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Abstract / Kivonat

The thesis introduces algorithnaieveloped by the authallowing highly automated
processing of terrestrial laser scanner data recorded in uageen temperate forests with
multiple canopy layers and undergrowth. The extoactf tree positions is achieved in
irregular as well as in regular data structures of two and three dimensionsauduggering
techniqueand the concept of disconnected image objects. Thedimwensional methods
deliver the parametric models of themte 6 -seactmrs while the thredimensional ones
reveal the complete tree structure through a regular grid model. The models provide means for
the estimation of essential tree metrics, such as stem diameter at breast height, tree height and
horizontal cown projection area. The algorithms were validated with laser scans captured in
stands of clos¢o-nature conditions. The algorithms provide a tool for tree locating and
parameter retrieval even in the presence of low vegetation; furthermore, the mzpping
extended to the juvenile trees within the regeneration patches. The algorithms have potential
in supporting forest inventories and in providing an objective data pool for scientific studies
on forest dynamics.

Az ®rtekez®s olyan saj 8§t fejleszt®sT el j §]
al jn°v®nyzettel rendel kezR fa8ll om8nyokban
felmért fak adatainak magas fokon automatizalt feldolgozasat. A faegyedakséasa
sikbeli és térbeli, valamint szabalyos és szabdlytalan adatmodelleken t@zémitatok
particionaldsavalvalamint nem folytonos képi objektumokmégzettalakfelismeréssel. A
sikbeli eljarasok az azonositott faegyedek torzsének keresztmetgzptgametrikus leirasat
szolgéltatjadk, mig a térbeliek a fa szerkezetének térbeli racsmodetljl modelleket) A

model l ek alapj8n a mell magass§8gi 8§t m®r R, a
faegyedek |l egf ontosabb mennyi s®gi ok apot j
esztel ®s allapatunf@&Bomanyokbanre keskilt felmérések adatain torgnt.

i 8r8sokkal a f8k t®rk®pez®se alij.
rieszthetR az Y%jul at] foltok

t e
j avasol t el
tov8bb8 kite ban
seg?2thetik az erdRlelt8roz8stpnakahamiemtd Rdbpn

vizsgalatokhoz.



1. Introduction

Tree maps depict the location of trees in a cartographic projection system and optionally
other attributes at an individual level, resulting in a combination of spatial and biophysical
features in a geogphic information system. Tree models can be regarded as the extension of
tree maps as they resemble the size and shape of the objects in addition to their positions,
allowing direct estimation of structurelated tree metrics. Tree maps and tree models a
increasingly used in fields of applications as diverse as forest inventory, forest monitoring,
civil engineering, as well as the simulation of forest dynamics. However, the surveying of
vegetation introduces many specific requirements, and thus datisiacg and processing is
still challenging over forested areas.

Terrestrial laser scanning is an active remote sensing technology that provides coordinates
of the surface of objects by laser range finding in a regular pattern with a high sampling
densiy. It has the ability to acquire some millions of surface point coordinates with positional
accuracy of a few millimetres within an area of @Dlhectare per scanning positioims
forested environmenBecause of 3D data acquisition principle, the prangssorkflow can
be automated to a high degree. Efficient data acquisition in combination with automatic
processing offers a powerful solution for tree mapping and parameter retrieval. Automated
processing protocols have the additional advantage of béjegtive and repeatable, which
makes them promising for forest inventory and monitoring systems of regional scale. As the
laser scans provide data on tree structure with high sampling density, structural parameters
can be achieved that exceed the postdsli of the present dendrometric devices.
Consequently, the use of terrestrial laser scanner data has good prospects for describing
complex forest structures, such as claseature stands, and forest reserves. Nevertheless,
commercially available softwarpackages have been developed for extracting models of
artificial objects within urbanized environments, but have limitations in processing the laser
scanner data recorded in forested areas. In order to expl@ttamtage®sf terrestrial laser
scanningin tree mapping, specific algorithms need to be optimised for the detection and
modelling of trees.

This thesis introduces algorithms developed by the author, which aim to automate tree
locating and individual tree parameter retrieval from terrestisarlacans. The algorithms are
optimized for diverse structural characteristics, such as uregyesh multlayered, mixed
stands including regrowth patches. In addition to the survey oefroldth trees and the
assessment of standard parameters (stem thamed tree height), algorithms for detecting
juvenile trees and for estimates of individual crown projection area are presented. The
algorithms resulted in 2D parametric models of stem esessons and 3D grid models of the
complete trees, from whicle positions and biophysical attributes can be directly estimated.
The performance of the algorithms in terms of detection reliability and estimation accuracy
was validated on test sites established in Hungarian forests with diverse stand structure.



2. Literature overview

2.1.Laser scanning

Laser scanning or LIDAR (Light Detection and Ranging) is an active remote sensing
technology using laser range findings regular patterrfor data capture. Lasdreamis
characterized by high emission power, narrow beam widibll-defined frequency
(monochromatic) and coherent radiation which allows for directional illumination and short
pulse duration. As a result, the range finding systems have the ability of high accuracy and
high measuring frequency. The wavelength usedtlie distance measurement is in the
domain of visible light and near infrared electromagnetic radiation. The |lzesam
illuminates the surface of the target objects in an elliptical area called footprint. The distance
between the instrument and the objean be calculated through the twath runtime of the
reflected signal. Measuring the polar and azimuthal direction of the emitted laser beam, the
3D coordinates of the reflection can be allo

Laser scanners adata capture devicemmposed ofwo principal components: thrange
finding system anthe beam deflection unit. In the course of the data acquisition, the scanner
samples the target object with high freque(@ 1000 kHz)measurements that resultedain
high density and spatially explicit description of the object surfaces. Spectral parameters (e.qg.
intensity, amplitude, beam width) can be recorded additionally that characterize the
reflectance properties of the target object. The platform of the seasdpe a fixed tripod,
motor vehicle, aircraft or satellite; upon which ground based or terrestrial (TL&)jem
airborne (ALS) and spaberre laser scanningystemsare distinguishedrjgure 2-1).

Laser scannig is subdivided further according to the ranging principle and the footprint
size.The sensor alternatively records the round trip time of the pulse, the incident phase of a
continuous wave, the full waveform of the reflected signal, or angles at widesed |
illumination upon which pulse ranging, phase comparison, waveform analysis and
triangulationbased ranging principles are distinguishBteifer andBriese, 200Y. In case of
small footprint laser scanning, the footprint sizeusually smaller than e surface of the
target object. At large footprint laser scannitigg footprint radius is in the order of some ten
meters so théaser beam illuminates multiple targelat cannot be separated. Spruree
laser scanning is characteriZegtypically full waveform and large footprint technique, while
airborne laser scanning utilizes small footprint and either pulse ranging or full waveform
recording. Terrestrial laser scanners generally belong to the group of small footprint sampling
instruments using psé ranging or phase comparison pringigléhough some recent sensor
digitize the full waveform as well Scanners using the triangulation principle are greund
based. As they are restricted in ranging to a few metres, they are used principally indoor. The
typical configurations of laser scanner systems regarding to the platform, ranging principle
and footprint size are given irable2-1.

Table2-1. Typical configurtéions of laser scanning systems.

Platform Ranging principle Footprint
Pulse ranging Phase shift Full-waveform Small Large
Spaceborne * *
Airborne * * *
Terrestrial * * *




Figure 2-1. Examples on laser scanning frapairborne and b) terrestrigblatforms.(vww.toposys.com
www.avf.forst.urgoettingen.de

The primay outputof laser scanning is referred to as point cldeigre 2-2) containing
3D coordinates and optionally descriptive data about the reflectance properties of the target
surface. The point cloud is defined inh e sensor 0s coordinate
measurements are required to be located igeadeticprojection system or the spatial
integration of data from different scans is needed, the transformation of the point cloud
becomes necessary. The point ddacks any kind of spatial structure or explicit thematic
information. The absence of the spatial structure means that the point cloud is stored as a
sequential list without any explicit information on the neighbourhood relations. As a result,
the numberthe shape and size of the surveyed objects are unknowthe labsence of
thematic informationthe semantic meaning cannot be specified i.e. what the object is from
which the laser beam was reflected. The point cloud is a kind of model that holds data on
every surveyed object without regarding its relevance for the mapping purpose. One of the
main goals in the data processing is to filter the members of the point cloud focusing on the
thematic class of the targets to be mapped. The modelling of the tdjgets takes place
following the classification procedure. The range of possible model types involves colour
coded point clouds, triangulated meshes, grid models, composition of parametric surface
patches, and 3D object models constructed of solid pvesit Due to the high sampling
density, the models are generated ordinarily through the approximation of the point
measurements. Beyond the surveying of topography, the accurate and spatially explicit
models allows for revealing the structure of complerstauctions and vegetated areas as
well as their temporal changes (eWjulder et al. (2007), Lovas et al., (20RQovas et al.
(2012) provide comprehensive overview on laser scanning and its applications in Hungarian.
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Figure 2-2. Point cloud from small fatprint airborne laser scanning. (Source data: Sopron, Hungad9,/2
Captured by GEOService Ltligure compiled by the author.)



Terrestrial laser scanning is an active remote sensing technique operatmdixed
ground based position and using laser range finding with high measuring frequency to obtain
directly 3D coordinates (and optionally reflectance data) of high spatial density and high
accuracyfrom object surfaces. The general processing of thet mboud data essentially
covers the georeferencing of the point measurements, filtering data with regard to the objects
to be mapped, and creation of spatially detailed models with high accuracy.

2.2.Terrestrial laser scanners

Terrestrial laser scanners coospd of two main parts: the laser range finding system and
the beam deflection unit. Concerning the measurement range, object scanners and surveying
scanners can be differentiated. Only the latter meets the requirements ocirappstg
purposes allowinganging in a distance of up to some hundred meters or even more.

The widely used surveying terrestrial laser scanners use either pulse ranging or phase
comparison as a range finding principle. Pulse ranging systems calculate the distance by the
time spanbetween the emission and the detection of the laser signal assuming constant
propagation of the laser light. At the phase comparison technique, the emitted laser signal is a
continuous wave modulated on frequency. The distance of the reflection withisntes of
the modulated wavelength is determined through measuring the incident phase. Range
measures exceeding the wavelength of modulation are ambiguous. Practically, the instruments
utilize multiple modulation wavelengths for the extension of the etiecinge: The incident
phase of the longer wavelengths is used to resolve the phase ambiguity of the shorter ones,
which resulted in accurate distance evehoat-rangemeasurements. The distinct ranging
principlesresulted indifferences in the effectiveange, precision, and scanning frequency.
Pulse ranging commonly provides longer effective ranging while the phase comparison
technique delivers higher precision and higher measurement frequency. However, the
performance of recent laser scanners usinigréifit ranging principles has been converging.
Waveform digitizatiorhas not become widespread in terrestrial laser scanners so far, although
a few examples are already exisi®aveform digitizing systems recorthe complete
backscattered waveform at caanst time intervals during the acquisitidhhas the advantage
that additional descriptive data can be derived from the reconstructed ($Magier, 200b
The temporal position of the target with respect to the transmitted pulse gives the absolute
targe range. The width of the echo provides information on the surface roughness or the
direction of the target surface, whil e the ¢
reflectanceWhenthe laser beam contacts withultiple targets, each ofém results a peak in
the recorded signal (multiple echoes).

Frolich (2004)distinguistest hr ee t ypes of beam defl ecti on
field of view (Figure 2-3). Present classification of the instnents is limited to théypical
constructions, althayh hybrid variants also exist.

1. Line scanners or profiling systems emit laser beams only in one direction and allocate
them by a rotating mirror in the plane round about the axis. To produce a 3D point
cloud, the sensor has to be moved along the direction of the axis so instruments of
these types are rather applicable at mobile mappiafiic security applications and
vehicle control systems

2. Camera view system$rame scannersyre equipped with twoseillating or rotating
mirrors, deflecting théaser light in horizontabnd in vertical plane with a field of
view about 60 degrees in both directiofhe allocation of the laser beam in the
vertical plane is calledine scanning while the horizontal onas called frame
scanning
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3. Devices used to date at static terrestrial data capture are of panoramic view. Scanners
of this type use similar technique for line scanning as#neera view systembut the
frame scanning is achieved by a slower rotatiorhefwhole sensor body round about
the polar instrument axis. The angle of view is fulluax® in horizontal plane and
2701 320 degree in vertical plane. Instruments having limited zenith angle enable the
polar axis to be tilt in order to capture data fronbiteary part of the upper
hemisphereFigure 2-4 illustrates the main components of@anoramic view)aser
scanner system on the example of Riegl LMS Z420i.

d)

A9

Figure2-3. Scannersdé field of view: (a) I|line scanner (b)
zenith angle (d) panoramic scanner with full view over the upper hemisphere. (lllustrated by the author)

Terrestrial laser scanners optionally recepectral data characterizing the reflectivity of
the target surface. The most common descriptive feature is the intensity of the reflected pulse.
Stateof-art instruments digitize the full waveform of the emitted and reflected laser signal.
Following the waveform decomposition, multiple returns can be distinguished and the
accuracy of the ranging can be enhanced by-mustessing analysing of the signal
waveform. In addition, the amplitude and echo width can be derived for each reflection.
Numerous scanmng capture RGB data simultaneously with the ranging. Some earlier devices
have mount points for external digital camex&jle the newer ones contanuilt-in camera.
External cameras generally deliver images of higher quality, although they are motei@ccen
relative to the laser sensdrhe range of the further optional exsappliesinvolves internal
memory for orboard data recording, GNSS receiver, biaxial inclination sensor and compass
for direct georeferencing, various standard interfaces (incAMW/IUSB, Firewire, etc.), and
colour touch screen.

. Ranging unit

. Laser beam

. Rotating / oscillating mirror

. Beam deflection unit

. TCP/IP interface

. Laptop

. High resolution digital camera

. Ethernet cable

O 0 9 N B W N ==

. Processing software

Figure 2-4. The main components of laser scanner system on the example of Riegl LMS Z420i (www.riegl.com).
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Table 2-2 introduces the technical parameters of thmesent TLS devices depicted in
Figure 2-5. The sample data for the evaluation of the algorithm described in this thesis were
collected using an instrument Riegl LMS120i that stood for a statd-art laser scanner
around 2005. The VZ 400 belongs to the subsequent generation of pulse ranging Riegl
scannersThe development of the past years can be notedhe example of these two
instruments through the extensioh full-waveform digitization capacityincrease of the
measurement ratin the order of one magnitudine reduction in weight by 40%nd the
integration of GNSS receiver as well as internal mem@he third instrument, the Leica
HDS 7000 is an example to ap-to-date scanner using phase comparison ranging technique.
Its technical parameters reflect the main characteristic features of the phase comparison
ranging principle: the higher scanning rate and the limited effective range. The precision is
slightly better as it is at the pulse ranging instruments. All the instruments usafeyelass
laser so no additional equipment for protection is needed for the operation.

<)

a)

Figure 2-5. Exanples on recent terrestrial laser scanners a) Riegl EEI&0i(pulse rangingp) Riegl VZ400
(pulse ranging with full waveform digitization) Leica HDS700@phase shift{www.riegl.com, www.leica
geosystems.com).

Table2-2. Examples on the technical parameters of recent terrestrial laser scanners (www.riegl.com,
www.leicageosystems.com

Riegl LMS 7420i Riegl VZ400 Leica HDS7000
Pulse ranging

Ranging method Pulse ranging (full-waveform) Phase shift
Max. Measurement range [m] 350 - 1000 280 - 600 187
Precision [mm] 4 3 1-3
Accuracy [mm] 10 5 5
Beam divergence [mrad] 0,25 0,3 <0,3
Footprint size at 100 m [mm] 25 30 <30
Measurement rate [kHz] 8-11 42 - 122 1016
Line scan angle range [deq] 80 100 320
Weight [kg] 16 9.6 9.8

1: Depending on target reflectivity
2: At 50 m distance, depending on target reflectivity
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From the viewpoint of forestryelated applications of terrestrial laser scanning, attention
should be paid for theeduction in the effective range by up to 50% resulting from the low
reflectivity and rough surface of tree bavkww.riegl.con). Scanners with effective range of
at least 50 meter are reqedl for individual tree lodang. Thin twigs and leaves may csel
multiple echoes that result invalid point measurements (ghost points) in the point cloud
(Bienert et al, 2006 In addition, the reflections from trees beyond the ambiguity interval of
the instruments using phase ngoarison ranging principle raise the proportion of
measuremenmnoise. Instruments with ranging accuracy in the order of 1 cm deemed
appropriate for forestry applications, which is fulfilled by almost any of the recent scanners. A
more crucial parameter the scanning rate: Trees from afar of the sensor can be interpreted
better as well as the tree tops can be located with higher accuracy in a dense point cloud data.
Furthermore, the higher scanning rate reduces the time of data collection that resalted in
ghost points at the tree crowns moved by the witeh(iing and Radtke, 2086 Ducey et al.
(2013)found that the smalleootprint sizeleads to better penetration through the understory
vegetationalthough the larger footprint size is better siiiter the identification otree tops.

To providecomplete sampling of the tree crown, instruments of those should be preferred that
enable data capture from the entire upper hemisphere without changing the tilt angle of the
polar axis. RGB data have thevantage at interpretation aiming at species classification.
Additionally, low weight, buikin power supply and compact design are necessary for the
effective and convenient use over rural circumstances.

Full-waveform laser scanning holds greatomise for forestry applications.Echo
amplitude was found to be diagnostic featurdull-waveformairbornelaser scans ahe
estimate of mixture rate of conifers and deciduous trees ifdsafstateRrolly andKiraly,

200%). It is expected that the spectdata of the terrestrial waveform recording systems can
be similarly sufficientin distinguishing groups of tree species. Beside the amplitude, the echo
width has potential in tree species classification through the quantification of bark roughness.
Multiple targets that are close to each other cause invalid (ghost) pec#ase the echoes

are superposed and their average range is returned. This issue mayegacdiess to the

type of laser ranging. Using fulVaveform digitization, the echo shape irat&s whethean

echo originates from a single targetaultiple targets, thus the number of ghost points can be
suppressedAs low vegetation produce multiple echaes wel| this capability can also be
efficient in their automatic filtering. Moreover, weform digitization enables the detection of
multiple echoes per pulse if the distance between the targets exceeds the minimum of multi
target resolutionWith regard tdforestry, multiple echo detection is prosperous for describing
the fine structure of dnanching in the canopy. Studies on the benefit of-Vialeform
digitization in the field of forestry are required to verify these assumptions.

2.3.Transformation of the point cloud

The point cloud is defined by spherical coordinatey ,f) in the scannérs o wn
coordinate systemwhere r denotes the rangg, and 7 describe the orientation of the

directed laser beam azimuthal and polar directions respectiv@fjgure 2-6). Although the
raw observablegleliver polar coordinatesmost software packages providectangular
coordinates (x,y,z) as output. The relationshipetween the raw observablesd the

rectangulacoordirates can be expressed as folloReghetyuk, 2009

13
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gz & sinf g
Each point c¢cloud is defined i rtransfdrneatiossc ann e

are needed toombine scans recordémm different positios andto locate the merged point
cloud in a superior coordinate system (éigngarian Projection SysteEOV). The process

of transforming each local coordinate system into a common coordinate system is generally
referred to as reteve orientation or specifically in case of terrestrial laser scans; registration.
The subsequent transfornuat of the combined point clouthto an eartHixed coordinate
system is achieved through the process of absolute orientation or georefe(Bfaifiegand

Briese, 200Y.

Figure 2-6. Raw observables in the sensords own cC (

Both type of orientations realized as congruertcgnsformationthat preservesthe
distance and angle between arfytlie point pairswithin the same scarnThe number of

parameters is six including &Dx, Dy, Dz) translation vector anc(W,j,k)rotation angles
around each axis of the local sensor coordinate system. Let denpigy;,z) local

coordinates of the-th elementn the point cloud,p; the coordinates in the target reference

system R the rotation matrix and the translation vector. Thermula for the transformation
is the following(Henning and Radtke, 2007)

p; =R®, +t (2-2)

In the course of registrationhd parameterf and t are computed by tie points i.e.
matching point pairs from the overlapping regions of the scans. The minimal number of tie
points is three, but th@ore points are included in the registration the higher reliability can be
achieved Theobject functionaccoding to the least squares adjustmenthe following

14



N 2
alpi-a| =MIN (2-3)
i=1

Where n(?2 3) denotes the number & point pairs and q, denotesthe i -th matched

point in the target coordinate system. Tie points are represented by artificial reflectors or
characteristic objecthat can be identifieoh differentpoint clouds.

Reflectors are special markers withircular, cylindrical or gherical shape and high
reflectivity (Figure 2-7). The measurements on ttedlectorscan bedetectecautomatically by
selectingthe points with extremely high intensi#lternatively, markers with spherical shape
are available that can beéentified automatically through their geometric featudgsplying
least squares surface fittinthe shape of theeflectorcan bemodelledaccuratelyallowing the
exact location of its centr&eflectorshave to beestablishedat the overlapping area of the
scansin evenly distributed arrangemepttior the data collectianRegistrationvia reflectors
can beappliedalmost under all circumstances including forest survélie drawback of this
method is that the reflectors arecassible only up to a few meters height above the ground,
thus they unable to guarantee alignment in the higher regions of the crown.

{)
\

A
W "\
Figure 2-7. Target object for registration of scans. (www.riegl.com)

The other group of registratiomethods extrastmatchingpoints automaticallyrom the
overlapping part of two point cloudg'he most popular algorithm for the calculation of the
registration parameters is the lIterative Closest Point Algorithm, (Kifure 2-8) that
minimizes the sum of squared distance between the closest gioints scangAgca, 2007).

The groups of corresponding points are unknown beforehand so coarse registra¢ietded

as an initialization The algorithm involes new matching point grouge each of the
iterations refines theregistration parameters then transforms the point cloud to be adjusted
using the updated parameters. The corresponding point gaoeigxtractedy searching for
planarsurfaces or similarities in the intensity valu&be recently used variants of the ICP
accomplishlocal plane fittingat first and continue minimizing the discrepancy between the
points and the corresponding planegsing hierarchic approaciby selecing the appropriate
planar surfaces in coarsefine manner speeds up the proceskhe ICP is a powerful
technique therefore; it is implemented in many of the point cloud processiigare
packages Although its use islimited in forested scenes, espaty at the height of tree
crowns due to the difficulties of extracting appropriate planar surfaces within the canopy.

Objectbasedregistrationprocedures arevolved from the ICP algorithm so they can be
regarded as its extension. These algorithms rezeghe correspondingpoint groups as
edges, corners, cylindrical, conicat spherical surfaces. The orientation parameters are
calculated through iterative alignmenttbe corresponding objects. Objelsased registration
can beutilized in scenes whermost of the scanned objects amtificial constructions with
smooth surfacand regular shape. Thise of classiobjectbasedegistration techniquehave
strong limitations over forested areas as the algorithm can not match the surface points of
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trees (piLine, 2009. Henning and Radtke (20Q7)@nd Huang et al (2011)developed
automatic objectbasedregistration methods optimized for forest scenes. The alga@ithm
detectpoint measurements from the stem surfanesach scanThe sem points weresplit
into 1 m height intervals, which resulted in horizorst®@mslice sections. A circle was fitted
by least squares adjustnteonto each stem slice sectiofhe matching circles were selected
upon the similarity in diameter. The orientation parameters weralatdd throughhe ICP
algorithm using the corresponding circle centassinput dataThis approach resulted in
preciseimage alignmentsip to approximately 20 meteabovethe ground, with an avage
postregistration error 00.16 cm.

o,
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Figure 2-8. Concept of the ICP algorithm illustrated in three iterative steps. (Adapted from Pfeifer, 2007)

The process of georeferencing is similar to that of the registration in the sense it computes
the parameters of a cgiuency transform as well. The indirect solution of georeferencing
needs control points with coordinates defined in the superior reference system. The control
points are marked in the field with the same type of reflectors as it was mentioned at the tie
points. Direct georeferencing can be appleth instruments that have the ability to locate
the absolute position, azimuth and inclination of the sensor. The position and attitude of the
scanner is measured by a GNSS receiver coupled with biaxial inctirsnsor. The azimuth
can be estimated by compass or using a pair of GNSS sensors equipped on a fixed base.
Deviation of the stand axis from the vertical, defined by the local gravity field, may be
observed and corrected with an electronic spirit le&tthough direct georeferencing has the
highest degree of automation, it has not conte wmide use so far because itd limited
accuracy Berényi, 201). However, this technique could lsenvenientfor applications in
forested areas where surveying basetgare usually not available near the scanner position.

2.4.Data structures

2.4.1.Dimensions and data types

Models represent objects with respect to relevant aspects. Our models aimed at describing
the components of a forest scene, typically the ground surfacehandtructure of the
vegetation with specific regard to the position, size and shape of the trees.

The expression data type refers to the storage @drthe geodata se¢hat can beeither
regular or irregularThe spatial information content is storedvastor coordinates in case of
irregular storage format. Point coordinates have no extent thus the distance between the
neighbours can be arbitrary allowing representation of irregular patterns. The regular spatial
structure resulted in wetlefined neighburhood relations as the data stored as an array of
small cells with identical size and shape. Both data type can have spatial extent in two or three
dimensions.

Most of the laser scans are stored with rectangular coordinates in irregular pattern so the
primary storage structure of the point cloud is a type of 3D vector. It is convenient to reduce
the number of dimensions from three to two by creating a thin horizontal subset where the
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height difference of the points is not significaftigure 2-9). In this case, the height
coordinates can be neglected in the course of processing that simplifies the algorithm and
saves computational time.

The regulawvariantof the 2D vector data type is called raster. It is compbgeghiform
cells of equal spacing with neither overlap nor gap between the adjacent elements. The shape
of the cells is squared in far the most cases, however rectangular or hexagonal structures are
also possible.

Extending horizontal squared cells in teight domain, the shape of the elements turns
to be cubic called voxels (volumetric pixel), while the corresponding 3D grid structure is
referred to as voxel spacé&igure 2-10). Voxel space can be interpreted asstack of
horizontal rasters of unit height. The inverse of the statement is also apprehensive: Raster is a
voxel space of unit height. Regular data composed of squared cells are also named as grid
structure in general including rasters and voxel spdged.data can be displayed as digital
images(Czimber, 199Y.

Grid data are arranged in columns, rows and planes indexdd Q%) nonnegative
integers. Each cell is located in this grid coordinate system and represented by a digital
number. The spatial resolution of the grid is expressed by the cell skeoint cloud given
with vectors of(x, y, z) coordinates can be stored as a grid composed nf n, cells, where

the symbolg g refers to theceil function:

n = é,Xmax = Xrin @’ n = é,ymax = Ynin ?’ n, = é,zmax = Zin 9 (2-4)
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Figure 2-9. Representation of laser scanned data a) 3D point cloud, b) horizontal subset of stem surface points
and c) their representation in a binargster. (Source data: Hidegviglgy Forest Reserve, Hungary, 2006.
Figure compiled by the author)
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Figure 2-10. The 3D voxel space is composed of a set of 2D rasters. The cells are identified by the indices of
columns (i), rows (j) and planes (k).

In a grid structure, the location afhy point measuremens represented by éhmidpoint
of the corresponding cell. If the top back left corner of the grid is georeferencgghYnlax
Zmay Coordinates and the rows hathee same orientation as the axis X, the cell indices of an
arbitrary point with(x, y, z) coordirates can be calculated by the following formulhere the

symbol é (] refers to thdloor functiorn

~

SO X U €Yt YU 62, - 20

€ d " & d d & d Y

The orresponding relations faralculating the(x, y, z) coordinates fronthe midpoint of
thecell (i, j,k) are as follows:

x=x_. +({+05@, y=y_ . -(j+05@, z=z_ - (k+05 @ (2-6)

k =

(2-5)

Midpoints of the grid cells retain the origingk, y, z) coordinates with an error o%at

the worst caseThe absolute error raised as the resultant of coordinate errors is up to

3

7d thatis reduced togd at raster data with the omission of the height component.

Points within the area of a given raster dellj,k) can be queried from the original point
cloud, as the corresponding points fullfie following system

i®|+Xmin ¢X<(i+1)®+xmin
Yoex - (J+D@Cy<y,, - @ (2-7)
z..- k+)@¢z<z - k@

The term oO0diABance@emferaellysreferred to th
midpoint hat is computed b{2-8):

de =y(Xg - Xp)2 +(Yg - Ya)? +(Zg - Z,)7 . (2-8)

The use of the Euclidian norm in a grid has the disadvantage that the neighbours of a cell
sharing common vertex, edge or face are at differenartiss. Calculating the distance in
Manhattan norm is often more convenient, as in this case, all the connected neighbours of a

18



given cell are at the same distance irrespective to their relative pdsaiaret al., 1995 The
Manhattan norm (or citplock distance) of two voxels is computed 3<9j:

dM :|XB - XA|+|yB - yA|+|ZB - ZA| (2'9)

The use of Manhattan norm has the further advantage that its computation is less
complicate because the Manhattan norm of twtscwith integer grid coordinates yields
always integer resuliThe set ofpoints that are equidistant in Euchdi norm from a given
pointare located oa circle while in Manhattarnormthe points are on square.

The digital numberassignedto a gridcell is interpreted as a specific attribute of the
represented space or volumetric eleménthe simplestcase the attribute is a binary code
expressing the existence or the absence of a laser scanned point measwithimethie cell
by the constantd and O respectively. This kind of grid representation considers the location
and neighbourhood relations of the point measurements. Extendirdpth&n of binary
codesallows for the storage ofraduated data. For example, storing the counts of point
measirements for each cell resulted in a point density raster, or computing the average of the
intensity values per cells resulted in an intensity image. term range image refers to raster
that contain the distances of the scarpusitionand theclosestpoint measurementithin the
correspondinggrid cells (Figure 2-11) It may be confusing that the term range image was
used as synonym expression for the polaud in earlier studieShe colour of the reflecting
surfacess recorded by digital camera andan bedisplayedusing RGB code.

b X Wﬁi‘.‘;&
Tm 20 m ;

Figure 2-11. Range image: range data stored in a raster. Rows and columns represent constant scanner angle
values (Source data: ktlegvizvolgy Forest Reservéjungary,2006.Image compiled by the author
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2.4.2.Image objects

The main goal of tree mapping algorithms is to detect point measureménats stems in
the laser scanngubint cloud. This can be achieved based on general georf@sttures such
as shape and siz# the point patternsHowever, a single vector arcell is only a primary
element in the data set of the reflecting object @iodereveals nothing abouts geometric
features. To retrieve information on the shapdhef objectsan extendedulgroup of the
primary data has to be analysed with special regard to #tialslations of its elements.

Neighbourhood relations can be defined in straightforward way at grid data structure. A
raster cell has four neighbourstivcommon cell side additionally four others at the corners.

A voxel has six neighbours sharing comnface;twelve sharing common edge and eight at
the cornerg(Figure 2-12). A set of connected cells with similamlues compose region.
Delineation of regions is done according to a homogeneity criterion of cell values. A plenty of
homogeneity criterion has been defined in algorithms for segmentaticmmotely sensed
images(e.g.Benz et al., 2004, Czimber, 2009

The algorithms introduceid the present thesggocessondit( 6 b1 ac k himay whi t €
grids. Cells containing at least one laser point measurement are 'toded called signed
(foreground), while the complement set of cells are cddlexhd callel empty (background).

A set of signed cellsn connection to each other is called region in binary image processing.
Delineation of regions is achievetirough Connected Component Labellirggorithms
(CCL) that find all regions in an imagend assigra unque label to all cells in the same
region (Jain et al, 1996 Image objects are regions organized in data structure that ensures
unigue identification for each region and enables linking attributes. The size of the smallest
image object is one cell. Athutes of image objects relate to size, position, shape, and
neighbourhood relations that contribute to their thematic classification.

While connected image objects cover one contiguous region of a scene, disconnected
image objects can consist of severallased partgFigure 2-13). In case of disconnected
image objectsthe aggregation of single regions contains reasonable meaning; the coherent
objects represent one physical object. Image objects can be orgart@éderarchic levels,
where the totality of all image objects in each level covers the entire scene. This means that
all image objects on a lower level are compiet®ntained in exactly one image object of a
higher level Baatz et al, 2004 Objects onhigher levels are called aggregations (super
objects). Disconnected image objedtisould betreatedas aggregations as they contain
multiple continuous regions.

a)

b)

L | |
L] O

Figure 2-12. Neighbourhood relations of a rasteell (a, b), and of a voxel (d).
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Figure 2-13. Group of binary cells (a), regions (b) and objeeith unique labels A,B,C,D and &) composig
one disconacted image object labelled wigh(d).

Regionsof connected image objects atiee fundamental elements of binary image
processing, however connected image objects can further Ilhetspcomponents (sub
objects).Soille and Vogt (2008presented a morphologic segmentation method that can be
used for baracterising binary patterns with emphasis on connections between their parts. The
resulted components are classified to one of the seven categories (core region, islet, loop,
bridge, perforation, edge, and branch). the terms and idioms in relation wbjectbased
image analysis can be extended to 3D grid data.

2.5.Processing concepts

Three main concepts have been outlined in the literature focusing on the topic of
modelling trees from terrestrial laser scanner data. The concepts differ in objectiveo(ladat
modelled or estimated), scale (number of target trees), and modelling principle (physical or
stochastic approach). The border between the concepts is blurred as they overlap some times
to each other and there are some transient methods exist.

1. Tree mpping and estimation of attributes on individual levhe main motivations

are (1) tofind solutions for using TLS as an alternative technique for the automatic
retrieval of classic farst inventory parameters and (2) waden the range of
descriptive d&a that can be used for forest management applications and ecological
investigations. The data capture is typically involves several trees e.g. those that are
within a forest inventory sample plot. Due to economical reasons, the surveying is
often completd from a single vantage point so the algorithm should be able to
manage point clouds from single and multiple scanning positions as well. Specific
challenges are the filtering of vegetation points and their classification according to
the individuals. Thebiophysical attributes are estimated through relatively simple
structural models.

2. Reconstruction of tree structure. Tree models of this kewedalthe architecture of a

single tree including the crown structure with high level of details. Tree moalets h

to provide information on (Ithe start point andnd point of each branch ang (adii

at these points. In addition, topological models account for the branch hierarchy. To
ensure complete model, the sample tree is measured from multiple scannimgositi
The field of potential applications involves the reconstruction of especially valuable
trees and assessment of tree volume for the improvement of local volume tables. Time
series of tree models are ndastructive meant®r monitoring tree growth thuthey

suit for the purpose of ecological researches. Other studies have focused on tree
models to explain the impacts of the canopy structure on gas and water exchange and
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