy (correctness) was calculated as
TP/(TP+FP). The quality was calculated as TP/(TP#HAR). Producer’s accuracy, user’s

accuracy and quality approach 1.

2.4.5.2. Assessing the quality of tree crown projection perimeters

Both CP and ALStpe datasets were validated with réf. 8ataset. Validation was done, by
comparing tree crown projection perimeters from @ dataset with corresponding tree crown
projection perimeters from the TLSref dataset. &®essing the quality of tree crown projection
perimeters such type of statistics as coefficiértatermination (B and root-mean-square error
(RMSE) were used. Ris used to show the goodness of fit between thdemand reality.
Coefficient of determination ranges between 0 gnaltere 0 means no fit and 1 means a perfect
fit.

2.4.5.3. Assessing the quality of the SILVI-STAR parameters

The SILVI-STAR parameters from CP and ALStpe dataseéhich were validated were: tree
height, periphery height of a tree and locationp@&fiphery points. Validation of these SILVI-
STAR attributes from CP and ALStpe datasets wasemiag comparing them with the
corresponding attributes from the TLSref dataset. &ssessing the quality of these parameters

the coefficient of determination fRand root-mean-square error (RMSE) were used.
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3. Results
3.1. Usability aspect and requirements to the tree dataset

Using the questionnaire two urban tree manages ingesiewed in order to investigate which
parameters of trees are necessary to know for thvmch geometrical accuracies of this
parameters they accept and how important are ¢leedfitaset and 3D visualizations in urban tree
management. Interviewed persons were municipal traeager of Arnhem city Codi Duyster
and tree manager of WUR campus Pieter Goedhart. rébelts of interview were almost

opposite, most probably this was caused by the atraiurees each of them is managing.

About 1200 campus trees are managed by Pieter @dedinom the interview with him it was

found that he assesses the conditions of all campees visually, doesn't measure any
parameters of trees and it is possible to makealsiiservation of all campus trees easily. Thus
neither a tree database with tree parameters novi@idlizations of trees were interesting to

him.

The results of an interview with Codi Duyster wetete different. He manages large amount of
trees. As he mentioned there are 40 000 solita&gstin Arnhem city, which he manages, and
about 1.5-2 million aggregated trees in parks amnests in the municipality of Arnhem.

Answers of Codi Duyster to the part of questiommaire presented in Table 3.

Table 3. Answers of Codi Duyster to questions 3-5 of the questionnaire

Parameter Which parameters How important is | What is the required
of the trees are the accuracy of | accuracy for the
important for urban| each parameter?| important parameters?
tree managers?

Tree location Essential Essential 0.2-0.5m

Tree crown projection perimeter Neutral Essential .2-@M5m

Tree height Essential Essential 0.5m

Height of the first bifurcation Important Essah 0.5m

Height of crown base Neutral Neutral 0.3m

Periphery height Neutral Neutral im

Periphery points Minor importance Important 3.

Diameter at breast height (DBH) Important Essént few cm

He told that exact position of the tree is one ltd £ssential tree parameters to know. The
required accuracy for it is around 0.2-0.5 m. lowld be quite precise, because in an urban
environment all the territory is divided and hasatvner. Knowing the exact location of the tree
will improve urban planning.
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He also mentioned that by themselves, without kngwparameters of the tree crowns, the
locations of the trees are not such important. Heeah that height of the first bifurcation is
especially important in urban tree management@®tis a law, according to which all the trees
which are growing near the road have to be maiathin a special way, namely depending on
the class of the road, branches of a tree shoaltl gtowing at certain height and not lower. If
the crown will start growing too low it can impettee traffic movement. The point of the first
bifurcation is also important to know in order tesass the stability of the tree; the lower this
point is, the better the stability of the tree. &teeight is important for nursery. The higher the
tree the more time is required for its maintenartcéhe exact height of a tree is known it is
easier to estimate the amount of time, labor andaypowhich are necessary for maintenance of
a tree. Codi Duyster mentioned that by law, if DBHhe tree is more than 25 cm, even if it is
private tree, it is not possible to cut it downhaitit permission, because each tree costs money

for the municipality.

In general, he is convinced that it will be chedpenave a tree database with information about
essential parameters of the trees, because tre¢amars will not be obliged to go outside and

measure it, thus it will save time and money.

Codi Duyster is further convinced that 3D visudii@as of trees could be useful for urban tree
managers. He thinks they may help in many casesn$tance, in prediction of how diseases
will spread by wind from one tree to another. Dgrithhe diseases the tree crown is getting

smaller — so the quality of the tree is gettings®oand it can be shown by use of 3D models.

The database and 3D models are necessary to harew the reality outside. They are also
useful in order to know what kind of investmennhecessary to make, which economic value of
the trees is in the city. Codi Duyster concludedt tthe quality of the trees in the cities is
decreasing. Having 3D visualizations of them wdh& to show visually the problems or the

current situation and will help in creating bett@ore persuasive reports to the local government.

Another reason to support the idea that a treebdatais useful for tree managers is given by a
commercial party. Started in the second half of@ke firm Cobra (director Joost Verhagen is
a recognized European Tree Technician) has the evomh lead for marketing web services
based on the CP dataset. The basic CP datasebevithade available as Open Data through
http://www.Boomregister.nl in 2012

'8 Source: personal communication with Frans Rip
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3.2. Results of data acquisition and pre-processing

The terrestrial LIDAR point cloud data were colttduring fieldworkon the 1 of December
2013 with a Riegl VZ40C terrestrial laser scanner. The angle between thetspavas 0.0¢

degrees.

Terrestrial Laser Scanning data consisted of-five scans at different locations of the st
area.Each scan was made approximately minutes: about 3 minutes of scanning and ab
2 minutes tanove the tripod with the scanner to scan posifidre data volume of 55 scans v
equal to 10.35b. The map, which presents the actual ¢positions,is presented ilFigure 20.
TLS scan positionghe study area was completely covered by the sc¢hos, there were n

white spots in the data.

Legend

W ScanPos001 @ ScanPos028
W ScanPos002 W ScanPos023
O ScanPos004 @ ScanPos030
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@ ScanPos006 [ ScanPos033
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W ScanPos008 M ScanPas03s
W ScanPos009 W ScanPos036
W ScanPos010 [0 ScanPos037
@ ScanPos011 O ScanPos038
O ScanPos012 @ ScanPos033
@ ScanPos013 W ScanPos040
O ScanPaosz014 B ScanPos04
[ ScanPos015 @ ScanPos042
O 5canPos016 W ScanPos043
W ScanPos017 @ ScanPos044
O ScanPos018 @ ScanPos045
@ ScanPos013 [ ScanPos046
W ScanPos020 [0 ScanPos047
W ScanPos021 M ScanPas048
W ScanPos022 @ ScanPos043
[ ScanPos023 @ ScanPos050
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O ScanPos027 W ScanPos054
[ ScanPos028 @ ScanPos055

Figure 20. TLS scan positions

Preprocessing of the collected data includecregistering of all the scans and removal

artefacts. Figure 2¢hows c-registered and filtered from artefacts TLS ¢
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Figure 21. Coregistered and filtered from artefacts TLS scamsr(oination of 10 scans is presente:
the image)

ALS data was already amgistered and without artefacts, thu-registration and filtering wer

not applied to ALS data.

In order to combine all the point data, which wstared in different scans TLS and ALS sc
and clip the data by the boundaries of the studg &smerge and lasclip function was applie

the data. Merged and clipped TLS and ALS data eesgmtedFigure22.

Figure 22. Merged and clipped TLS (left) and ALS (right)a

3.3. Results of data processing using PCTPE method

3.3.1. Delineation of trees
Using lasclassify function of LAStools TLS pointseme classifiedSet of experiments was
accomplished in order to investigate, which statddeviation threshold gives more prec

separation of high vegetation and buildings poiThe “building phnarity” was set to 0.8, tf
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“forest ruggedness” to 0.8The high threshold was chosen because the wallsedfuildings ir

the study area were quite rugged. result of the point classification is presente Figure 23.

ol

Legend
#  Buildings
High vegetation
* Ground

* Unassigned

Figure 23 The result of point classification for differgrarts of the study ar

Points, which were classified as hivegetation, were selecteding las2las functic. Selected
high vegetation points are presentefFigure 24.

Figure 24. Points, which belong tiigh vegetation" clas
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Initial vegetation mask was produced by making aggtion of the selected points in ArcGIS
included solitary trees, aggregations of trees alpj@cts which were incorrectly classified
trees.Thereafter only solitary treawere selected.

Figure 25shows vegetation mask with aggregation of trees razide and vegetation ma:

which consists only on solitary tre<The total amount of idified solitary trees was 2¢

| Legend

Il Vegetation
mask
1 Study area

=] =l 0o L0 Mers

Figure 25.Vegetation mask with aggregation of trees and n@ef and vegetation mask consisting ¢
on solitary trees (right)

3.3.2. Pre-processing of individual tree point clouds
Preprocessing of individual tree point clouds includetnhoval of solitary outlier points ar
removal of ground points and understoSolitary outlier points, which were present
individual trees point clads, were filtered. Side views of filtered indivalurees point cloud
are presented in Appendix2. Figure 26shows filtered from solitary outlier points tre

D2_trees sideview D4b_tree01_10 sideview Dab_tree12_0 sideview

Figure 26. Tree point clouds filtered from solitary outligoints

Thereafter the understory and ground points wengoved from individual tree point clouc
thus only pure tree points remain. Pure tree TLG AIOS points are presented in Appen4.3.
Figure 27shows pure tree point clouds, which weproducedafter filtering understory an
ground points.These TLS and ALSpoint clouds, which included only tree poi were

processed in order to extract tree parame
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Figure 27. Tree point clouds filtered from undergtand ground points

3.3.3. Result of extraction and assessment of tree parameters

The result of the processing of pure tree pointidtoextracted from TLS and ALS data with R

script were tree parameters, which were stored ammesponding datasets. Table 4 shows

parameters which were extracted and stored in @aizset.

Table 4. Parametersstored in the datasets

—t

Dataset CP dataset TLSref dataset ALStpe datase
Data from which the parameters weneAHN raster, ALS | Point cloud, TLS | Point cloud, ALS
extracted LiDAR data LiDAR data LiDAR data

Tree location + +

Tree crown projection perimeter + +

Tree height + + +
Periphery height + + +
Periphery points + + +

Height of the first bifurcation +

DBH +

Not all of the parameters from Table 4 could beaoted from ALS data using PCTPE method,

mostly because it had fewer points. Figure 28 shsides views of tree extracted from TLS data

and from ALS data, where the differences betwee8 #hd ALS data can be well noticed.
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D4b_tree01_1 sideview D4b_tree01_1_ALS sideview
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|
Figure 28. Side view of a tree, extracted from @& (left) and from ALS data (right)

There were a few stem points or no stem pointlanaree point clouds, extracted from ALS
data. This made it impossible to extract DBH arel hieight of the first bifurcation of the tree
from the ALS data with the created method. As m HCTPE method tree location was derived
from the circle fitted on the stem cross-sectiordenan breast height, it wasn’t possible to derive
this parameter from ALS point data. Tree crown @rtopn perimeter was calculated for the tree
crown projection shape files, with which both TLUSI2ALS data was clipped in order to extract
individual trees point clouds. Thus if it would bgtracted the values of this parameter would be
the same in TLSref and ALStpe datasets. It wasoithwhile to add this parameter to ALStpe

dataset and validate it.
Height of the first living fork

The height of the first living fork was extractedr TLS data and stored in TLSref dataset. For
all of the trees graphs with side view of a tred anline representing the height of the first

bifurcation were produced. These graphs are predentAppendix 4.4.

In Figure 29 and Figure 30 side views of the ddfgrshape trees, where the height of the first

living fork is shown, are presented.
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Figure 29. Examples of trees’ side views with eaitprofile and the red line, which represents tieéght
of the first living fork
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Figure 30. Cut pollard-willows, which first brandteights were detected correctly

According to visual analysis of the side view grapif the trees with the red line, which
represents the height, where the first living fetéarts to grow, in 60.41% of cases the parameter

was calculated correctly, like it shown in Figu@é&hd Figure 30.

Tree side views, where the height of the firstig/fork was not detected correct due to different

reasons are presented in Figure 31, Figure 32 myoude~33.
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Figure 31. First branch detection on cut pollardhaivs, which branches start growing from the bottom
of stem
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Figure 32. Low amount of tree points on certainghéicaused by obstruction during scanning.
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Figure 33. Examples of tree point clouds with noigleich caused errors in detection of first branch

Difference in detection of height of first brandr frees with upwardly directed secondary

branches and downwardly directed secondary branshmgesented in Figure 34.
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Figure 34. Detection of first branch height on segith upwardly directed secondary branches(right)
and downwardly directed secondary branches(left)

DBH

Diameter at breast height values were calculateldstored in TLSref dataset. For all of the trees
graphs with cross-sections of tree point cloud ratst height and circles fitted through them

were produced. The graphs are shown in Appendix 4.5

Examples of circles fitted through the cross-sedtiof trees point clouds correctly are presented

in Figure 35.

Least Square Circle Fit Least Square Circle Fit Least Square Circle Fit

444305 2 444305 2
I I
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1741984 1741984 1741985 173968.3 173968.4 173968 4 1739685

X
X X

Figure 35. Examples of circles fitted through toeess-sections made on breast height correctly

According to visual analysis of the graphs offfigticircle to the tree cross sections about 63.07%
of circles were fitted correct. This allows assugnthat at least 63.07% of DBH values were

calculated correctly, like it presented in FiguBe 3

Figure 36 and Figure 37 show errors in fitting l@rhirough cross-sections of tree point clouds,

made on breast height.
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Figure 36. Not correct circle fitting through croesections of trees caused by appearance of foreign

objects and noise points

Visual assessment showed that situations tharesiwere fitted incorrectly, like it presented in

Figure 36, happened quire rare, only in 8.71% eésa
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Figure 37. Not correct circle fitting through cresgctions of trees caused by appearance of brammhes
the breast height level

According to visual assessment, situations, wheslecwas fitted in the way in presented in
Figure 37 occurred in 28.21% of cases.

Tree location

Tree locations extracted with TCPE method were @egh with locations extracted with

PCTPE method, which was used as a reference (Fs)re
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Figure 38.Distances between tree locations from TLSref anditBsets (part of the study ar.

There were 24@rees in the TLSref dataset and 364 trees in C&sdatIn order to assess
retrieval of trees location, the spatial distes between tree locatis from CP dataset and
corresponding tree locations from TLSref datasaeve®mpute. The result of te comparison

Is presented in Table 5.

Table 5. Result of the comparison of treelocations from the datasets

True Positives (TP) 55
False Negatives (FN) 186
False Positives (FP) 309

The comparison showdtat55 trees were found in both datasets, tt86s were missing in CP
dataset compared to TLSref dat, and 309rees were more in CP dataset compared to TL
dataset. Figure 38hows the map of True Positives, False Negativdd-atse Positive
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Figure 39. Map presenting TP, FN and FP

Comparison of percentage of trees with certainfiteagd crown projection perimeter for TP,

and FP trees is presentecFigure 40 and Figure 41.

Tree height of TP, FN and FP
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Figure 40 Comparison of tree heights distribution in FN and FF

In FP around 17.38 of the all trees were very small trees (less tBan), approximately th
same percent were very high trees (more than 1small trees from the CP dataset seem t
infrastructure object, because of the identicapstand regularity in spatial distributioThere
were no small trees (less than 3 m) in TLSref @dtVery high trees from the CP dataset

mostly trees separated from aggregations of t
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Figure 41 Comparison of tree crov projection perimeterdistribution in TP, FN and F

Producer’s accuracyhich determines the ability of the algorithm tdrext all trees in the stuc
area was equal to 0.23s&l’s accuracwhich defines the probability of a tree extractiming a
tree in reality was equal to 0.15. The quality wasa¢tp 0.1

Tree crown projection perimeter

Treecrown projections were extracted and stored inTth8ref datasetFragment of the study
area with tree crown projections from the CP datasel the TLSref dataset apresented in
Figure 42.
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Figure 42.Tree crown projections from TLSref and CP data§esst of the study are
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The qualityof this parametewas assessed by means &faRd RMSE, which serve to show |

goodness of fit between 1tree crowns projection perimeters extracted \PCTPE and TCPE
methods.The coefficient of determinatiois equal to 0.62Root mean square erris equal to
26.64 nf. Figure 43shows scatter plot of tree crown projection perar from TLSref dataset

andtree crown projection perimeter from CP dat:

Tree crown projection perimeter

CP dataset
20 40 B0 80

20 100 150 200 250

TLSref dataset

Figure 43.Scatter plot which shows goodness of fit betwessdrown projection perimeter from TLS
dataset (x-axis) and trerown projection perimeter from CP datase-axis). The trend line is plotted in
red. The 1:1 line is plotted in grey

Tree Height

Tree heights wertound both from TLS and ALS data and stored cowasdpntly to TLSref an

ALStpe datasets.
The graphs of tree side views of all the treesraex¢d from TLS and ALf{point data, with

height plotted on them as red line are presentégppendix 4.6.
According to visual assessmentgraphs of trees side views with the red line, wirepresents
the height of the trerom TLSref datas, 93.62%o0f tree heights were calculated corre:

Examples of trees, extracted from TLS point dataciiineights were calculated correctly

shown in Figure 44.
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Figure 44. Extracted from TLS data trees side viewsch tree height parameters were calculated
correctly. Red line represents calculated heigha tfee.

Figure 45 shows tree side views, extracted from Tp@&nt data, which heights were

miscalculated.

£ trwsdll nidevew

Nraand 17 debdh Aridtd 1T 1Tt

Figure 45. Extracted from TLS data, trees side siemhich tree height parameters were calculated
incorrectly because of noise in data. Red line espnts calculated height of a tree.

According to visual assessment of graphs of tres\gews with the red line, which represents
the height of the tree from ALStpe dataset, 45.99%ee heights were calculated correctly.
Examples of trees, extracted from ALS point datactvtheights were calculated correctly are

shown in Figure 46.
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Figure 46 Extracted from LS datatrees side views, which tree height parameters waleulated
correctly. Red line represents calculated heighd tiee

Figure 47 and Figure 48how ALS tree point clouds’ separation into ground peiand tre
points. The separation iigure47 wasperfect, thus shortest distance from tree poinistds

ground points was calculated corre. For the tree presented Kigure 48 tree height was

miscalculated because wfong separatic.
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Figure 47.ALS tree point clouds, where points .
divided to tree points and ground points and
separation of points is perfe

Figure 48.ALS tree point clouds, where points .
divided to tree points and ground points and s:
tree points are misclassified as ground pc

Figure 49 shows tree side views, extracted from ALS pointadathich heights wer

overestimated annderestimate
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Figure 49. Extractd from /LS data, trees side views, which tree height patersavereoverestimated
(a) because of noise in data underestimated ( because of incorrecalculation of shortesdistance to
the grounc Red line represents calculated height of a

The quality of tree height parameter vassessed for CP dataset and for ALStpe daThe R
and RMSE of are shown Table 6.

Table 6. Result of the assessment of tree height

R2 RMSE, m
CP dataset vs. TLSref dataset 0.20 5.41
ALStpedataset vs. TLSref daet 0.71 3.89

Figure 50 and Figure 5dhow scatter plots of TLSref tree heigh-axis) ani corresponding CP

tree heights/ALStpe tree height«-axis).
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Figure 50.Scatter plot which shows goodnes:  Figure 51.Scatter plot which shows goodness ¢
fit between tree height from TLSref datas- between tree height from TLSref datas-axis) and
axis) and tree height from CP datase-axis). tree height from ALStpe datase-axis). The trend
The trend line iplotted in re« The 1:1 line is line is plotted in red. fie 1:1 line is plotted in gre

plotted in grey
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Periphery height

Tree periphery heights were calculated both fron$ Bind ALS data and stored correspondently
to TLSref and ALStpe datasets.

The graphs of tree side views of all the treesraex¢d from TLS and ALS point data, with
periphery height plotted on them as green line paesented in Appendix 4.6. According to
visual assessment of graphs of trees side views thie green line, which represents the
periphery height of the tree from TLSref datase®,19% of tree periphery heights were

calculated correctly.

Examples of trees, extracted from TLS point datid worrectly calculated periphery height are

shown in Figure 52.

Db treedd O sigeviaw Db _treedd Sideview

Figure 52. Extracted from TLS data tree side viemsich periphery height calculated by PCTPE method
are correct. Periphery height is presented by griges

Examples of incorrectly computed periphery heididae TLSref dataset are presented in Figure
53.
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Figure 53.Extracted from TLS data tree siviews,which periphery height calculated PCTPE method
areincorrect. Periphery height is presented as grizea

According to visual assessment of graphs of treds siews with the green line, whi

represents the periphery height of the from ALStpe datase?7.22% of tree periphery heigt

were calculated correctly.

Examples of trees, extracted from ALS data, whiehighery heights were calculated corre

are presented in Figure 54.
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Figure 54. Extracted froml£S data tree side views, which periphery heightuated by PCTPE methc
are correct. Periphery height is presented as grgsn

Examples of trees, extracted from ALS data, whietighery heights were calculatincorrectly

are presented in Figure 55.
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Figure 55.Extracted from ALS data tree side views, whichgtey height calculated by PCTF
method are incorrect. Periphery height is presented as greee.

The quality of treeperipheryheight parameter was assessed for CP dataset arAlL&ipe
dataset. The Rand RMSE of are shown Table 7.

Table 7. Result of the assessment of periphery height

R2 RMSE, m
CP dataset vs. TLSref dataset 0.23 5.95
ALStpe dataset vs. TLSref date 0.36 1.69

Figure 56 and Figure 58how scatter plots of TLSref tregeriphery height (x-axis) and
corresponding CP tree heights/ALStpe tree heigl-axis).

CP dataset

ALStpe dataset

TLSref dataset

TLSref dataset

Figure 56.Scatter plot which shows goodness ¢ Figure 57.Scatter plot which shows goodnes:
between tree periphery height from TLSref datas- fit between tree periphery height from TLS
axis) and tree height from CP datase-axis). The dataset (xaxis) and tree height from ALSt
trend line is plotted in redThe 1:1 line is plotted i  dataset (y-axis). fie trencline is plotted in red.
grey The 1:1 line is plotted in gr
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Periphery points

Tree peripherypoint’'s coordinate were calculated both from TLS and ALS data andest
correspondently to TLSref and ALStpe datas

The graphs of tree top views of all ttrees, extracted from TLS and ALS point data \
periphery points plotted on them as red dots aeeqmted in Append 4.7. According to visual
assessment of graphs of trees top views with fedrpoints which represents the periphe
points of the tree crowfrom TLSref datas, for 90,21%o0f the trees periphery point locatic

were calculated correctly

Figure 58shows top views of tre, extracted from TLSref datasetjth marked fourcorrectly

calculatedperiphery points on thei

D4a_tree03 topview D2_tree81 topview
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Figure 58 Examples of tree top vi, extracted from TL&nd four periphery points (red da calculated
correctly

Figure 59shows examples of tree top vie, extracted from ALStpe data with incorrectly

calculated periphery poin

45



D2_treed2 topview D2_tree68 topview

444310

444318
444221.0 4442215 4442220
1

444317
(m

V-coordinate ()

=
2
=

444314

T T T T T
174005 174006 174007 174008 174009

4442190 4442105 4442200 44

T T T T
174200 174201 174202 174203

¥-coordinate (m)
X-coordinate (m)

Figure 59Examples of tree top vit, extracted from TL&nd four periphery points (red dots) calcula
incorrectly

According to visual assessment of graphs of tregs views with four red points, whic
represents the periphery points of the tree crawm fALStpe dataset, for 65.4% of the tr

periphery point locations were calculated corre

Figure 60shows top views of trees, extracted frALSref dataset, with marked four correc

calculatedperiphery points on thei

D2_tree56_ALS topview D4b_tree10_1_ALS topview
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Figure 60.Examples of tree top view, extracted frALS, and four periphery points (red dots) calcule
correctly

Figure 61shows examples of tree top views, extracted fronstpk dataset with incorrect

calculated periphery poin
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D2 tree93 ALS topview D2_tree86_ALS topview
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Figure 61.Examples of tree top view, extractecm ALS, and periphery points (red dots) calcula
incorrectly

The quality ofeach coordinate of periphery poi was assessed for CP dataset and for AL
dataset. The Rand RMSE of are shown Table 8 and Table 9.

Table 8. Result of comparison of periphery Table 9. Result of comparison of periphery
pointsfrom TL Sref and CP datasets pointsfrom TL Sref and AL Stpe datasets
Periphery point| R RMSE, m Periphery point| R® RMSE, m
P1x 0.9957 11.1754 P1x 0.991¢ 15.0238
Ply 0.9063 27.0693 Ply 0.€469 24.3271
P2x 0.9951 11.9899 P2x 0.9915 14.9665
P2y 0.9134 25.8219 P2y 0.947¢ 241311
P3x 0.9950 12.2233 P3x 0.991¢ 15.0547
P3y 0.9088 26.5452 P3y 0.€470 24.3031
P4x 0.9948 12.3760 P4x 0.995 15.0285
P4y 0.9054 27.2265 P4y 0.946( 24.6314

Scatter plots of TLSrgferipherypoints (xaxis) and corresponding (periphery points from CP
dataset (y-axisare presented in Append2. Satter plots of TLSreperiphery points (x-axis)

and correspondingeriphery points from ALStpe datas(y-axis)are presented in Appenc3.
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4. Discussion and recommendations

This section is dedicated to discussion of theltesid the tree parameters extraction from point
cloud TLS and ALS data using PCTPE method and dson of the results of validation of CP
dataset and ALStpe dataset by TLSref dataset, Hsasveliscussion of results of interview and
data used in the research. The main focus liehercauses of errors and inaccuracies of the
extraction algorithms. This chapter also providesommendations for improvement of tree

parameters extraction.

4.1. Discussion of usability and requirements

The interviews with urban tree managers were noirgy at investigation of the opinion of all
tree managers in the Netherlands about the tremsetatThe purpose of it was in defining
potential need in 3D visualisations of trees, pté¢mecessity of tree database and requirements,
which it should satisfy. With the help of the iniews in was found that tree locations, three
height, first living fork and DBH parameters ares@stial to know in urban tree management.
However, 3D visualisations are also have potensal in urban tree management, consequently,
all SILVI-STAR or other tree parameters which cob&lused to produce 3D models of trees, are
important to know. Requirements to geometrical emcy of the tree parameters were used

during visual assessment of extracted tree parasiete

4.2. Discussion of data

Three different data sources, namely raster AL$itpALS and point TLS data were used to
delineate trees and extract their parameters. Ht@ specifications were different from each
other. According to previous research extractionreé parameters from TLS data gives more
accurate result. TLS gives opportunity to derivéorimation on below canopy level. This
information can be hardly acquired with ALS, be@uasthe occlusion by the upper parts of the
crown (Hilker et al. 2010). However, ALS data scab®ve the ground and covers larger area
and TLS in comparison with it is less suitableroestigate trees structure (Hilker et al. 2012).
There is also one source of LIDAR data, which waisused in the research. It is mobile LIDAR
data. The advantage of this technique is in abdlitgatch vertical structure of trees like TLS and
in possibility to collect data on the same aretefashan TLS (Rutzinger et al. 2010). Hence this
data could be a good alternative to TLS data.
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4.3. Discussion of tree delineation

Initial non-vegetation mask, which was produced dggregation points, classified as high

vegetation, included a lot of foreign objects, whdid not belong to high vegetation class. This
happened, because classification of points waspedect. The classification algorithm was

checking if the standard deviation of the pointschhare 1.3 meter above the ground is below
0.8 (buildings) or above (high vegetation) the dead deviation threshold. Despite the threshold
of planarity/ruggedness was quite high (0.8), moimhich in reality were belonging to edges of
buildings, to bike shed, lamp posts, statues wiagsified as high vegetation, which is presented
in Figure 23. The result of point classificatiom thfferent parts of the study area This could be
explained by roughness of building walls, whichuieg higher standard deviation values for
being classified as ‘buildings’. Meanwhile somemsj which actually belong to a tree, were
classified as buildings, like in shown in Figureb23his occurred because the threshold for
ruggedness was too high for separating points ohesdrees. Recommendations for the
classification of points using lasclassify tooltes make test classification first in order to find

appropriate parameters.

Solitary trees were extracted from the vegetati@skrby visual assessment of objects’ shapes.
This approach was time-consuming. First recommeanadats to additionally introduce
reflectance values of the data in order avoid tbeunence of foreign objects in vegetation
mask. Second recommendation is to find a way toraatically detect solitary trees and separate
them from aggregation of trees. This could be démejnstance, by creating top view density
graphs for aggregations of trees to find stemstiposi, making a buffer of certain width around
found stems and clipping aggregation of trees poirsing the buffer. LIDAR based methods,
which are were used by other researchers for iddalitree delineation could be used to solve
the problem. The most popular method of tree créwoundaries delineation in 2D data have
been watershed segmentation (Lee et al. 2010). dvladntrolled watershed separation (Chen et
al. 2006) gave absolute accuracy of trees delimeaif 64.1%. The region-growing algorithm
gave similar quite result, it was able to deteab third of non-suppressed trees (Solberg et al.
2006). While the overall accuracy of the crown wmiedition based on Optimized object
recognition, Treetop identification, and Hill-clinmgy (COTH) method was 72.5% (Gleason and
Im 2012). There are also methods of 3D delineatibtrees, presented in works of (Li et al.
2012) and (Lee et al. 2010). In the research of éteal. a new method which was similar to
watershed segmentation however applicable to r&ARi point data was presented. The overall
tree detection accuracy of this method was 95.1f0al§orithm developed by Li et al. gave the

overall accuracy of 94%.
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4.4. Discussion of pre-processing of individual trees point clouds

Pre-processing of individual tree point cloud wasiag at noise removal. However, in some
tree point clouds not all the noise was removedsthat concerned foreign objects, which were
present in the point cloud, like it presented igufe 33b and grass near tree stem, like it shown
in Figure 27a. In some cases, as shown in Figuibea?d c, a part of a stem or the whole stem
was cut. The removal of the whole stem means bieaetwas a foreign object, like lamp post, in
a point cloud and due to this stem location, whiets derived from density top view raster, was
calculated in the position, where a foreign objeast situated. Therefore, instead of stem points,
part of the foreign object was returned to the free point cloud. In case, when only part of the
stem is deleted, the buffer which is taken arodmedstem position should be enlarged, that will

solve the problem.

Foreign objects in tree point clouds lead to protden calculation of tree parameters, hence
they should be recognized by the algorithm andntie¢hod should be adjusted to process such
point clouds. Filtering of foreign objects could ibaendividual tree point clouds implemented by

using intensity information of LIDAR data.

4.5. Discussion of the results of the improvement of tree parameters
extraction

One of the aims of the research was in making ingreents in extracting parameters of the
trees. Parameters, which were extracted using Tdi& ploud data and PCTPE method, were
expected to be more precise, were considered asgrtruth and were used to validate

parameters from ALStpe and CP datasets.

4.5.1. Height of the first living fork of the tree

Problems with extraction of first branch height epred mostly during the processing of bushes,
which had no stem or trees, which braches, beaafuseman maintenance, started growing near
the ground. Such human maintained cut pollard-wil@re presented in Figure 31.

In this case the error in calculation of the par@mkappened, because during the cleaning of the
tree point clouds from noise, understory and gropaihts, part of a point cloud, which was
lower and 1.3 m was classified as non-tree pointsadterwards, in order to return stem points
to a tree, non-tree points which were within a éufif 0.3 m from stem location were added to
tree points again. This algorithm worked well fogets, which had standard shape, however, for

trees which had a lot of low branches, it happetteat,a part of tree was cut. This caused sharp
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jump on the vertical profile of a tree on 1.3 mdmiand, eventually, the first branch was

detected on this height.

Another problem was detected during the extractibfirst branch height parameter from cut
pollard-willows. Trees were obstructed by metairfeaof bike shed on the approximate height 2-
3 m during their scanning from one side. This cdue& amount of points in tree point clouds
and detection of the first branch at this heighgFe 32).

However, some of these of trees didn't have thélpros, discussed above, and first branch

detection was successful for them. Examples of tneels are presented in Figure 30.

The most precise detection of the first branch liteigas observed for more or less standard
shape trees with upwardly directed branches. Detedf first branch height on trees with
upwardly directed secondary branches and downwadlidbgted secondary branches is presented
in Figure 34. For the trees with downwardly directecondary branches, the first branch was
detected lower than it starts in reality. In cdsiné secondary or even the branches of the first
order were directed downwards and their ends werated lower than real first branch, the high
number of returns on vertical profile of a tree weed right on the height, where downwards
directed branches were finished. This height wagatled by algorithm as a height of first

branch.

In some cases not all the noise points were fitém@m the tree point cloud, which caused errors
in detection of first branch height (Figure 33).

In order to reduce errors described above, sepeoakdures are suggested to accomplish. First,
after the separation of initial tree point cloudbitree/non-tree points, during the procedure of
retrieving stem points back to a tree, it is neagsso expand the buffer, which is made around
tree location. Second, if it is possible scan tieesuch a way that minimal amount of objects

will obstruct it.

4.5.2. Diameter at breast height

Problems with fitting circle in the tree cross-sectat breast height occurred because of the
noise or some foreign objects were not deleted dffte filtering process. As they were not
removed, circle was fitted both through points, ebhbelong to stem and through noise points
(Figure 36). These situations lead to overestimadioDBH, however they happened quite rare.

Problems were also observed for trees, which haddbes at this certain height of 1.3 meters

(Figure 37). The branches points were not filterstd the circle was fitted taking them into
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account. These situations occurred more often mpeawison with the previous one; however

errors in DBH calculation and stem location estiotaseem to be smaller.

Recommendation which can be given in order to awidrs in fitting circle through cross

sections is to filter out all foreign objects, whiexist in the point cloud.

4.5.3. Tree location

The correctness of tree locations, extracted W@ PE method is very much dependent on how
good the circle was fitted through the cross sestiof the trees made on breast height. Thus, if
the circle fitting will be improved as it describedprevious section, the tree location extraction
will be also improved. According to visual assesstrarcles were fitted correct in 63.07% of

cases, consequently, tree locations were compuoteeat at least for 63.07% of the trees.

The aggregations of trees were not splitted taasglirees and tree locations were not calculated

for aggregation of trees.

The recommendations which could be given conceenifiprovement of PCTPE algorithm.
First, separation of solitary trees from aggregatd trees will make it possible to derive tree

locations for more trees and therefore will deceghe number of false positives.

Second, the location of the tree in PCTPE methosl egdculated as a centre of a circle fitted
through points at breast height, while it wouldrbere natural to extract it from a cross-section
of the stem near the ground, because tree stemmeralways straight, sometimes they were

leaning.

4.5.4. Tree crown projection perimeter

The tree crown canopy projection perimeter TLSeghdet is very precise, as canopy projections
were made by aggregating points, which were quiteirate classified as high vegetation. The
aggregation of classified trees was made with gemgll aggregation distance, thus the shape of

the crown projection was very detailed.

4.5.5. Tree height

In general according to visual assessment of sile graphs of the trees, tree height in TLSref
dataset was calculated very precise. Examples lraversin Figure 44. However, there were

iIssues, which caused errors in estimation of teaght.

First, problems appeared, when tree was situaadthe ditch or near water object. In this case

points under the actual ground level appeared aeck wonsidered as ground points, thus
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distance from the tree points towards ground pairats overestimated. An example of such error

is presented in Figure 45 a.

Second, if there was not filtered noise above tlee,tas branches of neighboring trees or
streetlights, errors in tree height calculation egrpd (Figure 45 b). However, both situations,

described above appeared very rare.

Visual assessment of tree side views, extracten #h.S point data, was quite often difficult
due to small amount of points representing a #@eording to visual assessment only for less
than half of the trees tree height was calculatadect, like it shown in Figure 46. Extracted
from ALS data trees side views, which tree heigitameters were calculated correctly. Red line
represents calculated height of a tree.In manysddmeeheight of tree was underestimated (Figure
49b), in some of them overestimated (Figure 49a3ud comparison of trees side views,
extracted from ALS and TLS point clouds, showed,tbacept the fact that ALS data has less
points, height of the trees is quite often underesded. Especially this was the case for smaller
trees. Another issue which caused underestimatioinee heights extracted from ALS point
cloud data was in calculation of the shortest distatowards the ground. During the separation
of the point cloud into tree points and ground pmirsome tree points were misclassified as
ground points. Figure 48 illustrates such a sitmatiThus errors occurred when the shortest
distance towards these misclassified ground ponds calculated and accepted as an actual
height of the crown points towards ground. Thioerould be avoided if the threshold of
separation into tree points and ground points kglichanged. Overestimation of tree height in

ALStpe occurred because of not filtered noise alibgdree.

4.5.6. Peripheral height and peripheral points

Visual comparison of tree side views and top vidwrees and the coordinates of peripheral
points and periphery height (the height of the gggtawidth of the crown) showed that
coordinates of periphery points of trees and periplneight in TLSref dataset are very precise,
for at least 90% of the trees periphery points famcat least 93% of the trees periphery height
were computed correct. Examples are shown in FigRrand Figure 58.

There could be several points in the coordinatesre/icrown of a tree touches the boundary box
surrounding the tree crown projection. This medrad for x or y coordinate of one periphery
point there could be several x, y or z values. Thike reason, why in the PCTPE method mean
of all found x, y or z coordinates was taken foclegeripheral point. However, as visual
assessment showed it didn’t have negative consegqueiperiphery height estimation.
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In order to get the peripheral height of a tregghethe mean height of its four peripheral points
is taken. The one who will make visual assessmetiti® parameter should keep in mind that
peripheral height will not be exactly in the heiglitthe greatest width of the crown, it will be
averaged.

Errors which appeared in calculation of these patars were caused by noise in tree point
clouds.

Visual assessment of side views and top views @tribes, extracted from ALS point data with
the periphery height and periphery points from AleStlataset showed that the calculation of
these parameters was satisfactory, at least for @58te trees periphery points and at least for
77% of the trees periphery height were calculatadect. Periphery height and periphery points
in some cases was not possible to find and as agellisually assess due to small amount of
points in an ALS tree point cloud. Sometimes theeze less than 4 points which belong to a
tree crown, thus it was not possible to extractr fperiphery points. Underestimation of
periphery height from ALStpe dataset occurred duerbng separation of a point cloud into tree
and ground points, which caused misclassificatioshortest distances from tree crown points to

ground points.

4.6. Discussion of the validation results

Assessment of quality of CP and ALStpe datasets made using TLSref dataset as ground
truth. As it was shown in Section 4.5 tree paramseite TLSref dataset were not as correct as
they are in real world. According to visual assemsihonly 63.07% of circles were fitted through

cross sections of trees at breast height this eaplhat validation of tree location from CP

dataset with TLSref dataset was not very reliable evaluation of tree height, periphery height
and periphery points from CP and ALStpe dataseatsgyuBLSref dataset was more reliable, as
visual assessment of these parameters from TL&taset showed , that in not less than 90% of

cases they were calculated correct.

4.6.1. Tree location

In CP dataset calculation of trees locations wergetd on simple centroid calculation of 50x50
cm raster canopy projections. In TLSref datased togations were found as centres of circles
fitted through cross-sections of stems at breagthheThus tree locations from TLSref were
expected to be more precise, even taking into axtcithie fact that not for all trees circle was

fitted perfectly.
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Table 5 shows that the number of FP and FN is kggly. Producer’s accuracy, user’'s accuracy
and quality, which were derived as a result of ssisg TCPE algorithm’s ability to find
individual tree locations, are very low, as in ids#uation these values are equal to 1. Such a

middling result is caused by several factors.

First, the threshold which was set to compare twtaskts was very small (0.5 m). If the
threshold would be set to 1 m the number of TPeiases to 119.

Second, in general, ALS data in comparison with Ta%a have fewer point density, and the
raster made on the base of the ALS data is evenpescise. As raster ALS data were used
during the delineation of the trees in TCPE metloodwns of trees were underestimated or lost
completely. In Figure 39 it is well seen that adbsmall trees were set as False Negatives. As it
was investigated during validation of CP dataseddenby Frans Rip the TCPE method has
problems with capturing small trees (Meijer 20IAhus high number of false negatives mostly

occurred because small trees were not capturedCiBAETalgorithm.

Third, according to previous validations of CP data((Meijer 2014), (Benthem 2013)) lamp
posts and road signs were quite often classifiedress. This caused an increase in false

positives.

Forth, important difference lies in the fact thgigeegations of trees were not separated into
solitary trees and processed in PCTPE method, whil®CPE method the trees were delineated

from aggregations and processed, what lead toaserm FP.

Fifth, the difference in date of data acquisitidiosld be taken into account. TLS data was
collected in 2013, while ALS data was obtained @@ Apparent errors could have happened
due to the fact that the landscape of study arszhanged; some trees were cut down, what also

increased the number of FP.

Analyzing Figure 40 and 41, among the True Postihere were mostly trees of medium height
(6-15 m) and medium tree crown projection periméi&-50 nf). This could be explained by

the fact that in comparison with very high and loees the likeliness for medium trees to have
stem position in the centre of the crown is bigden big trees there is more deviation in tree
location, as tree crown is larger, while for vergadl trees tree location is restricted by sever

pixels of the tree crown, which could be undereated.

The recommendation which can improve the extraatiotiee location from raster ALS data is
to calculate the location of the tree using densitster made on horizontal plane instead of

calculating the centroid of crown projection.
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4.6.2. Tree crown projection perimeter

R? and RMSE were calculated in order to show how elividual tree crowns were delineated
by the TCPE method. As it shown in scatterplot (Feg43. Scatter plot which shows goodness
of fit between tree crown projection perimeter frarhSref dataset (x-axis) and tree crown
projection perimeter from CP dataset (y-axis). Tiead line is plotted in red. The 1:1 line is
plotted in grey) tree crown projection perimeter usderestimated. The coefficient of
determination is satisfactory, but still quite lowhich means that fit between the crown
projection perimeters from TLSref and CP datasetsot bad, but not very good. The fact, that

fit is not perfect could be explained by two magéasons.

First, in general, ALS data in comparison with Td&a have fewer points. As ALS data was
used during the delineation of the trees in TCPEhot crowns of trees were underestimated.
Second, the tree crown projections in CP datasetamter based, what makes the shape of the
crown projection more different from reality andusas overestimation or underestimation of

tree crown projections.

4.6.3. Tree height

Table 6 shows that coefficient of determinatiomasy low for validation of CP dataset and quite
good for validation of ALStpe dataset. Such lofvf& validation of CP dataset can be explained
by the fact that tree height is extracted from AleSter data as a difference between digital
surface model and digital terrain model, whererttster cell is 0.5x0.5m and point height values

were averaged.

The situations, which caused underestimation o theight from point cloud ALS data,
described in section 4.5.5, resulted in not peffiettetween the tree height extracted from ALS

and TLS point clouds.

Whereas R-squared is a relative measure of fit, RiSan absolute measure of fit. The smaller
the difference between crown projection perimebens two datasets, the smaller RMSE should
be. It is useful in comparing the results of diffietr models. As it is shown in Table 6 ALStpe has
lower RMSE, this means that that the differencaevbenh ALStpe tree heights and TLSref tree
heights is smaller than difference between CPHhesghts and TLSref tree heights.
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Previous research (Jung et al. 2011) showed tbatheight estimation using ALS data can be
very precise. Thus if the PCTPE method would berawgd, more accurate height values would
be derived.

4.6.4. Peripheral height

Table 7, Figure 56 and Figure 57 show that coeidficiof determination is very low and the
validated data doesn't fit good to data from TLSife reasons of this are the same as for tree
height. In the case when periphery height from GPaskt was validated by corresponding
parameters from TLSref dataset, this could be éxpthby the fact, that periphery heights were
extracted from raster and heights were averaged.tlt@® case, when ALStpe dataset was
validated by TLSref, low coefficient of determiraiiis explained by underestimation of height

in ALStpe and low point density in ALS data.

4.6.5. Periphery points

Very high coefficients of determination were ob&nduring the validation of coordinates of
peripheral points from both CP and ALStpe databgtsorresponding parameters from TLSref
dataset (Table 8 and Table 9) and scatter plotp€Agix 2 and Appendix 3) show very good fit
between the data. This indicated that extractiopesipheral points from ALS data with TCPE
method and PCTPE method are both very reliablentqubs.
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5. Conclusions

In this research the potential of TLS and ALS palata in extraction of tree parameters, which
could be useful in urban tree management was adhlyfructural tree attributes were derived
from TLS and ALS point clouds as an improvemerthefexisting method, which received these
attributes using ALS raster data. Results confinat extraction of tree parameters using TLS
point data have remarkable advantage in accuraoyaonng to ALS point and raster data,
mostly due to higher TLS point density. The exi@atiof parameters from ALS point data also
gave satisfactory result. Taking into account #e that acquiring TLS data in comparison with
ALS data for the same area takes more time andresgomore labour, the perspective of using

ALS point data to derive tree parameters seems nealstic.

Regarding the specific research questions and liregathe thesis objective the following

conclusions can be drawn.

Resear ch question 1. Isit possibleto improvethe extraction of tree parameters, using the
raw point cloud terrestrial and airborne LiDAR data, instead of the top-of-canopy raster
datasets?

Raw point cloud TLS and ALS data were used to ekiteee parameters. Most of the tree
parameters extracted from TLS data, such as tnghth@eriphery height, periphery points and
tree crown projection perimeter were calculatedyvarecise. The improvement was also in
calculating tree parameters, which were not inauoheCP dataset, such as height of the first
living fork and DBH from TLS data. Although resulté visual assessment of correctness of
these two parameters and tree location parameter guete good, the PCTPE algorithm needs
improvements in calculating them. Only a few parargewere extracted from ALS data with
the created method: tree height, periphery heigtitperiphery points. Further research is needed
to investigate the ways of extracting more paramesich as relative height of the tree base to

the ground level, tree location and tree crowngmopn perimeter.
Resear ch question 2: How good isthe CP dataset for use by municipal tree manager s?

The ability of TCPE algorithm to find individuale®e locations and the quality of tree crown
projections from CP dataset were assessed. Thdatialn was made by comparing the tree
locations and trees crown projection perimetermffOP dataset with corresponding parameters

from TLSref dataset.
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Based on the results of validation, the tree locatalculation is not as precise as urban tree
managers may be requiring (according to intervieth Wodi Duyster the accuracy should be
not less than 0.5 m).

Validation showed that tree crown perimeter exioscwith TCPE method is satisfactory. It
could be improved if delineation of tree crowns waade by using ALS point cloud data instead
of ALS raster data.

Resear ch question 3: How good arethe SILVI-STAR parameter values, asderived from

AL S point dataand AL Sraster data for use by municipal tree manager s?

The quality of the SILVI-STAR parameter values,ided from raster ALS data and point ALS
data was assessed by comparing them with corresgppdrameter values derived from TLS

point data.

Validation showed that the extraction of all heiglarameters, such as tree height, periphery
height and relative height of the tree base togttoeind level, calculated from raster ALS data
using TCPE method is not satisfactory. The sameltresxcept for the tree height, got from
validation of height parameters, extracted frormpdiLS data. ALS point data was quite good
to extract tree height parameter. The conclusioichvivas drawn, is that ALS point data is

acceptable to extract tree height parameter.

In extraction of periphery points both extractidrttos parameter from raster ALS data and from
point ALS data, performed very good. Thus they r@leble techniques to extract periphery

points for use by municipal tree managers.
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Part of the appendices are presented in the paihers are stored in the attached DVD.

Questionnairefor urban tree managers

1. What is the usefulness of Canopy Projectionsgafavhich stores data about the location of
trees and perimeters of tree crowns?

2. Are 3D models of trees are important now or dlpotentially useful for urban tree

managers in future?
If yes, how is it useful or will be useful to ha8® models of trees?

Appendices

3. Which parameters of the trees are importantifoan tree managers?

Parameter

Description

Ranking of importance

Treelocation

The location of a tree (x and y
coordinates)

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Treecrown
projection
perimeter

The perimeter of tree crown
projection

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Tree height

Crown top

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Height of the
first bifurcation

Height of the first living fork

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Height of crown
base

Height of the base of the crown

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Appendix 1
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Periphery height

(height of the greatest width of the
crown)

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Periphery points

4 points on crown circumference or
peripheral height

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

DBH

Diameter of the tree stem on the
breast height

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

4. How important is the accuracy of each parameter?

Parameter

Description

Ranking of importance

Treelocation

The location of a tree (x and y
coordinates)

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Treecrown
proj ection
perimeter

The perimeter of tree crown
projection

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Treeheight

Crown top

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Height of the
first bifurcation

Height of the first living fork

- Essential

- Important

- Neutral

- Minor importance
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- Unnecessary

Height of crown
base

Height of the base of the crown

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Periphery height

(height of the greatest width of the
crown)

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

Periphery points

4 points on crown circumference orj
peripheral height

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

DBH

Diameter of the tree stem on the
breast height

- Essential

- Important

- Neutral

- Minor importance
- Unnecessary

5. What is the required accuracy for the imporf@rameters?

Parameter Description Required accuracy
Treelocation The location of a tree (x and y
coordinates) - Millimeters

- Centimeters
- Meters

Treecrown The perimeter of tree crown

pr oj ection projection - Millimeters

perimeter - Centimeters
- Meters

Treeheight Crown top
- Millimeters
- Centimeters
- Meters

Height of the

Height of the first living fork
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first bifurcation

Millimeters
Centimeters
Meters

Height of crown
base

Height of the base of the crown

Millimeters
Centimeters
Meters

Periphery height

(height of the greatest width of the
crown)

Millimeters
Centimeters
Meters

Periphery points

4 points on crown circumference ofj
peripheral height

Millimeters
Centimeters
Meters

DBH

Diameter of the tree stem on the
breast height

Millimeters
Centimeters
Meters
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Appendix 2

Scatter plots which shogoodness of fit between periphery points from T Slaaset (-axis)

and tree height from CP datase-axis). The trend line is plotted in r. The 1:1 line is plotted

in grey dash.
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Periphery point 4, X coordinate

Periphery point 4, Y coordinate
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Appendix 3

Scatter plots which show goodness of fit betweeippery points from TLSref dataset-axis)

and tree height from ALStpe datase-axis). The trend line is plotted in 1. The 1:1 line is

plotted in grey.
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Periphery point 4, X coordinate

Periphery point 4, Y coordinate

o
w
=
I
~
o =~ -
o
©)
=
= o 7
2 2§
=T L]
2 2 3 3 .
b |
- .
2 | : .
g S ‘
@ =
= =T
— f T 1 1
173900 174100 174300 174500 444100 444250 444400
TLSref dataset TLSref dataset
P4x P4y

69




Appendix 4

Appendix4 is DVD catalog

4.1. Script for tree parameter extraction

Path: DVD:\4.1. Script for tree parameter extraction\
Description: script (source: Harm Bartholomeus) used in PCTRithod to extract
tree parameters and to validate CP and ALStpe elatas

4.2. Tree side views

Path: DVD:\4.2. Tree side views\
Description:Side views of the trees (extracted from TLS and&Adoint data)
cleaned from solitary point outliers.

4.3.Side views of pure tree points
Path: DVD:\4.3. Sideviews of pure tree points\
Description:Side views of all trees (extracted from TLS andSAtoint data) which
represent only pure tree points without ground @mdierstory points.

4.4.Height of the first bifurcation
Path: DVD:\4.4. Height of the first bifurcation\
Description:Side views of all trees (extracted from TLS palata) with the red line
representing the height of the first bifurcatioonfr TLSref dataset.

4.5.DBH
Path: DVD:\4.5. DBH\
Description:Cross-sections of all the trees (extracted from pbiBit data) with a
circle fitted through points

4.6.Tree height and periphery height
Path: DVD:\4.6. Tree height and periphery height\
Description:Side views of all trees (extracted from TLS andSAtoint data) with
the red line representing the height of the trabgreen line representing periphery
height.

4.7.Periphery points
Path: DVD:\4.7. Periphery points\
Description: Top views of all trees (extracted from TLS and ALS palata) with the
red dots representing the periphery points of ibe. t
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