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Vorwort

Der erste thematische Kontakt mit der Materie der Laserscanvermessung ergab sich im
Rahmen der Diplomarbeit im Jahr 2009. Dr. Prokop, der zu diesem Zeitpunkt als einer der
ersten Wissenschatftler intensiv an den Mdglichkeiten der Laserscantechnik zur Bewertung
von Naturgefahren forschte, sollte im Rahmen des EU-Alpine Space Interreg Ill B Projektes
ClimChAlp evaluieren, inwieweit sich terrestrische Laserscanner, im Vergleich zu anderen
Techniken, fir ein Monitoring von Erdrutschungen eignen. Ein Teilbereich dieser Forschung
war die Entwicklung einer einfachen Filtermethode fiir Laserscandaten (auf ArcGIS Basis)
zur Berechnung eines Digitalen Gelandemodelles. Durch Vergleich mehrerer digitaler
Modelle konnte so eine Massenbewegung von instabilen Hangen nachgewiesen und
dokumentiert werden.

Fur das Monitoring von Naturgefahren bietet das Laserscanning ideale Voraussetzungen.
Durch die hohe Punktdichte kdnnen grof3flachig sehr exakte Modelle erstellt werden. Die
Aufnahme im Gelande kann in sehr kurzer Zeit durchgefiihrt werden. Ein weiterer grofRer
Vorteil -speziell bei Aufnahmen im gefahrlichen Geléande- ist, dass der unmittelbare
Gefahrenbereich nicht betreten werden muss.

Alle diese Vorteile und Mdglichkeiten haben mich dazu veranlasst, mich (ber die
Aufgabenstellung der Diplomarbeit hinaus mit diesem Thema zu beschéftigen. Am meisten
hat mich die ungeheure Zahl der Aufnahmepunkte in so kurzer Zeit beeindruckt. Neue
Scanner sind heute in der Lage Uber eine Million Punkte innerhalb einer Sekunde zu
messen. Durch die Leistungsféhigkeit dieser neuen Aufnahmegeréte veréndert sich auch der
Anspruch an die Auswertungsroutinen. Da hier speziell bei der Filterung von terrestrischen
Laserscandaten noch Entwicklungspotential vorhanden ist, war es flr mich ein Anspron, in
diese Richtung zu forschen.



Kurzfassung

Ein digitales Hohenmodel (DHM) bildet die Grundlage fir viele wissenschaftliche und
planerische Anwendungen. Durch die relativ neue Technologie des Laserscannings bieten
sich bei der Aufnahme von Geldndeoberflichen neue Mdglichkeiten in punkto
Geschwindigkeit, Genauigkeit und Sicherheit. Bevor ein DHM erstellt werden kann, missen
die Nichtbodenpunkte durch Filterung von den Bodenpunkten getrennt werden. Erst mit
diesen klassifizierten Daten kann ein naturgetreues, digitales Oberflichenmodell erzeugt
werden.

Wahrend groliere Erdabschnitte meist in Form des sogenannten Airborne Laser Scannings
(ALS) von einem Flugobjekt aus erfasst werden, erfolgt die Vermessung Kkleinerer
Gelandeabschnitte meist mittels Terrestrischen Laser Scannings (TLS) von der
Erdoberflache aus. Die meisten vorhandenen Filteralgorithmen gehen von Aufnahmedaten
aus, welche aus dem ALS Verfahren gewonnen werden. Da die TLS Messung von einem
statischen Zentrum aus erfolgt, unterscheiden sich die Aufnahmedaten hinsichtlich der
raumlichen Verteilung stark von ALS-Daten. Die Position des Scanners innerhalb des
Zielbereiches fuhrt zu einer Konzentration der Aufnahmepunkte in  der
unmittelbaren Umgebung des Scanners. Durch die meist seitliche Aufnahmerichtung
ergeben sich durch umstehende Objekte vollstandig verdeckte Blickrichtungen und somit
grolRere Gebiete ohne Aufnahmepunkte. Diese Schatten hinter Objekten (z.B.: Baumen,
StrAucher, Gebaude,...) sind fur terrestrische Aufnahmen charateristisch. Die
Verarbeitung dieser Daten zu einem DHM erweist sich dadurch meist als schwieriger
gegenuber Daten aus einer Luftaufnahme.

In dieser Arbeit werden neue Ansatze prasentiert, welche die speziellen Faktoren einer TLS-
Aufnahme in den Filterprozess mit einflieBen lassen. Ein solcher Ansatz basiert auf der
Annahme, dass sich Uber einer direkten Sichtverbindung zwischen Laserscanner und
Bodenpunkt kein anderer Bodenpunkt befinden kann. Befindet sich ein Punkt in einem
bestimmten Ausschlussbereich oberhalb dieser Sichtverbindung wird er als Nichtbodenpunkt
klassifiziert. Aufgrund der keilformigen Gestalt des Ausschlussbereiches wurde diese
Methode als Wedge-Filterung bezeichnet.

Als Endziel wurde die Erstellung einer Vorgehensweise zur méglichst vollstandigen Filterung
von terrestrischen Laserscandaten angestrebt. Dabei sollte die Filterung nicht nur —wie bei
vielen bestehenden Filteralgorithmen blich- Gber den Z-Wert (H6he) erfolgen, sondern auch
Uber die Lange, also von der Seite her. Durch diese Kombination von Rauminformationen
aus verschiedenen Richtungen sollten auch in Bereichen mit sehr wenigen Ausgangsdaten
Nichtbodenpunkte richtig erkannt und entfernt werden. Hierzu entstand die Idee, anstatt der
Ublichen X,Y-Werte die Horizontal- und Vertikalwinkelbetrage zu verwenden, wodurch sich
ein sehr gleichmaRiges Raster ohne groRRe Lucken ergibt. Anstatt des Z-Wertes wird die
Aufnahmeldnge verwendet. Die Funktionswerte fir die Filterung bilden somit die
Messdistanzwerte. Die Methode wurde aufgrund des daraus resultierenden horizontal-
vertikal Rasters als HOVE-Filterung bezeichnet.

Die gefilterte Punktwolke wurde Interpoliert und mit einer Referenzoberflache verglichen.
Durch die Kombination dieser beiden Filtersétze konnte die statistische Qualitat des
erzeugten DHMs jedenfalls deutlich erhdht werden. Sie kdnnten auch dazu beitragen,
bestehende Filtermethoden zu erweitern. Dank der dadurch erhaltenen, zusatzlichen
Rauminformationen koénnte dies auch bei etablierten Anwendungen zu einer
Qualitatssteigerung fuhren.

Schlagworter: Laserscan, terrestrisch, Filterung, topografisches Modell, Ho6henmodell.



Abstract

A digital elevation model (DEM) is the basis for many scientific and engineering applications.
The relatively new technology of laser scanning offers new possibilities in terms of speed,
accuracy and safety when recording terrain surfaces. Before a DEM can be created, the non-
ground points must be separated from the ground points by filtering. Only with these
classified data it is possible to distinguish between points that are used for creating a DEM or
a digital surface model (DSM)

While larger sections of the earth are usually detected in the form of the so-called airborne
laser scanning (ALS) from a flying object, the measurement of smaller terrain sections is
usually carried out by terrestrial laser scanning (TLS) from the earth's surface. Most existing
filtering algorithms assume recording data obtained from the ALS method. Since the TLS
measurement is from a static center, the spatial data distribution of these data is very
different from ALS data. The position of the scanner within the target area results in a
concentration of the collected points in the immediate vicinity of the scanner. Due to the
mostly lateral recording direction the surrounding objects produce completely obscured lines
of sights and thus larger areas without receiving points. These shadows behind objects (such
as trees, shrubs, buildings ...) are characteristic for terrestrial recordings. Processing this
data into a DEM usually proves to be more difficult than data from aerial recordings.

In this thesis, new approaches are presented, which incorporate the special properties of a
TLS recording into the filtering process. Such an approach is based on the assumption that
there can be no other ground point over a direct line of sight between the laser scanner and
ground point. If a point in a certain exclusion area is above this line of sight, it is classified as
a non-ground point. Due to the wedge-shaped form of the exclusion area, this method was
called wedge filtering.

The final goal was to develop a procedure for filtering of terrestrial laser scan data as
complete as possible. The filtering should not only be carried out by the Z value (height), as
is usual with many existing filter algorithms, but also laterally using length values. Through
this combination of spatial information from different directions, non-ground points should be
properly detected and removed even in areas with very few original data. For this purpose,
the idea was to use the horizontal angle values and the vertical angle value instead of the
usual X, Y point values, resulting in a very uniform grid without large holes. Recording length
is then used instead of the Z point value. The function values for the filtering thus provide the
measured distance values. The method was called HOVE filtering because of the resulting
horizontal-vertical raster.

The filtered point cloud was interpolated and compared to a reference surface. By combining
these two sets of filters, the statistical quality of the DEM generated could be significantly
increased in any case. The presented methods could also help to expand existing filtering
methods. Thanks to the additional spatial information thus obtained, this could lead to an
increase in quality even in established applications.

Keywords: Laser scanning, terrestrial, filtering, topographic model, elevation model.
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1 Einleitung

1.1 Problemstellung

Den meisten Anforderungen, die an Aufnahmen aus terrestrischen Laserscans (TLS)
gestellt werden, ist es gemeinsam, dass topografische Modelle bendtigt werden. Diese
Modelle bilden oft Grundlage fir weiterfihrende, ebenfalls automatisch ausfiihrbare
Anwendungen (z.B.: Hohenschichtlinien fiir topographische Karten, Uberschwemmungs-
simulationen, ...) (PFEIFER, 2003). Da innerhalb kurzer Aufnahmezeit eine grof3e Menge an
Hoéhendaten gemessen werden kdnnen, stellt das Laserscannen fir die Erstellung von
topografischen Modellen, beispielsweise einem digitalen Hohenmodell (DHM), jedenfalls ein
optimales Werkzeug dar.

Bei der Berechnung eines DHM miissen die Punkte auf der Erdoberflache identifiziert und
Nichtbodenpunkte, wie Vegetation, Gebdude und andere Konstruktionen tber dem Boden,
welche ebenso vom Laserstrahl getroffen wurden, entfernt werden. Dieses Entfernen
unerwinschter Messungen, wird in diesem Zusammenhang als Filtern bezeichnet
(AXELSSON, 2000).

Das Ergebnis einer Laserscanmessung ist eine unstrukturierte Ansammlung von Punkten.
Der Mensch kann in dieser Unordnung aus den Hohenwerten, der Verteilung, der Struktur,
usw. mit einer bestimmten Wabhrscheinlichkeit die Gelandeoberflache erkennen und
rekonstruieren. Es ist z.B. sehr unwahrscheinlich, dass sich die Oberflache sprunghaft
andert. Je mehr ein Punkt gegeniiber den umliegenden Punkten z.B.: in Hohe abweicht,
desto wahrscheinlicher ist es kein Bodenpunkt. Schwierig wird es bei wenigen und ungleich
verteilten Nachbarpunkten, welche nur gering voneinander abweichen, diese zu
klassifizieren. Innerhalb einer anspruchsvollen Topographie haben viele Bodenfiltertechniken
Schwierigkeiten, mit einigen Objekten wie kurzer Vegetation, steilen Hangen usw.
umzugehen (BALTENSWEILER et al., 2017).

Die grolRe Schwierigkeit bei der Filterung ist, dass jeder Punkt zu einem gewissen Grad mit
jedem anderen Punkt in Beziehung steht. Bei der - haufig in diesem Zusammenhang
angewandten Interpolationsmethode des Krigings (KRIGE, 1951) - wird beispielsweise
versucht, genau diesen Umstand der gegenseitigen Beziehungen, auch (ber groRRere
Distanzen hinweg, mdglichst akkurat zu berticksichtigen. Sobald ein Punkt ausgeschieden
wird, verandert er das geschatzte Oberflichenmodell fir die Punkte in der naheren
Nachbarschaft. Das Modell muss unter den neuen, verdnderten Bedingungen neu berechnet
werden. Gerade bei nicht eindeutigen Aufnahmebereichen, ergibt sich erst durch die
schrittweise Eliminierung von Punkten fir den menschlichen Betrachter eine - mit bestimmter
Wahrscheinlichkeit - plausible Oberflache. Da automatisierte Anwendungen meist im
gewissen Mal3e einer menschlichen Denkweise zugrunde liegen, muss daher auch der
Prozess der Punktwolkenfilterung fast zwangslaufig ein iterativer sein.

Wahrend groRere Erdabschnitte meist in Form des sogenannten Airborne Laser Scannings
(ALS) von einem Flugobjekt (z.B.: Flugzeug oder Helikopter) aus erfasst werden, wird die
Vermessung kleinerer Gelandeabschnitte meist unter Zuhilfenahme des Terrestrischen
Laser Scannings (TLS), also von einem stationdren Vermessungsgerat aus, durchgefuhrt.
ALS kann den Boden grof3flachig abbilden, wobei die Punktdichte normalerweise zwischen 2
und 20 Punkten pro Quadratmeter liegt. TLS hingegen ist in der Lage hochgenaue Punkte
(Millimetergenauigkeit) mit typischerweise Hunderten von Bodenpunkten pro Quadratmeter
(e nach Entfernung vom Scanner und den Gerateeinstellungen) zu generieren. Dadurch
erhalt man eine detailliertere Abbildung der Bodenoberflache als dies mit ALS mdoglich ist.
(MUIR, 2017) In Hinsicht der Genauigkeit von Vermessungs- und Geomorphologie-
Anwendungen eignet sich TLS besser als ALS zur Entwicklung DHMs.

Die Aufnahmedaten des TLS unterscheiden sich stark vom ALS Daten. TLS ermdglicht die
Erfassung hochaufgeloster Geodaten von Nahzielen. Nahbereichsabtastung bedeutet, dass



die intrinsischen Punktwolkendichten im Vergleich zu etablierten ALS-Daten erheblich
variieren. Daruber hinaus unterscheiden sich die Scanentfernungen und -winkel vom
Scannen aus der Luft. Die Position des Scanners innerhalb des Zielbereichs bedeutet, dass
sich die raumliche Verteilung der gesammelten Punkte stark um die unmittelbare Umgebung
des Scanners herum konzentriert. Besonders der Umstand, dass sich durch umstehende
Objekte vollstandig verdeckte Blickrichtungen und somit gréRere Gebiete ohne
Aufnahmepunkte (Schatten) hinter diesen Objekten ergeben, ist fiir terrestrische Aufnahmen
charakteristisch. (PUTTONEN et al., 2015) Durch die seitliche Aufnahmerichtung erreicht der
Laserstrahl oft nicht den Boden. Es werden somit nur Teile der Oberflache von
Gelandeobjekten erfasst. Im Gegensatz zum ALS, wo die Gelandeoberflache meist
kontinuierlich verlauft, erfasst das TLS oftmals nur kleine Geldnde- oder Objektbereiche,
welche keinen raumlichen Bezug zueinander haben und scharfe Kanten bzw. Ubergange
bilden.

Generell lasst sich feststellen, dass bei ALS Aufnahmen -bedingt durch die senkrechte
Aufnahme- im X,Y-Koordinatenraum eine relativ gleichmafiig verteilte, geordnete Struktur
der Aufnahmedaten vorhanden ist. Im Unterschied dazu wechseln sich bei TLS-Daten
Regionen mit hoher Punktdichte mit fast punktlosen Arealen ab. Eine Filterung solcher Daten
stellt sehr spezielle Anspriiche an den Filteralgorithmus. Bestehende Filtertechniken, welche
erfolgreich bei ALS angewandt werden konnen, schlagen bei TLS-Daten fehl, da sie die
Gelandeoberflache zu stark glatten und somit nicht ihre wirkliche Morphologie beibehalten
(RODRIGUEZ-CABALLERO et al., 2016). Die Herausforderung ist es, neue bedarfsgerechte
Anséatze zur Filterung von TLS-Daten zu finden. Aufgrund der oft sparlichen Informationslage
ist es umso wichtiger, moglichst viele Parameter in den Berechnungsprozesse mit einflie3en
zu lassen.

1.2 Zielsetzung und Zweck der Studie

Die Uibergeordnete Zielsetzung war die Optimierung von Filterungsprozessen zur Erstellung
von topografischen Modellen, speziell fiur Aufnahmedaten aus terrestrischer
Laserscanvermessungen unter Beibehaltung mdglichst vieler Bodenpunkte und der
Steigerung der statistischen Qualitat dieser Gelandemodelle. Hierbei sollten die besonderen
Strukturen, Eigenschaften und Voraussetzungen von Aufnahmedaten bedingt durch die
terrestrische Aufnahmeform, im Filterprozess bericksichtigt werden.

Die spezielle Zielsetzung der einzelnen Publikationen ist jeweils unterschiedlich. Die Arbeit
war im Nachhinein betrachtet ein Entwicklungsprozess, wobei sich der Anspruch an die
Ergebnisse von einer Publikation zur ndchsten steigerte.

Das Hauptaugenmerk der ersten Studie lang in der Erforschung von Mdoglichkeiten zur
Bestimmung von Hangbewegungsmustern bei Erdrutschungen (PROKOP und
PANHOLZER, 2009). Zur Auswertung der Aufnahmedaten sollte eine mdglichst einfache,
universell einsetzbare Filterméglichkeit gefunden werden. Dabei wurde eine Kombination
zwischen einer IDW (Inverse distance weighted) Interpolation und einer morphologischen
Filterung gewahlt.

Aus diesen Uberlegungen heraus entstand das Ziel -unter Beibehaltung moglichst vieler
Bodenpunkte- eine Erganzung zu bereits bestehenden Filteralgorithmen zu finden. Dazu
sollte ein neuer, zusatzlicher Faktor in den Filterprozess mit einflie3en, welcher bei den
Ublichen, hauptséchlich fiir ALS entwickelten Filtermethoden, nicht bericksichtigt wurde.
Dieser Faktor ist der Umstand, dass sich bei einem 2,5D Geldandemodell kein Bodenpunkt
Uber der Sichtverbindung zwischen Scanner und einem anderen Aufnahmepunkt befinden
kann. Die sich daraus entwickelnde Filterung wurde aufgrund des keilférmigen Aussehens
des Ausschlussbereiches uber dieser Sichtverbindung als Wedge-Methode bezeichnet.
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Als nachster Schritt wurde die Erstellung eines Programmes zur vollstéandigen Filterung von
terrestrischen Laserscandaten angestrebt. Dabei sollte die Filterung nicht nur Uber den Z-
Wert (HOhe) erfolgen, welcher im Prinzip auch beim Wedge Ansatz der bestimmende
Parameter ist, sondern auch Uber die Lange, also von der Seite her. Durch diese
Kombination von Informationen aus verschiedenen Richtungen sollten auch in Bereichen mit
sehr wenigen Ausgangsdaten Nichtbodenpunkte erkannt und ausgeschlossen werden.
Hierzu entstand die Idee, anstatt der Ublichen X,Y-Werte die Horizontalwinkelbetrdge und die
Vertikalwinkelbetrdge und anstatt des Z-Wertes die Aufnahmelange zu verwenden.

11



2 Datengrundlagen, Material und Methoden

2.1 Funktionsweise eines Laserscanners

Die elektronische Distanzmessung basiert auf dem Prinzip der Laufzeitmessung mit
Laserimpulsen im nahen Infrarotbereich (Wellenlange von 780 nm bis 1 pm). Von einem
Pulsgenerator werden periodisch elektrische Impulse an einen Halbleiter-Diodenlaser
geschickt, der elektrische Energie mit hoher Effizienz in optische Energie umwandelt.

Trifft der ausgesandte Laserstrahl auf ein Hindernis wie die Erdoberflache, Gebaude oder die
Vegetation, wird ein Teil des Signals reflektiert und zur Empfangsoptik des Laserscanners
zuriickgestrahlt, wo dieses durch eine Photodiode aufgenommen wird. Dieses Signal wird
nun an eine quarzstabilisierte Takt- und Zeitmesseinheit weitergesandt. Aus dem
Zeitunterschied zwischen der Signalaussendung und dem Signalempfang lasst sich nun die
Laufzeit berechnen. (REDL, 2005). Das Prinzip der optischen Impulslaufzeitmessung ist in
Abbildung 1 dargestellt.

Sender
Ii'\l
I -
> Laser ||
|\‘__;,l
Steuerungs- Optik
und Messeinheit
F Y A
. P
Photodiode :} 7
Y
Empfanger

Abbildung 1: Prinzip der optischen Impulslaufzeitmessung (WAGNER, 2003)

Der Scanner besteht aus einem festen und einem drehbaren Teil. Ein von der
Laserelektronik erzeugtes Signal wird Uber einen oszillierenden oder rotierenden Spiegel
ausgesandt. Wahrend sich der Scanner horizontal langsam um die eigene Achse dreht, wird
der Strahl in der vertikalen Achse schnell abgelenkt. Aus Sicht des Aufnahmezentrums
entsteht somit ein relativ gleichférmiges Raster (siehe Abbildung 2). Dieser Umstand spielt
bei den weiteren Uberlegungen eine groRe Rolle.

Abbildung 2: Aufnahme durch terrestrisches Laserscanning (www.riegl.com, leicht verandert)
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2.2 Prozessablauf eines terrestrischen Laserscannings

Ziel des 3D-Laserscannings ist die Dokumentation von Objekten und deren Oberflachen.
Von der Art der Aufnahme unterscheidet man grundsétzlich zwischen dem Airborne Laser
Scanning (ALS) und dem Terrestrial Laser Scanning (TLS). Wé&hrend beim ALS die
Scaneinheit auf einem Flugobjekt (meist auf einem Flugzeug oder Helikopter) angebracht ist,
handelt es sich beim TLS um ein stationares, von der Erdoberflache aus durchgefiihrtes
Messverfahren.

In den meisten Fallen wird TLS beim Scannen von Objekten mittlerer Reichweite mit
Entfernungen bis zu mehreren hundert Metern verwendet. Die vorhandenen Systeme
variieren innerhalb ihrer Reichweite und Genauigkeit. Grundsatzlich senden alle einen
Laserpuls aus, der von festen Oberflachen reflektiert wird. Beim Ablenken des Strahls
entlang einer vertikalen Achse und drehen der Maschine um 360 ° wird die Umgebung
abgetastet. Uber einfache trigonometrische Beziehungen werden die erfassten
Polarkoordinaten in kartesische Koordinaten umgewandelt. Das Ergebnis der Lasermessung
wird als Punktewolke (point cloud) bezeichnet. Fur jeden Punkt des Modells sind zumindest
die X-, Y- und Z-Koordinaten und der Reflektivitatswert bekannt (BORNAZ und RINAUDO,
2004). Die Dichte der Wolke hangt von der Entfernung zwischen Objekt und Scanner und der
eingestellten Aufldsung ab. Im weiteren Verlauf der Auswertung konnen einzelne lokale
Punktwolkensysteme miteinander verbunden (Co-Referenzierung) und eventuell auf ein
Ubergeordnetes Koordinatensystem (Georeferenzierung im Falle von erdbezogenen
Raumbezugssystemen) referenziert werden (LERMA, 2010). Fir diese Berechnungen muss
die Position des Scanners in Bezug auf ein globales Koordinatensystem exakt bekannt sein.
Dazu werden heute unterschiedliche Methoden und Ansatze verfolgt. So kann der
Laserscanner direkt mit einem entsprechenden Orientierungs- und Positionierungssystem
verbunden werden (direkte Registrierung und Georeferenzierung), entsprechende
Messmarken mit bekannten Objektkoordinaten einbezogen werden (indirekte Registrierung
und Georeferenzierung) oder homologe Punkte in den Punktwolken identifiziert werden
(datengetriebene Registrierung und Referenzierung) (REITERER et al., 2010).

Eine Punktwolke oder ein Punkthaufen ist eine Menge von Punkten eines Vektorraums, die
eine unorganisierte raumliche Struktur (,Wolke*) aufweist (OTEPKA et al.,, 2013). Die
Aufnahmedaten enthalten samtliche Punkte von Objekten, von welchen der Laserstrahl
reflektiert wurde. Um mit den Daten weiter arbeiten zu kénnen, ist es meist notwendig die
Aufnahmedaten zu filtern. Die exakte Durchfihrung der Filterung ist wesentlich, um
entsprechend richtige und aussagekraftige Grundlagen fir die weitere Verwendung und
Analyse zu erhalten. Die Erkennung von Objektoberflachen in Punktwolken ist haufig der
erste Schritt, um Informationen aus Punktwolken zu extrahieren. Eine oft bendétigte
Anwendung von terrestrischen Laserscans ist beispielsweise die Berechnung von digitalen
Hohenmodellen aber auch historischen Geb&uden, Denkmalern oder anderen
Raumobjekten. Um diese Objekte fiir den Anwender visuell vorstellbar zu machen, ist es
notwendig, eine grafische Oberflache aus den Punktdaten zu generieren. Ubliche Methoden
einer solchen Visualisierung sind Vermaschung der Einzelpunkte zu einem TIN (triangulated
irregular network) oder 2,5D Raster, welche durch Interpolation berechnet werden.

Abbildung 3 zeigt die Prozesskette beim terrestrischen Laserscanning.
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Abbildung 3: Prozesskette beim terrestrischen Laserscanning
(KERSTEN et al., 2008)
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2.3 Beschreibung topografischer Gelandemodelle

Die Nachverarbeitung von Daten aus einer Laserscan Aufhahme umfasst normalerweise
Schritte wie das Entfernen unerwinschter Informationen und Rauschen, das Identifizieren
und Isolieren auffalliger Merkmale und das Berechnen und / oder Modellieren der
Eigenschaften jedes Merkmals. Aufgrund der langen Nachbearbeitungszeit im Vergleich zur
schnellen Erfassungszeit liegt ein grof3er Schwerpunkt der Forschung im Bereich TLS darin,
diese Prozesse zu automatisieren. Dies kann dazu beitragen, die anfallenden Kosten zu
reduzieren und die Gesamteffizienz der Verwendung von TLS zu erhéhen. (BELTON und
BAE, 2010)

Die Berechnung von topografischen Modellen ist eine der wichtigsten Anwendungen des
Laserscannings. Im Folgenden eine grafische Veranschaulichung (siehe Abbildung 4) und
eine kurze Auflistung nach PFEIFER (2003) von Definitionen fir einige digitale
Topografiemodelle (In Klammern sind die englischen Bezeichnungen angegeben):

DHM (DEM) : digitales Hohenmodell (digital elevation model). Ein DHM ist die Beschreibung der Héhe der
Erdoberflache, parametrisiert Uber geographischen Koordinaten (Lange, Breite) oder einem
planimetrischen Referenzsystem (System der Landesvermessung oder lokale Systeme). Die Datenstruktur
(regelmaliges Raster, Triangulierung, ...) ist damit nicht festgelegt.

DGM (DTM) : digitales Gelandemodell (digital terrain model). Ein DGM beschreibt — so wie ein DHM — die
Hohen der Erdoberflache. Der Begriff ist spezifischer als DHM, weil explizit festgelegt wird, welche Héhen,
namlich die Gelandehdhen, modelliert werden. Teilweise wird der Unterschied zum DHM auch darin
gemacht, dass ein DGM im Unterschied zum DHM Geldndekanten und Strukturlinien enthalt.
Dementsprechend sind die verwendeten Datenstrukturen das "hybride Raster* (Kraus, 2000) (Gitter mit
zusatzlichen Linien) und die Triangulierung. Ein Nachteil der Triangulierung ist, dass die zufélligen
Messfehler direkt ins Geldndemodell dbernommen werden und durch die unregelméaRige
Punktanordnung lange, schmale (und steile) Dreiecke entstehen, die das Geldnde nur schlecht
beschreiben.

DOM (DSM) : digitales Oberflachenmodell (digital surface model). Dabei handelt es sich um das Modell,
das die oberste Flache aus der Vogelperspektive beschreibt. Was offenes Geldnde und H&user betrifft, so
ist dieser Begriff recht eindeutig: Im offenen Gelande ist das DOM gleich dem DGM, bei Hausern lauft es
aber Uber die Dachflache. In bewaldeten Gebieten wird die Oberflache als jene Flache definiert, die durch
die in einander greifenden Baumkronen gebildet wird, wobei es natirlich verschiedene
Generalisierungsstufen gibt. Unsicher wird der Begriff in jenen Féllen, wo die oberste Flache starken
Schwankungen unterliegt (z.B. Weizenfelder, jahreszeitliche Veranderung) oder klein ist (z.B. kleine
Baumgruppe im offenen Gelande).

O Oberflachemodelle
= DSM
/O‘- . O DGM
4 i Klassifizierte Punkte
/ Q .
@ 3 - @ DsM
/ N = @ DGM

Abbildung 4: Oberflachenmodelle mit Punkteklassifikation (GAJSKI, 2004)
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2.4 Bestehende Filterungsmethoden

Laserscanner registrieren Punkte auf jenen Flachen, die vom Laserstrahl getroffen und
reflektiert werden. Das ist einerseits die Gelandeoberflache, aber auch Gebéude,
Baumstamme, Blatter, usw. reflektieren den Laserstrahl. Ebenso sehr kleine Flachen, wie
bspw. Stromleitungen, kdnnen ein Echo hervorrufen. Die so erhaltene Punktwolke enthélt in
erster Linie geometrische Information tber die reflektierende Flache, aber keine semantische
Information. Um ein Modell des Gelandes oder anderer Objekte abzuleiten, muss daher die
Punktwolke klassifiziert werden (z.B. Trennung der Boden-(Gelande-)Punkte von den "Nicht-
Boden“-Punkten). Diese Aufgabe wird als Filterung bezeichnet. (PFEIFER, 2003)

Die Erstellung einer genauen Bodendarstellung aus LiDAR hat sich als schwieriges Problem
erwiesen, welches es zu lésen gilt (MONGUS und ZALIK, 2012). Jeder Filter nimmt eine
bestimmte Struktur der Bodenpunkte in einer lokalen Nachbarschaft an. Dies bildet das
Konzept der Filter. Hinsichtlich der Filterkonzepte unterscheiden SITHOLE und
VOSSELMAN (2003) zwischen hangbasierenden, Block-Minimum, oberflachenbasierenden
und segmentierenden (Cluster) Methoden (siehe Abbildung 5):

Hangbasierenden Algorithmen

Bei Hangbasierenden Algorithmen wird die Steigung oder Hohendifferenz zwischen zwei
Punkten gemessen. Wenn die Steigung oberhalb einer bestimmten Schwelle liegt, wird
angenommen, dass der hochste Punkt zu einem Fremdobjekt gehort. Die Annahme basiert
auf der Uberlegung, dass Flachen mit groRen Neigungsunterschieden wahrscheinlich nicht
Teil der Gelandeoberflache sind.

Beispiel: Progressive TIN-Verdichtung (AXELSSON, 2000), (VOSSELMAN, 2000)

Zuerst wird eine Dreiecksvermaschung bzw. TIN (Triangular Irregular Network) auf Basis von
wenigen, sicheren Bodenpunkten gebildet, welche die niedrigsten Punkte eines virtuellen
groben Rasters darstellen. Die innerhalb eines Dreiecks liegenden Punkte werden nach und
nach auf maximal erlaubte Winkel und Distanzen sowie maximale Kantenlangen geprift.
Dieser Vorgang erfolgt solange, bis keine neuen Punkte mehr gefunden werden.

Block-Minimum Algorithmen

Bei Block-Minimum-Algorithmen ist die Ausschlussfunktion eine horizontale Ebene mit einer
entsprechenden Pufferzone dariiber. Die Ebene lokalisiert die Pufferzone und die Pufferzone
definiert eine Region im 3D-Raum, in der Bodenpunkte angenommen werden kdénnen.

Beispiel: morphologische Filter (KILIAN et al., 1996)

Der morphologische Filter arbeitet mit einem ,Strukturelement®, das die
Gelandehohenunterschiede in Abhéngigkeit von der Entfernung beschreibt. Je groRRer die
horizontale Entfernung, umso grofRer darf auch der (positive) Hohenunterschied vom ersten
zum zweiten Bodenpunkt sein (PFEIFER, 2003).

Oberflachenbasierende Algorithmen

Bei oberflachenbasierenden Algorithmen ist die Ausschlussfunktion eine parametrische
Oberflache mit einer entsprechenden Pufferzone dariiber. Die Oberflache lokalisiert die
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Pufferzone und wie zuvor definiert die Pufferzone eine Region im 3D-Raum, in der sich
Bodenpunkte befinden sollen.

Beispiel: Robuste Interpolation (PFEIFER, 1998)

Fir die robuste Interpolation wird zuerst aus der gegebenen Punktwolke eine
approximierende Flache mittels linearer Pradiktion berechnet. Anhand der Abstande
zwischen den Punkten und der Flache wird jedem Punkt ein Gewicht (positiv, wenn der
Punkt Uber der Flache liegt, negativ, wenn der Punkt darunter liegt) zugewiesen. Diese
Gewichte werden fir die nachste Bestimmung der Flache herangezogen. Ein Punkt mit
groBem Gewicht zieht die Flache n&her heran, wohingegen ein Punkt mit kleinem Gewicht
geringeren Einfluss auf den Verlauf der Flache hat. In dieser Weise nahert sich die Flache
iterativ den Bodenpunkten an (PFEIFER, 2003).

Clustering oder Segmentierung

Der Grundgedanke des Clusterings oder der Segmentierung ist, dass alle Punkte, die ein
Cluster umfasst, zu einem Objekt gehdren missen, wenn sich dieser Cluster von seiner
Nachbarschaft abhebt. Damit ein solches Konzept funktionieren kann, missen sich die
Cluster / Segmente als gesamte Objekte und nicht als Teilbereiche von Objekten abgrenzen.

’ D
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Abbildung 5: Filterkonzepte: hangbasierend (A), Block-Minimum (B) oberflachenbasierend (C)
Segmentierenden/Cluster (D) Methoden (SITHOLE und VOSSELMAN, 2003)
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2.5 Spezielle TLS-Filterungsmethoden

Nahezu alle TLS-Studien verwenden den Hohenwert (oder Z-Wert), wobei ein bestimmter
Grenzwert Uber der —oft interpolierten Oberflache- nicht Uberschritten werden darf (MUIR,
2017). Im Folgenden werden einige Filtermethoden vorgestellt. welche speziell fur TLS-
Daten entwickelt wurden.

Der einfachste Ansatz fir die TLS-DTM-Generierung ist die Verwendung einer auf die Hohe
des Scanners basierenden Ho6heneinstellung, welche aber nur bei flachem Gelande
erfolgreich angewandt werden kann (CALDERS et al., 2014).

BRODU und LAGUE (2012) préasentieren eine Uberwachte Klassifizierungsmethode,
basierend auf den geometrischen Eigenschaften der Aufnahme, bei der die Analyse in
verschieden Mal3stédben durchgefiihrt wird. Durch die Kombination dieser Informationen aus
verschiedenen Mafstdben kdnnen an jedem Punkt Signaturen der Szene erstellt werden.
Diese Signatur kann dann verwendet werden, um beispielsweise die Vegetation vom Boden
zu unterscheiden.

PIROTTI et al. (2013) verwenden die Informationen eines Multireturn-TLS fir die
Vegetationskartierung. Zundchst wird, unter Berlcksichtigung der Ordinalzahl und der
Amplitude der Intensitat, eine Auswahl an méglichen Bodenpunkten erstellt. Anschliel3end
wird ein progressiver morphologischer Filter zur Erzeugung eines DTM und eines digitalen
Oberflachenmodells (DSM) verwendet, wobei die maximalen und minimalen Z-Werte als
Kriterien fur die Anwendung eines Dilatations- und Erosionsoperators verwendet werden.

LAU et al. (2015) trennen Boden- von Nichtbodenpunkte mithilfe des RGB-Werts. Dabei
werden fur eine Spektralanalyse, anhand von ausgewahlten Probenklassen,
Spektralinformationen von farbigen Punktwolken extrahiert. Jene farbigen Punktwolken, die
innerhalb der entsprechenden voreingestellten Spektralschwelle liegen, werden als
spezifische Merkmalspunkte aus dem Datensatz identifiziert.

LIANG et al. (2011) entwickelte eine Kontinuitdtssegmentierung der Scanlinie, die sich gut
fur die Erkennung von Baumstdmmen eignet. Der Ansatz basiert auf der
Kontinuitatseigenschaft der Objektoberflache, dem planaren Abstand und der
Segmentierung in  horizontaler und vertikaler Richtung. Die eindimensionalen
Segmentierungen wurden zunachst unabhangig voneinander durchgefiihrt und dann zu
Gruppen mit &hnlichen Abstdnden zum Scanner zusammengefasst.

CHE und OLSEN (2017) prasentieren eine schnelle Bodenfiltermethode fir TLS-Daten
mittels einer Scanlinien-Dichteanalyse. Der Prozess trennt zuerst die Bodenkandidaten,
Dichtemerkmale und nicht identifizierten Punkte auf der Grundlage einer Analyse der
Punktdichte innerhalb jeder Scanlinie. Dann wird ein Bereichswachstum unter Verwendung
des Scanmusters durchgefihrt, um die Punkte zu gruppieren. Schlie3lich kann, je nach
Szenentypen und Anwendungen, durch eine optionale Verfeinerung der Boden-Cluster
angepasst werden.

PUTTONEN et al. (2015) verwendet A-priori-Informationen der TLS-Konfigurationen und
Scanner mittiger Koordinaten, um die Bodenhthe zu bestimmen. Bei diesem Ansatz wird
davon ausgegangen, dass eine hohe Punktdichte in der Néhe des Scanners zur genauen
Bestimmung des Bodenniveaus verwendet werden kann. Wenn der Scanner das
Koordinatenzentrum der Punktwolke bildet, kann die Bodenebene durch iterative
Klassifizierung geschatzt werden.
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2.6 Berechnung und Visualisierung von Gelandemodelle

Ein DHM (Digitales Hohenmodell) aus einer Laserscanaufnahme weist die Form von
unregelmaRig verteilten Punkten auf. Diese Punkte kdénnen durch Vermaschung zu nicht
Uberlappenden Dreiecken verbunden werden (z.B.: durch Delaunay Triangulation), wodurch
ein so genanntes TIN (triangulated irregular network) entsteht. Abbildung 6 zeigt ein Beispiel
einer Gelandeoberflachendarstellung mit Hilfe eines TIN.

Abbildung 6: Beispiel fir ein Triangulated Irregular Network
(SITHOLE und VOSSELMAN, 2003)

Eine andere Form einer DHM Visualisierung ist ein, durch Interpolation der originalen Punkte
entstandenes, regelmaflliges Raster. Eine Raster Interpolation hat oft die Reduktion der
Anzahl der Originalpunkte zur Folge. In Bezug auf Datenspeicherung, Analyse und
Visualisierung ist diese Ausdiinnung notwendig (HOHLE und POTUCKOVA, 2011).
AuBBerdem konnen in den zu interpolierenden Daten Ldcher vorkommen. Die fehlenden
Rasterwerte missen bei der Interpolation abgeschatzt werden.

Digitale Hohenmodelle kdnnen als eine spezielle Form der interpolierten, kontinuierlichen
Oberflachen angesehen werden. |In diversen Studien wurden deterministische
Interpolationsmethoden, wie IDW, Natural Neighbor oder Splines, mit den geostatistischen
Methoden des Kriging oder TIN-basierten Ansatzen in Bezug auf die Interpolation von
Hoéhenmodellen  verglichen, wobei sich gewisse Methoden als geeigneter
herauskristallisierten (BOHLI, 2010). Abbildung 7 zeigt die unterschiedlichen Ergebnisse von
verschiedenen Interpolationsmethoden auf Basis desselben Datensatzes aus einer
terrestrischen Laserscanaufnahme. Die Eignung der einzelnen Interpolationsmethoden
hangt aber von den jeweiligen Datengrundlagen und Eigenschaften des
Untersuchungsgebietes ab (BURROUGH und McDONNELL, 2010). Eine generelle
Festlegung auf eine optimale Interpolationsmethode kann es daher nicht geben. Die
jeweils am besten geeignete Methode muss vielmehr fiir jede Anwendung separat gefunden
werden.
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IDW Natural Neighbour

Spline Kriging

Abbildung 7: Verschiedene Interpolationsmethoden auf Basis einer terrestrischen
Laserscanaufnahme (HOHLE und POTUCKOVA, 2011)

Bei Gelanden mit scharfen Ubergangen zwischen einzelnen Oberflachenstrukturen, wie dies
bei terrestrischen Aufnahmen oft der Fall ist, muss der Interpolationsalgorithmus sehr lokal
angewendet werden (SMITH et al., 2003) und die Interpolation sollte eine moglichst geringe
Glattung der Oberflache zur Folge haben (ZINGER, 2002). Die Natural Neighbor
Interpolation hat den Vorteil, dass sie den Wert vorhandener Datenpunkte nicht &ndert und
sich die interpolierten Werte im Bereich der Eingabewerte bewegen (MUIR, 2017).
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3 Methoden

Bei Publikation Il wurden die Erfahrungen der ersten zwei Publikationen eingearbeitet. Die
Methodik wird daher anhand diese dritten Studie erlautet. Zur Umsetzung und Verifikation
dieser Methoden wurden entsprechende Algorithmen in einem Computerprogramm
implementiert. Als Programmsprache diente Visual Basis (VB.NET). Neben einer kurzen
Beschreibung der Programmeinzelschritte wurde der Prozessablauf in Abbildung 8 grafisch
aufbereitet.

Der Aufnahmedatensatz des Testgebietes weist einige offensichtliche Messfehler auf. Um
diese Punkte schon vor dem eigentlichen Filterverfahren entfernen zu kénnen, wird eine
Prufroutine vorgeschaltet. Dabei werden die Winkeldifferenzen zu den direkten
Nachbarpunkten im Horizontal Vertikalwinkelraster (HOVE-Raster) bestimmt und anhand
eines Schwellenwertes ausgeschieden.

Fur die Hauptprifroutine wurde eine Kombination aus den zwei neuen Filteransatzen Wedge
und HOVE Methode gewahlt, wobei die Wedge Methode gegeniber Publikation Il modifiziert
wurde. In einem vorher definierten Bereich des HOVE-Rasters werden alle Punkte ermittelt,
welche eine grolRere Aufnahmelénge als der zu untersuchende Punkt aufweisen. Unter den
verbleibenden Punkten werden dann entsprechend einer Formel jeweils links und rechts die
zwei Nachbarpunkte ermittelt. Zwischen dem zu untersuchenden Punkt und diesen zwei
Punkten wird dann die Winkeldifferenz errechnet.

Bei der Methode der HOVE-Rasterfilterung werden anstatt der Ublichen X,Y-Werte die
Horizontalwinkelbetrage und die Vertikalwinkelbetrage in einem zweidimensionalen
Koordinatenfeld aufgetragen. Wiederum werden in einem vorher definierten Bereich des
HOVE-Rasters alle Punkte ermittelt, welche als Nachbarn in Frage kommen. Da jeweils die
nachsten Punkte links und rechts sowie oben und unten im Raster gesucht werden, hat
dieser Suchbereich die Form eines Kreuzes. Zwischen diesen vier Punkten werden dann
ausgehend vom zu untersuchenden Punkt zwei Winkeldifferenzen errechnet.

Zudem werden in einem bestimmten Umkreis um den zu untersuchenden Punkt alle
Nachbarpunkte gez&hlt und damit die Punktdichte bestimmit.

Anhand einer Formel wird fir jeden Punkt mit diesen vier Parametern (3 Winkeldifferenzen +
Punktdichte) ein Wahrscheinlichkeitswert hinsichtlich der Oberflacheneigenschaft berechnet.
Wird ein bestimmter Schwellenwert tGberschritten, so wird dieser Punkt als Nichtbodenpunkt
klassifiziert und aus dem weiteren Filterprozess ausgeschlossen. Diese Routine muss fir
alle Punkte mehrmals wiederholt werden, da sich durch die Ausschlisse auch die
Nachbarschaftsverhaltnisse standig andern und neu berechnet werden mussen. Fallt die
Anzahl der neu ausgeschlossenen Punkte unter einen bestimmten Wert, so wird auf eine
weitere Wiederholung verzichtet.

Die verbleibenden Punkte stellen die Ausgangsdaten fiir ein DHM dar. Zur Visualisierung
und weiteren Analyse wird auf Basis der Natural Neighbor Interpolation ein HOhenraster
erstellt. Dieser Arbeitsschritt wurde aber nicht in das VB-Programm integriert, sondern mit
Hilfe der Software ArcGIS umgesetzt. Die Desktop Erweiterung Spatial Analyst enthalt
zahlreiche Werkzeuge, um Rasterdaten zu erzeugen, modellieren und zu analysieren.
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Abstract. Digital elevation models (DEM) are widely used 1 Introduction
to determine characteristics of mass movement processes
such as accumulation and deposition of material, volume esLandindes are a major natural hazard threatening the inhabi-
timates or the orientation of discontinuities. To create suchtants of many mountainous regions. Population increase and
DEMs point cloud data is provided by terrestrial laser scan-extension of inhabited areas into potentially hazardous loca-
ning (TLS) and recently used for analysis of mass move-tions leads to a significant increase of potential losses in the
ments. Therefore the reliability of TLS data was investigatedcase of a disaster (Oppikofer et al., 2008). Therefore, land-
in a comparative study with tachymetry. The main focus wasslides have been investigated in various ways.
on the possibility of determining movement patterns of land-  Terrestrial laser scanning (TLS) is used as an observa-
slides<100 mm. Therefore, several post processing steps arion method in hazard assessment (e.g. Biasion et al., 2005;
needed and the reliability of those were analyzed. The posProkop, 2008). Thereby, 3-D data from changing landscape
processing steps that were investigated include: (1) The regsurfaces is collected at different states to monitor hazardous
istration process is a crucial step considering long term TLSProcesses. The point cloud data can be analyzed in vari-
monitoring of an object and can be significantly improved 0us ways such as a point to point comparison (Oppikofer et
using an iterative closest point (ICP) algorithm; (2) Filtering al., 2008) or comparison after the creation of digital eleva-
methods are necessary to create DEMSs in order to separaté®n models (DEM) (Abellan et al., 2006). To monitor mass
favored laser points on the terrain surface (ground pointsynovements differences in structural characteristics can be in-
from topographically irrelevant points (non-ground-points). vestigated, such as accumulation and deposition behaviour of
Therefore GIS tools were applied. Surfaces with and with-material (Prokop and Panholzer, 2007), volume estimates or
out vegetation cover were differentiated; (3) Displacementthe orientation of discontinuities (Derron, et al., 2005).
vectors are used to determine slope movement rates. They Various data sources have been used in the past to cre-
were created from TLS data after the computation of true or-ate such DEMs, including photogrammetry (Dewitte and De-
thophotos. moulin, 2005; Voyat, et al., 2006) or radar interferometry
Using the methodology presented it was not possible to(Pieraccini et al., 2003). While laser scanning provides 3-
determine movement rates50 mm per period. However, if D information with greater density than alternative methods
the quality of the point density is described and areas with(Bitelli et al., 2004; Prokop and Panholzer, 2007), data ob-
very low point density are detected, reliable conclusions carfained using a terrestrial laser scanner is represented as un-
be made regarding slope movement patterns and erosion arfdructured and scattered accumulations of points. Therefore,

deposition of material for changesl00 mm for the investi-  intensive post-processing of the data is required. Various ap-
gated slope. proaches of filtering data obtained from airborne laser scan-

ning exist: auto-regressive process (Lindenberger, 1993),
mathematical morphology (Kilian et al., 1996), method of
smallest squares robust interpolation (Pfeifer et al., 1998),

Correspondence toA. Prokop convex-concave hull (Von Hansen et al., 1999), procedures
BY (alexander.prokop@boku.ac.at) based on a triangulation of the DEM using local terrain slope
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as a filtering criterion (Axelsson, 2000; Vosselmann, 2000;moving landslides (movement rated0 cm per investigated
Vosselmann and Maas, 2001), gridding procedures determinperiod). Accuracy limitations in the creation of DEMs and
ing a grid-DEM in a data pyramid by hierarchically includ- interpretation of TLS data concerning movement patterns of
ing elevation values based on gradients (Wack and Wimmenandslides are discussed and case examples are presented.
2002; Sithole and Vosselmann, 2003). However, data filter-The results are evaluated against tachymetry measurements
ing always means a loss of data and sometimes of informa¢a reliable alternative surveying method) and a comparative
tion. The quality of the DEM created depends on the methodstudy is given. A point to point comparison of TLS data for
applied and the structure of the landscape (Hamrah et almass movement analyses has already been investigated by
2006). Oppikofer et al. (2008) and is therefore not the subject of
The relevance of such DEMs concerning the analysis ofthis paper.
mass movement processes was investigated for airborne laser
data (Schulz, 2007; Scheidl et al., 2008). For the terres-
trial approach an investigation of automated filtering meth-2
ods concerning the accuracy of DEMs created and the in- o " . . .
: The test site, “Galierm” landslide (Fig. 1), is located north-
terpretation of mass movement processes has yet to be com-

o east of the town of Schruns in the area of Montafon (Vorarl-
pleted, although TLS data has been used for monitoring masg - Austria) above the bank of Litz stream (Fig. 1a). The
movements, e.g. for rock falls (Biasion, et al., 2005; Mikos, 9. 9. :

et al., 2005: Voyat, et al., 2006; Oppikofer. et al., 2008) Montafon valley is located on the border between the north-

and for landslide masses (Hsiao, et al., 2003; Bitelli, et aI.,ern limestone alps and the main core of the upper eastern

. : alps, which arises in the crystalline bedrock of the Silvretta
2004). The cited cases of mass movements involved large o o ;

. mountain ridge. In the area of the “Galierm” landslide there
amounts of material moved by the process (movement ra’[eglre neisses including lavers of white quarz
>10cm per investigated period). A thorough investigation 9 g lay q '

A high water event at the Litz stream in 2005 (Fig. 1c:
of the laser data accuracy was therefore not necessary (most . . . .
i ) ashed light blue line) caused significant erosion of the bank.
terrestrial laser scanners available on the market today mea: . - N
weak section of the stream bank initiated significant move-

sure ranges to objects of up to several hundred meters, wit ; .
) . ) ment of the whole slope above. The dimensions of the mov-
a single point accuracy of 1.4-15mm at 50 m; Ingensand : i . )
ing slope section are approximately 0000 m (Fig. 1c:

2006). dashed yellow line)
To be able to analyse the reliability, including post pro- y '

cessing steps, of TLS data, it is necessary to perform the
measurement with the greatest possible accuracy. The a@ Data acquisition
curacy of TLS measurements in mountainous environments
depends on several factors (Prokop, 2008b). According toTo monitor the movement patterns of the slope, the Riegl
those factors it was necessary for the test site to meet (and LMS z420i TLS device was usedttp://www.riegl.con).
did meet) the following conditions: For technical features of the device used see Table 1. Be-
tween March 2006 and September 2007 six data acquisitions
1. The distance between the scanner position and the slopg a time interval of approximately 5 months using both mea-
monitored is within a range o100 m (expected accu- surement methods, terrestrial laser scanning and tachymetry,
racy of the measurement is within arange of 3cm)  were executed to monitor the moving slope, “Galierm”. An
additional survey was conducted one day after the first ac-
quisition of data to test the reproducibility of the measure-
ments (reproducibility is defined as the closeness of two mea-
3. The test area is easy reachable by car, a power supply igurements regarding the same object carried out under dif-
available and the laser device is protected against exterferent measurement conditions). The data acquisition steps
nal forces such as wind and solar radiation included:

The “Galierm” landslide

2. The expected movement rate within the test period is
5-15cm

4. The monitored slope is 70% free of vegetation 1. Location of a stable scanner position allowing reason-

o ) able angles of incidence on the target surface
5. The incident angle of the laser beam on the slope is

<60 (an incident angle of Oindicates the laser beam 2. Installation of a rigid geodetic network (red points in
is perpendicular to the ground; so that the footprint is a Fig. 1c) allowing registration of both laser scanner po-

circle) sition and tachymetry (registration is likely the most
. . crucial step in long term TLS monitoring of an object,
6. Comparison of TLS with tachymetry can be executed Prokop et al., 2008).

An investigation of the accuracy of TLS data and applied
post processing steps for DEM creation is needed for slow
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® target reflector river [}

3Land Yorarlbs iti
nCTORREY @ target of network [ SP Scan position landslide area

Fig. 1. The test site Galiern{A) Location of the test site (cut of the Austrian Map 1:500 000 distort®))Picture of the test sitdC) Map
of test site location(D) Point cloud of the test area.

3. !_aser scanning process including image acqw;mon th_atl'able 1. Technical features of the used long rang laser measuring
is collected by cameras mounted on the scanning devicgystem (Riegl, 2005).

to create orthophotos.

Riegl LMS Z420i

The whole test area was scanned by TLS using a point

resolution of 3cm at a distance of 100m. The chosen reso- Range/good reflecting targets 1000m
lution was slightly lower than the ideal point spacing of 86% Range/bad reflecting targets 350m

u ghtly i ieal p pacing 9 Wavelength 1.5m

of the beam width according to Lichti and Jamtsho (2006)  Measurement accuracy 10mm
due to the large amount of points per scan (approximately Beam divergence 0.25mrad

5000 000 points). Handling of point clouds consisting of a  Resolution (highest resolutionin arange of 10m) 1mm
greater number of points is difficult when using GIS- tools. Q/'easuremem rate 8000 Paints/s
. emperature range Cto +50C
To compare TLS with tachymetry, data targets (blue dots
in Fig. 1c) were positioned within the test area and were
measured by both methods. Furthermore, significant struc-

tures such as discernat_)le rocks within the test area were sg not belong to the ground surface of the investigated slope.
lected, located and point measurements were executed bXsier the creation of DEMs, post processing methods need

tachymetry using reflectors. For comparison, the position ofy pe established, which included the following steps for the
the selected significant structures was identified within theggjierm landslide:

laser data in a post processing step using orthophotos that
were created. 1. Registration using tie point targets (reflectors) of the
geodetic network (red points in Fig. 1c)

4 Post processing 2. Registration using iterative closest point (ICP) algo-
rithm. The ICP algorithm is an iterative alignment al-
The data point cloud is heterogeneously distributed depend-  gorithm that works in three phases: (1) establish corre-
ing on the characteristics of the laser scanned target (e.g. dif-  spondence between pairs of features in the two struc-
ferent distances and angles of incidences). Furthermore veg-  tures that are to be aligned based on proximity, (2) es-
etation and objects within the scanned area create points that timate the rigid transformation that best maps the first

www.nat-hazards-earth-syst-sci.net/9/1921/2009/ Nat. Hazards Earth Syst. Sci., 49522009
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Filtering procedure:

1) Creation of inverse distance
weighting (IDW) surfaces using 4
iteration steps

2) Creation of a minimum surface
followed by dilation (up-lift) of the
minimum surface

3) All points remaining under both
surfaces are used for creation of
the DEM.

big radius
small radius

big radius
small radius

Fig. 2. (A) Filtering procedure. (B and C) Influences of point den-
sity on surface creation(B) Minimum surface creation depending
on the chosen radius for surface calculatiof®) Inverse distance
weighting surface creation depending on the chosen radius for sur-
face calculations.

member of the pair onto the second and then (3) ap-
ply that transformation to all features in the first struc-
ture. These three steps are then reapplied until conver-
gence is concluded (Besl and McKay, 1992). The ICP
algorithm tool used was provided by the laser scanner
software RiScan Pro called “Multi station adjustment”
(http://www.riegl.con). The algorithm works best with
the use of plane surfaces. A number of 30 plane surfaces
were available due to the presence of a concrete road
close to the test area, which was very stable in contrast
to the moving slope.

6.

A. Prokop and H. Panholzer: Assessing TLS for slow moving landslides

procedure was applied and can be seen in Fig. 2a: (a)
Creation of inverse distance weighting (IDW) surfaces
using 4 iteration steps, (b) Creation of a minimum sur-
face followed by dilation (up-lift) of the minimum sur-
face, (c) All points remaining under both surfaces are
used for creation of the DEM. When creating the IDW
and minimum surfaces the operator needs to defined a
radius on the X,y plane as a basis for calculation to filter
points on the height-axis. Differences in surface cre-
ation depending on the defined radius and the method
applied can be seen in Fig. 2b and c. An example of a
detail of the point cloud (tree including its measurement
shadow) is shown for the two cases.

. Interpolation and creation of DEMs: After using differ-

ent types of geo-statistical methods involving GIS (Ar-
cGIS 9.2) such as Kriging, Radial Basis Function, TO-
POGRID and Natural Neighbour; Natural Neighbour
was considered to be the optimal method concerning
the existing sources (see also Hamrah et al., 2006). The
DEMs created were used for analyses.

Creation of orthophotos: Colour information from digi-
tal pictures was used to texture the surfaces of the DEMs
within RiScan Pro. It is necessary to create orthopho-
tos to locate the positions of the same points on dif-
ferent surface hulls. Those orthophotos are computed
within the scanner software by triangulating the filtered
point cloud with a surface, which is further textured
by colour information from digital pictures. Those tex-
tured DEMs were used to identify significant structures
within the test area for analyzing slope movements by
creating displacement vectors.

5 Analyses and calculation of slope movement patterns

. Data quality check: Reproducibility tests of fixed ob- Analyses concerning the accuracy of TLS in comparison to
jects within the scan area were executed (reproducib"_tachymetry data were executed for 6 datasets monitoring the
ity is defined as closeness of the results of two mea-mnoving slope in the following manners (one dataset was
surements taken from the same object carried out undeforted out due to missing quality, determined by the data
different measurement conditions. In this case, the dif-guality check):

ferent conditions included variations in scanner set-up,
atmospheric conditions, time of day and discrete regis-
tration). In case of scan misalignment with respect to
each other, scans are sorted out allowing a maximum
deviation of 2 cm.

. Data filtering: Separation of laser points on the terrain
surface (ground points) from the topographically irrel-
evant points (non-ground-points): Two methods were
applied: (1) Operator based: Knowing the test area
very precisely, the operator manually deletes irrelevant
points using the software RiScan Pro. This method is
very time-consuming. (2) Automated: GIS (ArcGIS
9.2) tools were used to filter the data. The following

Nat. Hazards Earth Syst. Sci., 9, 192928 2009
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1.

2.

The two different registration methods (tie points and
ICP algorithm) were compared (3-D accuracy of the
measured points)

30 reflecting targets within the test area were measured
by both TLS and tachymetry. Their coordinates were

compared and the deviation was computed (point to
point comparison).

. 30 significant points on structures were measured

by tachymetry and were compared to DEMs created
from TLS data. The shortest deviation between the
tachymetry point coordinates and the created surface
(DEM) was computed (point to surface comparison).
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Furthermore data was distinguished between surfaceserwsionpeposition ErosioniDeposition b

. . . Period: 31.03.2006 - 09.05.2006 Period: 09.05.2006 - 27.10.2006 W*yA

with or without vegetation cover and manually or au- g :
tomatically filtered TLS data. Dé"i‘??'_“z‘m’
=2--05

1-05--0.2
[1-02--01

4. As for analysis of slope movements, displacement vec- w-o1--00s

[—-0.05-0.05

tors are of great interest, the sizes and directions (trend oos;o:
and plunge) of vectors can be compared. After locating moe2°
the same points (e.g. stones and rocks) the change o o
their position between two monitoring activities is de-
scribed by displacement vectors. If the direction of the o
vectors were constant the sizes of those vectors were i
then compared to the tachymetry measurement to vali- Qg
date the quality of laser data. The determination of di- ‘gsg*
rection deviations was excluded from this work, since b
the displacement direction of the landslide was obvi- FieeyrePeston v 20 R e
ously not known in advance. For analysing landslide
movement patterns knowing the directions of move-
ments is a crucial factor. Ensuing future work will focus
on accuracy determination of variable displacement di-
rections as mentioned by Abellan et al. (2009).

5. After DEM creation, erosion and deposition zones were
detected by calculating differences in height (h-axis) or
volume between two DEMs.

6 Results and discussion

0510 20 30 40
O — —

Results of the accuracy of TLS measurements including post
processing steps in comparison to tachymetry are shown iirjg. 3. Erosion and deposition of material for the investigated slope
Table 2. The tachymetry measurement acts as the referenegown by differential maps.
system (error of the tachymetry measurements 1 mm,
as determined by reproducibility tests) and deviations of the
TLS measurement are recorded. The deviations of the DEM created from TLS data with
The first step was to analyse the registration process. Théhe tachymetry point measurements are computed. Four dif-
guality of the registration process could be improved by us-ferent cases of DEM creations are shown. The first two deal
ing an ICP algorithm leading to a reduction of the standardwith surfaces without vegetation cover. In one case manual
deviation could be reduced from 8 mm to 4 mm. It is impor- and in the other case automated filtering of the scan data is
tant to mention that it was only possible to do that by usingapplied. The manually filtered DEM shows slightly smaller
planar surfaces for running the ICP algorithm, such surfacesleviations (mean: 23 mm, max: 51 mm) than the automati-
were provided by the geometry of a concrete road (Fig. 1).cally filtered DEM (mean: 37 mm, max: 63 mm). The devia-
When using natural ground surfaces, such as rocks or treesipons are explained by the interpolation process of the filtered
the ICP algorithm did not substantially reduce the registra-but unstructured point cloud rather than by the filter process
tion error due to difficulties in defining planar surfaces from itself, since almost only ground points exist on such surfaces.
the given point cloud geometries. However, a certain smoothing effect of the automatically fil-
Furthermore, the coordinates of reflecting targets that weréered DEM surface is likely to produce the larger deviations.
measured by both TLS and tachymetry were compared. As In final two cases surfaces with vegetation cover were fil-
expected, deviation between the two methods is limitedtered by the two respective methods. The deviations from
(mean: 9mm, max: 17mm). The error is explained bytachymetry measurements increased significantly. While
the less accurate TLS measurement and inaccurately findinmanually filtered surfaces delivered reasonable deviations
the exact centre of the target within the scanner software(mean: 51 mm, max: 88 mm), the automatic filter applied
However, the advantage of TLS, especially in comparison tadid not satisfy an accuracy limitation 6100 mm (mean:
tachymetry, is the spatial information over the whole land 127 mm, max: 1875 mm). The reason for this outcome is the
slide area, rather than precise point information as providededuced point density and more unstructured distribution of
by tachymetry. the point cloud in vegetation zones. The automatic filter (for
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Table 2. Deviations between TLS and tachymetry data.

sample size per scan  sample size overall mean deviation (mm) maximum deviation (mm)

Registration TLS 8 40

tie points points points 8 16

Registration TLS 10 50

ICP-algorithm planes planes 4 14

Reflector coordinates 30 150

TLS/tachymetry points points 9 17

Tachymetry point to TLS surface 20 100

manual filter/no vegetation points points 23 51

Tachymetry point to TLS surface 10 50

autom. filter/no vegetation points points 37 63

Tachymetry point to TLS surface 20 100

manual filter/vegetation points points 51 88

Tachymetry point to TLS surface 10 50

autom. filter/vegetation points points 127 1875

displacement vectors 20 80

no vegetation 3-D-vectors 3-D-vectors 41 81

displacement vectors 10 40

vegetation 3-D-vectors 3-D-vectors 56 78
Erosion/Deposition A Finally, the sizes of displacement vectors were analysed.
LU R T No significant difference in the deviation between TLS and

i, tachymetry between areas with or without vegetation is vis-

— ible. This is explained by the fact that only areas with high
E e point cloud density were used to create displacement vectors,
= because the same points on the surface were located in con-
B 00501 secutive scans. The existing error (mean: 41 mm and 56 mm,
. 02-05 max: 78 mm and 81 mm) is explained by the difficulty in
ik locating exactly the same point on the surface of two consec-

utive orthophotos.

For the whole area and monitoring period, the erosion and
deposition of material was mapped in Fig. 3. To analyse the
real mass balance of the slope, the point density must be
taken into account. Figure 4 shows areas where the point
density is low and the obtained DEM quality is uncertain
(pink framed areas). This helps the operator make reliable
conclusions about movement patterns. A volume of 124 m
eroded at area 1 (yellow framed area with middle point den-
sity quality) and 131 accumulated at area 2 (green framed

Fig. 4. Interpretation of slope movement patterns: all pink framed . . . . .
zones can be neglected due to low point density. Area 1 (yellowarea with high point density). All pink framed zones can be

framed area indicates middle point density quality) moved down-Neglected due to low point density concerning slope move-
wards to area 2 (green framed area indicates high point density)Ment patterns.

Approximately 130 m of material was involved in the movement
process.

0510 20 30 40
I . N

7 Conclusions

creation of IDW-and a minimum surface) needs an operator-1 "€ capability of TLS to monitor slow moving landslides

defined radius on the x, y plane as a basis for calculation tgVas assessed (movement rate00 mm per period). In
filter points on the height-axis. For creation of the final DEM a comparative study with tachymetry, accuracy limitations

this means that the available points for the filter calculation'Vere defined for a case example. The analyses included the

and definition of the radius size influence the final result, ~ Process of registering the scanner position, raw data and post
processed data delivered by TLS, which is a crucial step for
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considering long term TLS monitoring of an object. In the Biasion, A., Bornaz, L., and Rinaudo, F.: Laser scanning on disas-
case presented, an ICP algorithm was applied to improve the ter management. In: Geo-information for disaster management,
registration process. The registration error could be reduced Springer Verlag Berlin Heidelberg 2005, 19-35, 2005.
significantly. Comparing raw data from TLS (measurementsBitelli, G., Dubbini, M., and Zanutta, A.: Terrestrial laser scanning
were executed over distances of 100 m) to tachymetry the ex- gnd digital photogrammetry techniques to monitor landslide bod-
pected error due to decreased point accuracy of TLS mea- ies. Proceedings of the XXth ISPRS Congress, Istanbul, XXXV,
surements was approved (deviatiath7 mm). The main fo- part B5, 246-251, 2004.

. . L Derron, M.-H., Jaboyedoff, M., and Blikra, L. H.: Preliminary as-
cus of the presented investigation is the reliability of DEMS ¢ .ccment of rockslide and rockfall hazards using a DEM (Opp-

created from the TLS data concerning slope movement pat-  giaghornet, Norway), Nat. Hazards Earth Syst. Sci., 5, 285-292,
terns. Filtering methods of point cloud data were investi- 2qgs,

gated for slopes with and without vegetation cover. It can http://www.nat-hazards-earth-syst-sci.net/5/285/2005/

be concluded that if high accuracy is crucial for a moni- Dewitte, O. and Demoulin, A.: Morphometry and kinematics of
toring project of slopes having vegetation cover, then man- landslides inferred from precise DTMs in West Belgium, Nat.
ual filtering has advantages over automated filtering methods Hazards Earth Syst. Sci., 5, 259-265, 2005,

(mean deviation to tachymetry measurement: manually fil- Nttp://www.nat-hazards-earth-syst-sci.net/5/259/2005/

tered: 51 mm, automated filtered: 127 mm). After analysisHamrah. M., Shojaee, D., and Mosavi, A.: Evaluation of DTM
of the whole data set, including comparison of displacement Generation in Surfer 8.0. E — Conference Proceedings of Map In-

. . dia 2006 http://www.gisdevelopment.net/proceedings/mapindia/
vectors, it can be further concluded that using the presented 2006/studentv200ral/mi06sies.htm 2006.

m.eth(.)dology,. including gtandard GIS t(_aols for filtering ap- Hsiao, K. H., Yu, M. F., Liu, J. K., and Tseng, Y. H.: Change De-
plications, it is not possible to determine movement rates tgction of Landslide Terrains Using Ground -based Lidar Data,
<50 mm per investigated period. However, if the point den-  proceedings of 2003 Annual Symposium of the Society of Chi-
sity (the basis for DEM creation) is analysed, reliable con- nese Association of Geographic Information, 2003.
clusions can be made regarding slope movement patterns anngensand, H.: Methodological aspects in terrestrial laser-scanning
erosion and deposition of material. technology, Proceedings of the 3rd IAG Symposium of Geodesy
for Geotechnical and Structural Engineering and 12th FIG Sym-
posium on Deformation Measurements, 22-24 May, Baden,
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Abstract: Terrestrial laser scanning is of increasing importance for surveying and hazard
assessments. Digital terrain models are generated using the resultant data to analyze
surface processes. In order to determine the terrain surface as precisely as possible, it is
often necessary to filter out points that do not represent the terrain surface. Examples are
vegetation, vehicles, and animals. Filtering in mountainous terrain is more difficult than in
other topography types. Here, existing automatic filtering solutions are not acceptable,
because they are usually designed for airborne scan data. The present article describes a
method specifically suitable for filtering terrestrial laser scanning data. This method is
based on the direct line of sight between the scanner and the measured point and the
assumption that no other surface point can be located in the area above this connection line.
This assumption is only true for terrestrial laser data, but not for airborne data. We present
a comparison of the wedge filtering to a modified inverse distance filtering method
(IDWMO) filtered point cloud data. Both methods use manually filtered surfaces as
reference. The comparison shows that the mean error and root-mean-square-error (RSME)
between the results and the manually filtered surface of the two methods are similar.
A significantly higher number of points of the terrain surface could be preserved, however,
using the wedge-filtering approach. Therefore, we suggest that wedge-filtering should be
integrated as a further parameter into already existing filtering processes, but is not suited
as a standalone solution so far.

Keywords: terrestrial laser scanning; filtering; wedge
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1. Introduction

Laser scanning provides point-sample elevation data, which enables the automated and fast
generation of Digital Elevation Models (DEM) that can provide information on the morphological
features of terrain, vegetation and buildings. A generic DEM normally implies elevations of the terrain
(bare earth z-values) void of vegetation and manmade features [1]. To obtain a correct DEM all
non-ground points have to be filtered out. The problem of segregating canopy and ground laser returns
in laser scanning data is widely known.

Different approaches for filtering laser scanning data exist: the auto-regressive process [2],
mathematical morphology [3], method of least squares, robust interpolation [4], convex-concave cover [5],
and procedures that use, based on a triangular meshing (TIN) of the DEM, the local terrain inclination as
filter criterion [6,7], gridding methods in which a grid DEM is calculated trough including gradient
based height values determined in a hierarchical data pyramid [8—10], method of multiscale curvature
classification [11].

These methods filter data obtained from airborne laser scanning. Aerial surveys are usually carried
out directly over the site and provide relatively equally distributed measuring data. In contrast,
terrestrial laser scans yield very irregularly distributed measuring data. First, because the distance
between measured points increases in proportion to the measuring distance; second, it is difficult to
avoid shadows caused by obstacles, such as trees, shrubs, or buildings. It is therefore more difficult to
filter ground and non-ground points to calculate a digital elevation model (DEM). Currently, the
following steps are recommended by different authors [12]: (a) manual cleaning of the TLS datasets,
i.e., removal of non-ground points, for example vegetation, wires and mobile objects. This step is time
consuming, but necessary in most cases; (b) sometimes automatic algorithms for filtering non-ground
points may be applied, looking either for differences in geometry [13,14] or in intensity of the returned
signal [15]. The algorithms usually succeed in filtering of trees, but often fail to filter small plants
and bushes, which need to be removed manually; (c) instrumental errors, i.e., scattering of the TLS
measurements around their true value, should be corrected when accurate measurements are
necessary [16], for example noise reduction by filtering or averaging [17,18]. Prokop and Panholzer [14]
propose to combine the principle of the robust interpolation with the process of morphological opening
(IDWMO). The wedge-filtering method we describe here has a different approach than the existing
algorithms, but can only be used for terrestrial laser scanning data.

2. Methods

In a static terrestrial laser scan, all measured points must be visible from the laser source of the
scanner. Connecting each point with the laser source creates a line between the two, given that there
were no obstacles along these lines. In case two connecting lines have the same horizontal angle, the
connecting line with the larger vertical angle and smaller measuring distance (Figure 1, red line)
compared to the connecting line with the smaller vertical angle and greater measuring distance (Figure 1,
blue line) cannot lead to a ground point. Consequently, a point cannot be a ground point if there is a
more distant point with a smaller vertical angle in the same direction.
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Figure 1. Cross-section of a terrestrial laser scan showing connections between laser

scanner and recorded points.

------

Only in a few cases, and often depending on the angular resolution of the scanner, two connecting
lines have the same horizontal angle. To assess whether a point with a small vertical angle and a large
measuring distance identifies another point with a greater vertical angle and a smaller measuring
distance as a non-ground point, an elimination area must be defined in regard to the deviation of the
horizontal angle. If the horizontal deviation increases proportionally to the difference of the vertical
angle, the elimination area is V-shaped (Figure 2). In this paper we refer to the angle of the V-shape as
filter angle .The further a point is over the connection line of another point, the more likely it is to be a

vegetation point. Therefore the elimination area should have a greater filter angle.

Figure 2. Frontal view of a terrestrial laser scan recording. Marked is the V-shaped
elimination area. The blue dots are further away from the laser scanner than the red dots.
Part A shows a larger filter angle than part B.

For example: If the filter angle is 80 degrees; a point located one meter above the connecting line of
another point would be classified as a non-ground point if a lateral deviation of 17.36 cm is not
exceeded. A point only half a meter above the connecting line is classified as such only up to a lateral
deviation of 8.68 cm. If a point is within this elimination area, it is marked as a non-ground point and
is eliminated from further calculations. If a point is outside this elimination area, it is recognized as a

ground point and used as a basis for a new elimination area.
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The angle of the V-shape is the primary parameter for the filtering procedure. If the inclination of
the elimination area is flatter than the terrain inclination, even terrain points are eliminated. For any
point an upward open wedge is generated (Figure 3). Any point that falls into the wedge of another
point is eliminated as non-ground point. The wedges in Figure 3 we present in a slightly oblique view
to emphasize the V-shape. For the elimination areas, also forms other than the V-shape are possible,
for example when the horizontal deviation increases exponentially or according to a specific function
curve to the difference of the vertical angle.

Figure 3. Oblique view of a terrestrial laser scan. The elimination areas are shown
three-dimensionally and thus appear in the form of wedges.

It is important to consider the different filtering behaviour for long and steep elements, for example
for walls. For visualization, we present three laser scan records shown from above and from the side.
Laser beams hit a slightly inclined wall (Figure 4, light blue line) from different horizontal angles.

Figure 4. Laser scan of a wall with three different horizontal angles; seen from the side (A)
and from above (B).
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If the recording beams hit the wall perpendicular (Figure 4(A,B), left), the filter angles have no
influence on the wall and only exactly vertical and overhanging parts are eliminated (2.5 D filter). In
case of the situation shown in the middle of Figure 4(A) and (B), the filter angle would have a larger
influence. In the recording on the right side of Figure 4(A) and (B), where the wall is nearly in the
direction of the laser beam, the wall would be filtered out if it was only minimally steeper than the

filter angle.
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3. Description of Test Areas
3.1. First Test Area

The test area is located near the village of Gries am Brenner in Tyrol, Austria. In addition to the
automated filtering, we manually categorized points into ground and non-ground points. The manually
filtered results are therefore suitable for comparison with results from automated filtering methods.

Figure 5. Test are ((A): OK 50; (B) aerial photo); image source: © Land Tirol, tiris,
www.tirol.gv.at/tiris.

@ Scan position

[ Scan area

150 Meters

We undertook scanning from three positions. The surveyed areas only overlap slightly. For testing, we
chose a record with 114,800 points. We took measurements of the south-facing slopes of the Padauner
Kogel (Figure 5). The terrain in the approximately 1 km long area has a height difference between
valley and mountain tops of approximately 450 m and covers an area of 0.3 km®. Areas with vegetation
alternate with up to 70 degree steep cliffs without vegetation. The terrain is diverse and has abrupt terrain
transitions. Here, automated filtering of the laser scanning data is difficult. Most filtering methods work
with angle thresholds and these thresholds must be high in order not to falsely eliminate the existing
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natural terrain transitions. Figure 6 shows an inclination map of the test site. Flat areas are green to
account for the prevailing forest cover. The mostly barren slopes with more than 60 degrees inclination
remain blue. Two significant, large rock formations are on the upper side and at the left below.

3.2. Second Test Site

The study area is located in the wvalley of Montafon near Schruns in Vorarlberg, Austria
(Figures 7 and 8). We chose one scan position, at a distance of approximately 100 m to the scanned
slope. The scan contains 196,932 points. In contrast to the first test area, the filtering is easier, because
of significantly reduced vegetation. Only some fallen trees and tree trunks exist due to a landslide.

Figure 7. Aerial photos Galierm, 2001 (A) und 2006 (B); image source: © Land
Vorarlberg, http://vogis.cnv.at.

q QO Scan position Scan area

X

Figure 8. Location of the two test areas; image source: © Geoland, www.geoland.at.

Second test area: First test area:
Montafon/Galierm  Gries am Brenner

4. DEM Calculation of the Test Areas Using the Wedge-Filtering Method

To implement wedge-filtering in a computer program, we used the programming language
VB.NET. The filter angle value is the only input parameter for the calculation (Figure 9).
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Figure 9. Screenshot of the calculation using our own computer program.
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For the evaluation we chose four different filter angles: 80, 70, 60 and 50 degrees. We omitted
lower angles, because the slopes in the test areas are generally steeper. We classified every point of the
point cloud by the following two steps:

(1) comparison of the horizontal distance of the line between laser scanner and the point to be
verified with the distance between scanner to every other point:

distancey, < distancey, (D)

where: distance,, is the horizontal distance between the laser scanner and the point to be verified,
and distance,. is the horizontal distance between the laser scanner and the compared point.

If the distance to the point to be verified is longer than the distance to a compared point, the point to
be verified cannot be in the wedge of the compared point. Therefore, we cannot determine whether it is
a ground point or not. In this case we need to compare the next point of the point cloud. If the distance
to the point to be verified is shorter than that to the compared point, the verifying point could be in the
wedge of the compared point. In this case, we continue with step 2:

(2) The next step is verifying whether the point is in the wedge or not. We can calculate the angle
between the two lines and assess if the angle exceeds the user-defined threshold filter angle:
Atan( A0/ [+/-] Ap) > dinres (2)

where: 0: azimuth-angles of the points with the origin in the laser scanner; ¢: polar-angles of
the points with the origin in the laser scanner, and As,.: threshold-angle which must be defined.

If this angle between the lines to the point to be verified and the compared point is larger than the
defined filter angle, the point to be verified is located in the region of the wedge of the compared point
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and therefore can be classified as a non-ground point. An ASCII file contains the result of the calculation
including. X, Y, Z coordinates and a status value for each point. The value “0” indicates a ground point,
the value “1” indicates a non-ground point.

To obtain a digital elevation model (DEM), we interpolate the ground points using ArcGIS by ESRI
Inc. According to ESRI [19] the Natural Neighbour method is also well suited for distributed point
clusters, for example from terrestrial laser scan recordings. Based on the computed results,
we calculated four DEMs with a cell size of one meter. To evaluate the results we used DEMs of the
test areas, which had been generated with manually filtered ground points. We calculated the
difference between the newly calculated and the manually filtered DEMs.

Additionally to the results of the new filter approach we described above, we compared DEMs of
the test areas with the results of the automated filter method described by Prokop and Panholzer [14].

To evaluate the accuracy to the reference DEMs, we calculated the mean error and the
root-mean-square-error (RMSE). According to the ASPRS Guidelines [1] and Gianinetto and Fassi [20],
the RMSE is often used to assess the accuracy of elevation data and is defined as:

)

where AZ; are the elevation residuals (i.e., the differences of the elevation measures with respect to
reference data) and n is the number of measures. Hohle et al. further recommend to use the median, the
normalized median absolute (NMAD), the standard deviation, the 68.3% quantile and the 95% quantile
of absolute residuals for accuracy assessment of DEMs [21,22].

5. Results and Discussion
5.1. First Test Area

The centre of the first test area shows a low point density after we manually filtered the data.
Because of the missing ground points, the significance of the filtering effect is low. Consequently, the
statistical values for the entire recording area are distorted. To allow for more significant results and to
obtain a better comparison, we additionally selected a specific area with a high point density for
further analysis.

In Figure 10 we show the differences between the new calculated DEMs and the manually filtered
DEMs (DoD = Differences of DEMs). The areas with warm colour indicate a good accordance
between the two DEMs. The red areas indicate where the newly calculated DEMs are located above
the reference model, resulting from an insufficient filtering effect. Blue areas show where the newly
calculated DEM is lower than the reference model, as a result of incorrectly filtered ground points.
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Figure 10. Differences of the first test area between the new calculated terrain models
(filter angles 80, 70, 60 and 50 degrees) and the manually filtered terrain model (m). Red

rectangle indicates the area of high point density.

Legend:
DoD (m)

IDWMO

500 250 0 500 Meters

We identified 39,659 ground points and 39,110 non-ground points using a filter angle of
80 degrees. The mean error of the two surfaces is 4.779 m, with a RMSE of 6.996 m and a standard
deviation of 5.110 (Table 1). The red areas in the image indicate vegetation, which has not been
filtered out. Looking at the pictures in decreasing filter angle order, a reduction in size and number of
these red areas is visible. Especially in the forested areas in close proximity to the laser scanner, an
area with high point density, a smaller filter angle yields a better filter effect, as indicated by the larger
warm coloured zones in Figure 10. In the more distant forested areas the filtering effect is reduced, even
when we use a filter angle of 50 degrees (recognizable by the large red areas in the centre of Figure 10). In
this area we could only record the highest tops of the trees, since it is unlikely that the laser beam
penetrates to the ground of such forested areas. Therefore effective filtering is difficult.
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Table 1. Statistical values for the first test area.

Filter Angle of Wedge-Filtering

Value 20 70 60 50 IDWMO Method
Ground points 39,659 34,108 29,229 24,398 12,326
Mean error 4.779 3.816 2.908 1.618 1.032
RMSE 6.996 5.996 5.284 5.316 3.333
Standard deviation 5.110 4.626 4412 5.064 3.169
Median 3.304 2.096 1.277 0.747 0.166
NMAD 6.474 5.680 5.085 5.000 3411
68.3% quantile 7.170 5.360 3.819 2.472 1.258
95% quantile 14.257 12.981 11.765 10.654 7.718

When we use a filter angle of 50 degrees in the test record, the number of ground points is reduced to 24,
398 and the mean error is 1.618 m. This last result must be questioned, because the value of the RMSE is
5.316 m and thus higher than 5.284 m, which is the RMSE at an angle of 60 degrees. The standard
deviation even raises from 4.412 m at an angle of 60 degree to 5.064 m at an angle of 50 degree. This
decline in accuracy is a result of the steep rock walls at the left side of the recording (Figure 10, yellow
lines). When we look at the pictures in decreasing order of the filter angle, the blue areas increase in size.
This indicates that ground points were filtered out. This area has slopes partly exceeding 70 degrees.
Because the face of the rock wall was measured from the side, the chosen filter angle affects the quality
of the filter. Consequently, a slope with 70 degrees inclination - when measured from the side-will be
excluded if the filter angle is 60 degrees. In the other rock wall (Figure 10, green lines) there are only
small blue stripes visible in the picture, showing the results of a filter angle of 50 degrees. Because the
rock wall was recorded frontally, there are only few unwanted filtering effects. The differences
between the area calculated with the IDWMO-method and the manually filtered DEM are also shown
in Figure 10. The standard deviation is 3.169 m and the RMSE is 3.333 m.

In Figure 11 colour-separated point clouds compare the results of the point classification of the new
model calculated using a filter angle of 50 degrees with the manually filtered terrain. The yellow and
blue points were detected as ground points during the wedge-filtering. The 15,867 yellow dots
correspond well with the results of the manually filtered terrain model. All 8,561 blue points are
located more than 20 cm above the manually filtered terrain model and were thus classified falsely as
ground points. The red and green points were classified as non-ground points. The 49,650 red points
are all more than 20 cm above the manually filtered terrain model and were thus correctly classified as
non-ground points. The 4,721 green points were classified as non-ground points, although they match
with the manually filtered terrain model. As mentioned above, a filter angle of 50 degrees would be too
low for the left side of the recording. In the area with mainly blue points in the upper third of the
picture, however, a lower filter angle would probably yield better results.
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Figure 11. First test area—point classification of the new calculated model (filter angle
50 degrees), compared with the manually filtered terrain model in the form of a
colour-separated point cloud.

150 Meters
I I

Table 2 shows the results of the classification using the filter angles 80, 70, 60 and 50 degree as
described above. We can see an increasing filtering effectiveness by decreasing the filter angle from 80
degrees to 50 degrees. The number of undetected non-ground points decreases from 19,988 to 8,561.
The number of falsely eliminated ground points increases from 894 at 80 degrees filter angle to 4,721
at 50 degrees filter angle, however.

Table 2. Point classification of the four new calculated models (80, 70, 60 and 50 degree
of filter angle) compared with the manually filtered terrain model.

Manual filtering
Filter Ground Points Non-Ground Points Non-Ground Points Ground Points
Angle Wedge-Filtering: Wedge-Filtering: Wedge-Filtering: Wedge-Filtering:
Ground Points Non-Ground Points Ground Points Non-Ground Points

80° 19,671 38,216 19,988 894

70° 19,156 43,252 14,952 1,409

60° 17,884 46,862 11,345 2,678

50° 15,837 49,650 8,561 4,721

5.2. Detail of First Test Area with a High Point Density

The objective of the following assessment is to understand how the wedge filter works under more
homogeneous conditions. Therefore we calculated statistical values also for a sample area of the first
test area (Figure 10, red rectangles). The resulting statistical values are summarized in Table 3.

A significant improvement can be seen by reducing the filter angle (see RMSE values in Table 3).
The RMSE:s of the wedge-filtering method for the entire test area are larger than the RMSEs using the
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IDWMO method. In the area with higher point density, however, the RMSE of the result using a
50 degree filter angle is 1.180 m the standard deviation 0.962 and therefore lower than RSME and the
standard deviation of the IDWMO method with 1.366 m. A higher number of points of the terrain
could be preserved using the wedge-filtering approach (see ground points in Table 3).

Table 3. Statistical values for the detail area.

Filter Angle of the Wedge-Filtering

Value IDWMO Method
80 70 60 50

Ground points 3,427 3,172 3,014 2945 1,346
Mean error 2.293 1.923 1.296 0.862 0.361
RMSE 4.084 2.819 1.855 1.180 1.366
Standard deviation 3.380 2.353 1.537 0.962 1.366
Median 0.613 0.520 0.456 0.399 -0.054
NMAD 3.705 2.451 1.529 0.911 1.057
68.3% quantile 1.925 1.196 0.828 0.624 0.125
95% quantile 10.123 7.054 4.390 2.618 1.876

5.3. Second Test Area

We calculated, similarly to the first test area, four different DEMs using filter angles of 80, 70, 60
and 50 degrees and determined the difference between the newly calculated elevation models and the
manually filtered elevation model (Figure 12 and Table 4). In Figure 12 two regions are highlighted
with yellow and green color. The area marked yellow represents densely forested terrain. Applying a
filter angle of 80 degrees, not all vegetation points were filtered, shown by the red areas. The filter
angle of 50 degree delivered better results, indicated by the warm-coloured areas. The areas marked
green represent steep walls. Using a filter angle of 50 degrees, we obtain some black blue, because
parts of the wall were filtered out incorrectly (in contrast to the result at 80 degrees).

A filter angle of 70 degrees has proved to show the best results, with an RMSE of 0.387, where
over 80,000 of the 196,932 points were filtered out. With the IDWMO method we obtain a RMSE of
only 0.517. The higher point density and reduced vegetation result in a much lower average height and
RMSE. The 95% quantile of 0.075 m is lower than the 95% quantiles of the wedge filtering. The
reason is the morphological opening of the IDWMO method, where a minimum raster is used. As we
can see by the low mean error of —0.126 m the IDWMO method tends to filter out more points than
wanted. In case of wedge filtering using a filter angle higher than the steepest slope of the scanned area
no ground point will by filtered out incorrectly. The high mean errors and 95% quantiles indicate
non-ground points which had not been filtered out.
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Figure 12. Differences of the second test area between the new calculated terrain models
(filter angles 80, 70, 60 and 50 degrees) and the manually filtered terrain model (m).
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Table 4. Statistical values for the second test area.

Filter Angle of Wedge-Filtering

Value 20 70 60 50 IDWMO Method
Ground points 122,975 116,824 108,186 97,426 120,299
Mean error 0.219 0.092 0.024 —0.030 -0.126
RMSE 0.768 0.387 0.446 0.464 0.517
Standard deviation 0.736 0.376 0.445 0.463 0.502
Median 0.000 0.000 0.000 0.000 —0.058
NMAD 0.499 0.252 0.198 0.225 0.249
68.3% quantile 0.041 0.024 0.008 0.001 —0.035
95% quantile 1.256 0.619 0.412 0.272 0.075
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6. Conclusions and Outlook

We present a method particularly suited for filtering terrestrial laser scanning data. This method is
based on the direct line of sight between the scanner and the measured point and the assumption that
no other surface point can be located in the area above this connection line. The analysis of the method
shows that even with a high filter angle and associated low error probability we can filter out a
considerable number of non-ground points. To filter successfully, the selected filter angle must be as
low as possible. The effect of the filter angle differs between measuring an object from the side or
frontally. For measurements from the side, the filter angle should not be higher than the maximum
inclination of the terrain. A possible approach to improve the quality of the presented filter is dividing
a total area into small homogeneous subareas with similar inclination conditions and recording angles.

Our method is a new method for filtering terrestrial laser scanning data, rather than a stand-alone
solution for calculating a digital terrain model. The method can be used as a supplement, for
pre-filtering, or it can be helpful for the verification of results from other methods. The assumption of
the direct line of sight between laser scanner and recorded point is an important additional filter
parameter not yet used in other filtering methods. Using wedge-filtering, many points can already with
good confidence-be classified as non-ground points. Especially with iterative methods, such as robust
interpolation or inverse distance weighting, wedge-filtering can prevent that too many non-ground
points are included in the first surface interpolation. Furthermore, wedge-filtering correctly removes
some non-ground points, which other methods would incorrectly retain as ground points. For parts of
the research area, the mean error as well as the RMSE between the results and the manually filtered
reference surface of the compared methods are similar, but a significantly higher number of ground
points could be preserved using the wedge-filtering approach.

We only describe the basic method of a new filter approach, however we propose that it is possible to
achieve a complete filter based on the function of the wedge-filter, by accounting for additional criteria,
even without the use of conventional filter methods. Consequently, in our current work we try to
implement iterative calculation methods using thresholds for refractive angles to neighbouring points.
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Abstract: Terrestrial laser scanning has become an important surveying technique in many fields
such as natural hazard assessment. To analyse earth surface processes, it is useful to generate
a digital terrain model originated from laser scan point cloud data. To determine the terrain
surface as precisely as possible, it is often necessary to filter out points that do not represent the
terrain surface. Examples are vegetation, vehicles, and animals. In mountainous terrain with a
small-structured topography, filtering is very difficult. Here, automatic filtering solutions usually
designed for airborne laser scan data often lead to unsatisfactory results. In this work, we further
develop an existing approach for automated filtering of terrestrial laser scan data, which is based
on the assumption that no other surface point can be located in the area above a direct line of
sight between scanner and another measured point. By taking into account several environmental
variables and a repetitive calculation method, the modified method leads to significantly better results.
The root-mean-square-error (RSME) for the same test measurement area could be reduced from
5.284 to 1.610. In addition, a new approach for filtering and interpolation of terrestrial laser scanning
data is presented using a grid with horizontal and vertical angular data and the measurement length.

Keywords: terrestrial laser scanning; filtering; ground points; digital terrain model (DTM)

1. Introduction

For the generation of a digital terrain model (DTM), it is necessary to identify the terrain points
on the bare earth surface. Thus, all non-terrain-points such as vegetation, buildings and other
constructions above the ground must be removed, which is referred to as filtering in this context [1].

There are different approaches for filtering laser scanning data. Some examples of basic algorithms,
which have been modified in many ways, are mathematical morphology [2,3], interpolation-based [4],
and triangulated irregular network (TIN)-densification. By using geometrical values such as distances
and angles as filter criteria [5], algorithms progressively densify the digital terrain model (DTM) to
approximate the bare earth [6,7].

These common ground modelling methods have been manly developed for airborne laser
scanning (ALS) data and are not optimally suited for ground level determination from terrestrial
laser scanning (TLS) data.

The intrinsic point cloud densities, scanning distances, the distribution of noise points and the
backscattering geometry of TLS data vary significantly when compared to ALS data. As a terrestrial
laser scanner is located within the target area, complete occlusion to some viewing directions is highly
probable. The spatial distribution of TLS points are heavily concentrated around the immediate
vicinity of the scanner, resulting in excessively high point cloud densities near the scanner that become
detrimental for the point cloud processing [8].
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Further, many ground filtering techniques are limited in application within challenging
topography and experience difficulty coping with some objects such as short vegetation, steep slopes,
and so forth. Lastly, due to the large size of point cloud data, operations such as data traversing,
multiple iterations, and neighbour searching significantly affect the computation efficiency [9].

Some methods have been developed especial for TLS data to segment into ground and
non-ground points.

Brodu and Lague [10] present a supervised classification method using multi-scale dimensionality
analysis based on the geometric characteristics of the scene. Combining this information from different
scales can build signatures of the scene at each point. This signature can then be used to discriminate
vegetation from soil for example.

Pirotti et al. [11] use the information of a multireturn TLS for vegetation mapping. First,
the thresholds of the return number and the normalized amplitude of intensity are set to determine
possible ground points. Subsequently, a progressive morphological filter is adopted for generating
a DTM and digital surface model (DSM) where the maximum and minimum Z values are used as
criteria to apply a dilation and erosion operator.

Lau et al. [12] separate ground and non-ground of TLS data by using the RGB value.

Liang et al. [13] developed a scan line continuousness segmentation well suited for trunk
detection. The approach is based on the continuity property of the object surface, planar distance and
segmentation in horizontal and vertical directions. The one-dimensional segmentations were first
performed independently and then combined to groups with similar distances to the scanner.

Che and Olsen [9] present a fast ground filtering method for TLS data via a Scanline Density
Analysis. The process first separates the ground candidates, density features, and unidentified points
based on an analysis of point density within each scanline. Then, a region growth using the scan
pattern is performed to cluster the ground candidates and further refine the ground points (clusters).

The method of Panholzer and Prokop [14] and Puttonen et al. [8] uses a priori information of the
TLS configurations and scanner-centred coordinates to determine the ground level. Integrating these
coordinates in the filtering process is an important additional filter parameter.

Some of these methods need additional data that are not always available or are made for a
special purpose such as tree location mapping. The method presented here is intended to show a
way—including new filter information—of distinguishing soil from non-soil points only with basic
data (point cloud and coordinates of laser scanner).

2. Materials and Methods

2.1. Preconditions for Filtering Terrestrial Laser Scanning Data

The great difficulty of filtering earth surface point cloud data is that each point is related to
some extent to any other point. In the case of Kriging [15], an attempt is made to take this fact into
consideration as far as possible. As soon as a point is removed, it changes the estimated surface model
for the points in the closer neighbourhood. The model has to be recalculated under the new, changed
conditions. Particularly in the case of non-unambiguous recording areas, a step-by-step elimination
of points results in a surface which is plausible for the human observer with certain probability.
The process of point cloud filtering must therefore almost necessarily be an iterative process.

The human being can derive when manually filtering point cloud data a certain probability
with regard to the correct surface from height values, the distribution, the structure, etc. It is, e.g.,
very unlikely that there is an abrupt change in the surface. However, in the case of TLS, more than in
the case of ALS, it must be taken into account that objects are usually recorded only from one side,
resulting in sharp edges as well as larger areas without recorded points (shadows) behind these objects.

The more a point deviates from the surrounding points (e.g., in height), the more likely it is not a
ground point. It is difficult to classify these points with a few and unequally distributed neighbouring
points. In these areas, the filter process can be at best a rough estimate.
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In this extended approach of the HOVE-Wedge-filtering, an attempt was made to simulate the
human perceived probability estimates in the form of algorithms by the help of a computer model
which is as universally applicable as possible.

2.2. Wedge Iterative (Modified Model)

The work presented is based upon “Wedge-filtering of geomorphologic terrestrial laser scan
data” [14], where the general procedure of the Wedge Absolute method is described. In the following,
we explain our modifications that led to the Iterative Method while the basic principle of Wedge
Absolute is briefly reproduced for understanding.

In a static terrestrial laser scan, all measured points must be visible from the laser source of the
scanner. Figure 1A shows a point cloud of terrain from the view of the laser scanner. Connecting each
point with the laser source creates a line between the two (blue line in Figure 1B), given that there
were no obstacles along these lines. In the case two connecting lines have the same horizontal angle,
the connecting line with the larger vertical angle and smaller measuring distance compared to the
connecting line with the smaller vertical angle and greater measuring distance cannot lead to a ground
point. Consequently, a point cannot be a ground point if there is a more distant point with a smaller
vertical angle in the same direction.

| ™™ cross-section area of B [ Filterwedge area

-vertical angle (0)
vertical angle (0)

7

4{ horizontal angle (¢)

> —— length (m)

Figure 1. View to terrain from the centre of scanner (A); and cross-section of a terrain (B).

Of course, it is rare that two connection lines have exactly the same direction. Thus, you need to
define a threshold. The basic idea is that, for each point, two adjacent points are searched, which are
further from the recording point than the point to be checked. The angle is calculated between the
connecting line from the recording centre to the recording point and the connecting lines to the adjacent
points. The angles are calculated using Equation (1):

A
) —t -1 vert 1
Hire an (abs (Ahorz) ( )

where wj; . is the left or right wedge angle; Ay is the difference of the vertical angle; and Ay,,, is the
difference of the horizontal angle.

For the Wedge Absolute method, if the angular values are greater than a previously defined
threshold value, the corresponding recording point is recognized as a non-ground point and will be
erased (Equation (2)).

i N ape > ALy (2)

where ay; ,, is the left or right wedge angle; and Aryy is the threshold limit value.
Because the section for the two angle thresholds looks like a wedge (Figure 1A, blue dashed),
we called it the wedge-method. As mentioned in our previous work [14], this filtering method is
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not a stand-alone solution for calculating a digital terrain model because it has some weaknesses.
The Wedge Absolute method on its own provides satisfactory filtering results only for terrain, without
steep inclines.

In contrast to the absolute method in the iterative method, the angle difference to the two adjacent
points is calculated for all points. This angle difference is compared with a predefined threshold
value. Therefore, an angle difference of 180° means that the point lies precisely in a plane with the two
adjacent points. A value greater than 180° indicates that the point is not likely to be deleted. A very
small value (acute angle) again indicates a vegetation point. The method to find the two adjacent
points is explained in Section 2.3.3. If the angle difference is less than a certain threshold, the point will
be erased (Equation (3)):

Oiff < ALy 3)

where 6 is the difference of left (from right adjacent point) and right (from left adjacent point) wedge
angle; and A7py is the threshold limit value.

2.3. Theory of Filtering over Vertical Horizontal (HOVE) Angular Grid

The method of HOVE grid offers a wide range of possibilities for effective point filtering. Normally,
in the case of surface computation, the points are plotted in an X, Y coordinate field. Interpolation then
takes place with the inclusion of the Z-coordinate (height). Since the point cloud of terrestrial laser
scanners results in a very irregular X, Y coordinate distribution, large areas have to be interpolated or
estimated during the generation of height-grid.

A terrestrial laser scanner measures the terrain with a constant angle step in a strip-like manner.
If instead of the X coordinate, we use the horizontal angle (¢) values and instead of the Y coordinate,
use the vertical angle (6) values, an almost perfect, gap-free raster is normally obtained (Figure 1A).
This approach is very similar to the method described by Liang et al. [13]. An interpolation involving
the recording length has several advantages:

e  The output grid contains no gaps.

e Iltis easier to find terrain structures (e.g., terrain edges).

e  Quick recalculation of adjacent points is easily computable.
e 3D filtering is possible.

All information on the search area of the adjacent points can be made in the form of grid
spacing, which is normally constant. The grid spacing corresponds to the angle step (6 and ¢)
of the laser scanner.

The HOVE grid has been used in the following ways.

2.3.1. Horizontal and Vertical Angles within the HOVE Grid

Figure 1A shows a horizontal-vertical angles (HOVE) gird, while Figure 2 represents a small
sector of such a grid. Within the point grid, the closest points above and below as well as to the
left and right of the point to be examined are determined (Figure 2, blue points). For this purpose,
the corresponding search area must be defined. Within these search areas, the point with the smallest
angular distance to the point to be examined is searched. Subsequently the angle from the examined
point to the adjacent points is calculated using Equation (4):

(Lpuex - Lpuad) X2
sin (,Bpuex - ,Bpuud) X (LPWX + LP““d)

1

Ny = tan

4)

where «ay; is the angle from examined point to adjacent point; L.y is the length from laser scanner to
examined point; L, is the length from laser scanner to adjacent point; and Bpuex is the angle from
laser scanner to examined point; By,,4: angle from laser scanner to adjacent point.

54



Appl. Sci. 2018, 8,263 50f 15

In addition to the closest points, the points with the lowest a;,; below the point to be examined
are determined (Figure 1, green points).

@ Point to analyse Search area
@ <A Adjacent-point @ >oa Adjacent-point

i

vertical angle (0)

horizontal angle (¢)

Figure 2. Horizontal-vertical (HOVE) grid and search area for horizontal and vertical angles.

From the angles found, the respective angle difference can be calculated. If no angle could be
calculated for one side due to lack of points, the average of the negative angles of the next and after
next point on the opposite side was taken for this side. If no closed point angle could be determined fir
both sides, the difference of points with the lowest a,,; will be used for calculation.

With the help of these angle differences, the following statements on the terrain model can
be made.

Find Distance Measurement Errors

The dataset used includes some points that are obviously measurement errors. Even points which
have a remarkably large length must be removed before the ending filtering. These points would
otherwise be responsible for removing a lot of correct ground points. To identify these points, in a
specific search range for each point, the horizontal as well as vertical back angle-difference to its
neighbouring points is calculated. The left side of Figure 3 shows a schematic representation of the
terrain cross-section, where the grey lines correspond with the vertical angles—to the adjacent points
above and below the point to analyse—in Figure 2. The right side should give you an idea how these
points could be situated in a cross-section of a measured point cloud.

"~ @ Point to analyse —— Surface
@ Adjacent points Back angle

= »

o g
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length (m)

Figure 3. Terrain view from the side with measurement error.

If this angle difference is greater than a previously defined threshold value, this point is
prematurely removed as a measurement error point from the further calculation (Equation (5)):
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Odive N Ogino > ArLv )

where 6, is the difference of the vertical back-angles; 6, is the difference of the horizontal
back-angles; and Arpy is the threshold limit value.

Reduction to a 2.5-Dimensional Terrain

In this step, all points above a connecting line from other points below are removed from a
three-dimensional point cloud (Figure 4). From the remaining points, a 2.5-dimensional terrain can be
expected. These points would also be eliminated by Wedge Filtering. Since the filtering is only done
iteratively via the wedge angle, the reduction with HOVE grid is more effective.

@ Point to analyse — Surface
@closest ® >a Neighbour-point Back angle
= /‘/
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length (m)}

Figure 4. 2.5D reduction with max. angle below threshold line.

As described in Section 2.3.1, beneath the angles to the adjacent points the angle to the point with
the lowest « is also calculated. If you take a small cross-section such as the red area in Figure 1A,
points with a higher 6 and shorter length (Figure 1B) are with high probability vegetation points.
The lowest a,,; of such points is less zero. If the angle to the point below with the lowest «,,; is less
zero, the examined point will be eliminated:

Xwi vert below = /\TLV (6)

where ®y; vert pelow 1S the angle from examined point to adjacent point below; and A7y is the threshold
limit value.

Eliminate Vegetation Points

The expected angular difference in flat terrain or a constant steepness is 180°; the smaller this
difference angle, the more the relevant point protrudes from its adjacent points. With the decrease in
the angle difference, the likelihood of a vegetation point increases correspondingly (Figure 5).

AN @ Point to analyse ——— Surface

@® Adjacent points Back angle

vertical angle (9)‘
9

llength (m) >

Figure 5. Terrain view from the side with vegetation points.
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2.3.2. Determination of the Point Density

The output data form a homogenously distributed grid. Due to the repeated filtering, larger holes
are normally occurring in some areas and the initial structure is retained in other areas. Where,
after repeated filtering, the initial structure is retained, this indicates a continuous terrain surface
without much vegetation. These points should be maintained in the further filtering process.
Areas which have large gaps in the grid after some filter repeats, however, indicate that the area
is generally flatter and has vegetation. A precise distinction between ground and non-ground point
is virtually impossible without precise knowledge of the terrain. An automated algorithm can only
calculate with probabilities. The probability of a ground point in areas with low grid point density
after few iterative filtering is significantly lower than in areas were high grid point density retained.
It therefore makes sense to gradually reduce the threshold value of the Wedge Filtering in these areas
depending on the grid point density. A HOVE raster is ideal for determining the point density.

Particularly important is this additional information for small objects, such as hills or edges
protruding from the surrounding surface. Such terrain elements are a problem with all filter methods.
A remaining high point density after iterative filtering within a certain angular segment and therefore
many similar neighbouring points indicates a natural surface even with sharp edges.

Rodriguez-Caballero et al. [16] propose a method to filter terrestrial laser scanner point clouds
using morphological filters and spectral information to conserve surface micro-topography.

2.3.3. Finding the Adjacent Points for Iterative Wedge Filtering

The key point and the great difficulty of wedge filtering are finding the most meaningful
neighbours for each point. Within a particular search area of the HOVE grid, all points are determinate
which are behind the point to be examined. Therefore, all points with a smaller distance to the
recording centre are excluded. Among the remaining points, the right and left sides are searched for
the point (Figure 6) which has the lowest value according to the Equation (7):

fakt

minli,l’ﬁ = Avert + (1 + Abs (Ahorz)) + diwi X Alen (7)

miny; . is the minimum value; Ay is the difference of the vertical angle (from laser scanner); Ay, is
the difference of the horizontal angle (from laser scanner); fakt is the factor for Ay,,,; diwi is the average
HOVE raster resolution; and Ay, is the difference of length (from laser scanner).

If in the HOVE grid the adjacent point is above the point to be examined (positive vertical
difference), the formula value increases. If the neighbouring point lies below the point to be examined
(negative vertical difference), the formula value decreases. By the factor, the influence ratio of the
horizontal and vertical difference can be weighted. The distance to the point behind is also taken into
account by the length difference, whereby the multiplication with the average raster resolution ensures
the size adaption to the angle differences.

@ Point to analyse Search area
@ Adjacent points

vertical angle (0)

—horizontal angle (¢)

Figure 6. Adjacent points for iterative wedge filtering.
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3. Results

3.1. Description of the Test Area

The test area is located in the hamlet Lueg near the village of Gries am Brenner in Tyrol, Austria.
We took measurements of the south-facing slopes of the Padauner Kogel. Below this mountain slope
runs the railway track of the Brennerbahn, which is today a part of one of the most important railway
connections between Germany and Italy. It connects Munich via Innsbruck with Verona on the shortest
route. This section of the track is strongly endangered by rockfall and is protected by numerous
protective structures. Due to their rapid evolution, high velocity and impact energy and proximity
to infrastructure, mass movements can pose a significant natural hazard. Such mass movements
of different types have been surveyed extensively by terrestrial laser scanning in the past [17-19].
According to Abellan et al. [20], the key insights into the use of terrestrial laser scanning (TLS) in
rock slope investigations include: (a) the capability of remotely obtaining the orientation of slope
discontinuities, which constitutes a great step forward in rock mechanics; and (b) the possibility to
monitor rock slopes which allows not only the accurate quantification of rockfall rates across wide
areas but also the spatio-temporal modelling of rock slope deformation with an unprecedented level
of detail. The purpose of this laser scanning is to be able to carry out an improved risk analysis for this
area by means of a very detailed surface model.

In addition to the automated filtering, we manually categorized points into ground and
non-ground points. The manually filtered results are therefore suitable for comparison with results
from automated filtering methods.

The surveyed slope is approximately 1 km long and has a height difference between valley and
mountain tops of approximately 450 m. Most of the area has vegetation, manly the steep parts are rock
without vegetation with slope up to 70°. Because of the diverse terrain, automated filtering of laser
scanning data is difficult.

Figure 7 shows an inclination map [21] of the test site. Flat areas have brighter colours as mostly
barren slopes with more than 60° inclination. Two significant, large rock formations are on the upper
side and at the left below.
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Figure 7. Test area (inclination map); image source: © Land Tirol, tiris, www.tirol.gv.at/tiris.
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3.2. DEM Calculation of the Test Areas Using the Modified Wedge Filtering Method

For the calculation of the new filter method, the VB.NET program mentioned in the article

“Wedge-Filtering of Geomorphologic Terrestrial Laser Scan Data” [14] was further developed.

Figure 8a shows a screenshot of the VB.Net program, in which a small section of the test area

view is seen from the side (blue arrow in Figure 7). The vegetation points are still in green colour.
In Figure 8b, these vegetation points are no longer shown for the same section. The points, which are

shown in brown colour, remain, which were classified as soil points in the filter process and give a
homogeneous surface structure.

Point Sprite =] Point Sprite =]

[(Erwebris | (oM ] ([RGB ] Hoo: 2105567
Temain R YHoo: 8892365

3D | [[Raster | (Ergebnis | [ DHM_| [ RGB | Koo: 210557
] Wak mode Terain B Vico 2392065

o: 141699 o 1416.99%

Vi 28114175415 Vi 28114175415

Wi 13751008510 Wi 1.375100851C
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)

Fulbtend | [ Pn | [(Zomn ] [+ [Zoomou ] [-]

Fulbtend | [ Pen | [ Zoomin | [+ ] [Zoomou ] []

(@) (b)

Figure 8. Screenshot of the computer program with vegetation points (a); and screenshot of the
computer program only with ground points (b).

Steps of Calculation

Calculate the horizontal and vertical angles as well as the length distances from the recording
centre to every single point.

Determine the average raster spacing of the horizontal-vertical angle grid.

Eliminate measuring errors, as described in Section 2.3.1, Point (a). An angle of 179° was chosen
as the threshold value.

Reduce to 2.5D, as described in Section 2.3.1, Point (b). With this step, approximately 40% of the
points are eliminated from the further calculation.

Perform HOVE-Wedge Filtering as described in Section 2.3. This process is carried out iteratively,
until no further point is eliminated. The wedge angles (see Section 2.3.3), horizontal and vertical
angles of the HOVE-grid (see Section 2.3.1) and point density (points within a certain angular
segment, see Section 2.3.2) have influence in Equation (8):

((ewedge —180) X F + (Boert — 180) X F + (Bori — 180) x F) x —density > Arpy

— classification as non — ground point

(8)

where Gwedge is the difference of wedge angle; 0y is the difference of vertical angle from
HOVE-Raster; 0y,,; is the difference of horizontal angle from HOVE-Raster; F is the weight factors;
Aty is the threshold limit value; and density is the value of point-density from HOVE-Raster.

As threshold limit value, we used 200. With the factors, it would be possible to weight the

difference. In the calculation, all factors were set to one.
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3.3. Calculation and Accuracy of Digital Elevation Model (DEM)

To obtain a digital elevation model (DEM), we interpolate the calculated ground points using
ArcGIS by ESRI Inc. (380 New York Street, Redlands, CA 92373, USA). According to ESRI [22],
the Natural Neighbour method is also well suited for distributed point clusters, for example from
terrestrial laser scan recordings.

The equation for the Natural Neighbour (NN) interpolation is:

G(xy) = ;wif(xiryi) )

where G(x,y) is the NN estimation at (x,y); n is the number of nearest neighbours used for interpolation;
f(x;,y;) is the observed value at (x;,;); and w; is the weight associated with f(x;,y;).

Based on the computed results, we calculated a digital elevation model (DEM) with a cell size of
one meter. For the evaluation of the results, we used a DEM of the test areas, where the non-ground
points had been filtered out manually by optical valuation before. We calculated the difference between
the automated filtered DEM and the manually filtered DEM.

In addition to the results of the new filter approach we described, we compared DEMs of the test
areas with the results of the automated filter methods described by Prokop and Panholzer [14].

To evaluate the accuracy to the reference DEMs, we calculated the mean error and the
root-mean-square-error (RMSE). According to the ASPRS (American Society for Photogrammetry and
Remote Sensing) Guidelines [23] and Gianinetto and Fassi [24], the RMSE is often used to assess the
accuracy of elevation data and is defined as (10):

RMSE = (10)

LAz
n
where AZi are the elevation residuals (i.e., the differences of the elevation measures with respect to

reference data); n is the number of measures.

Hohle et al. [25,26] further recommend using the median, the normalized median absolute
(NMAD), the standard deviation, the 68.3% quantile and the 95% quantile of absolute residuals for
accuracy assessment of DEMs.

3.4. Results of the Test Area

Figure 9 shows the individual differences between the newly calculated DEMs and the manually
filtered DEM (DoD = Differences of DEMs). The areas with warm colour indicate a good match
between the DEMs. The red areas indicate where the newly calculated DEMs are above the reference
model, resulting from an insufficient filter effect. Blue areas indicate where the newly calculated DEM
is lower than the reference model due to faulty filtered ground points.

After the manual filtering of the point data, only a few points remained in the centre of the test area.
Due to the lack of ground points, the significance of the filter effect in this area is low. Consequently,
the statistical values are distorted for the entire recording area. Therefore, we have selected a specific
area with a high point density for further analysis. In this area, the statistical inaccuracies are largely
avoided and thus more significant results are achieved.

As a result of the HOVE-wedge-filtering, we identified 23,135 ground points and
55,634 non-ground points. The mean error of the two surfaces is —0.07 m with a RMSE of 1.610 and a
standard deviation of 1.609 (Table 1).

Especially in the forested areas near the laser scanner, an area with high point density, we see a
better filter effect, as indicated by the larger warm coloured zones in Figure 9. In the more distant
forested areas, the filtering effect is reduced, recognizable by the large red areas in the centre of Figure 9.
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In this area, only the highest tops of the trees could be recorded, since it is unlikely that the laser beam
penetrates to the ground of such forested areas. Therefore, effective filtering is difficult.

Legend: IDWMO A. Wedge (60°)
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Figure 9. DoDs of different filtering methods and image source: © Land Tirol, tiris, www.tirol.gv.at/tiris.

Table 1. Statistical values for the first test area.

Statistic Modified Wedge-Filtering =~ Wedge Absolute-Filtering (60°) IDWMO Method
Groundpoints 23,135 29,229 12,326
Mean error —0.070 2.908 1.032
RMSE 1.610 5.284 3.333
Standard deviation 1.609 4412 3.169
Median —0.138 1.277 0.166
NMAD 1.498 5.085 3.411
68.3% quantile 0.242 3.819 1.258
95% quantile 2.707 11.765 7.718

Looking at the figure, we can see that in the part of the HOVE-wedge there are fewer dark red
areas than in the other two filtering methods. This indicates that vegetation has been filtered out well.

In Figure 10, some areas with great optical significance for quality of the filtering were worked
out. Detail 1 shows a protruding formation sloping to three sides. In such terrain forms, the filtering is
extremely difficult, since high angular differences caused by the terrain edges have influence to the
calculation formula. If the threshold value is set too low, this rock ledge is incorrectly removed during
filtering. The blue points in Detail 1 show the result at a threshold of 160, the yellow points show the
points which are not eliminated with a threshold of 200, the red which are not eliminated at a threshold
of 240. For Detail 2, the results from the calculation with a threshold of 160 (blue points) are compared
with the results from the calculation with a threshold value of 240 (red points). These points are
very difficult to detect as ground points by an automated analysis, since the terrain in this area drops
sharply (high angle difference) and only a few neighbouring points are present (small density factor).
The optical evaluation classification as probable ground points is only possible with the inclusion of
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remote environmental parameters. It is difficult to automate an inclusion of such remote environmental
parameters because the inclusion of wrong (e.g., not yet properly filtered) point regions would affect
the filter result negatively. Hence, the dilemma is, for an optimal filtering of the individual points
one needs already filtered and thus meaningful environmental parameters, which at that time but
not yet exist. A step-by-step approach to the best result seems therefore necessary. Detail 3 marks
a relatively flat, densely wooded section. A very small threshold value would be advantageous as
mentioned above. Due to the extremely small number of points, it is not possible to opt for any terrain
shapes. A distinction in ground points and non-ground points in this area is often only speculation.
An automated analysis with low error probability is thus not possible here.

HOVE-Wedge N

Legend:
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011003
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Detail 1 Detail 2

Figure 10. Detail of the test area.

Detail of Test Area with a High Point Density

The objective of the following assessment is to understand how the wedge filter works under
more homogeneous conditions. Therefore, we calculated statistical values for a sample of the first test
area (Figure 9, yellow rectangles). The resulting statistical values are summarized in Table 2.

Table 2. Statistical values for the detail area.

Statistic Modified Wedge-Filtering Wedge Absolut-Filtering (60°)  IDWMO Method
Groundpoints 2703 3014 1346
Mean error —0.142 1.296 0.361
RMSE 0.555 1.855 1.366
Standard deviation 0.536 1.537 1.366

Median —0.061 0.456 —0.054

NMAD 0.510 1.529 1.057
68.3% quantile 0.053 0.828 0.125
95% quantile 0.509 4.390 1.876

When looking at the statistical evaluation, it can be seen that the extent of the qualitative
improvement of the results with the HOVE-Wedge method in the area with a high point density
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is even a little bit higher than in the results of the overall recording. Thus, the standard deviation
from 1.537 (Wedge Absolute) or 1.366 (IDWMO) could be reduced to 0.536, which corresponds to an
improvement of 186 (Wedge Absolute) or 155 (IDWMO) percent. The percentage improvement of the
standard deviation over the entire test area is only 174 percent versus the absolute wedge method and
97 percent versus the IDWMO method.

4. Discussion

The fact that the improvement of the detail area is better than over the entire test area is explained
by the fact that the iterative calculation in combination with sufficient environmental information by
close neighbouring points can lead to good prediction about the probability of the point status. In areas
with few or no neighbouring points and thus poor environmental information, no good predictions
can be made. Therefore, many non-ground points are not recognized as such.

The inclusion of the HOVE grid allows additional, valuable conclusions about the real terrain.
As mentioned, this approach is very similar to the method described by Liang et al. [13] where the
point cloud data were also plotted with the horizontal angle (6) values and the vertical angle (¢) values.
In difference to the HOVE method, where filtering is done with the angles to the adjacent points,
the filtering of the tree trunks bases on the principles of scan line segmentation [27]. The method of
scan line segmentation is suitable to find planar objects, but it is difficult to segment uneven surfaces
with few points left.

The HOVE method alone can also be used for three-dimensional filtering. While, in the HOVE
grid, the angular deviation is calculated from the measuring lengths, the angle calculation in the
Wedge method is done using the height value or the Z-coordinates. Since the lengths of the TLS
are usually measured from the side, the combination of these two methods provides information
from two sides. This leads to more meaningful results. A more accurate analysis of adjacent grid
point data to each other in the form of interpolation would be a next step toward increasing accuracy.
However, interpolation is not easy in this case. Because of the irregular distribution of the points,
a non-directional method (e.g., IDW) is not useful. The spline method would probably be a suitable
interpolation method.

Because terrestrial laser scans are usually taken from the side, a HOVE-grid window can contain
points of two different terrain formations (e.g., small hill before large mountain). The points of the
frontal formation may not be included in the interpolation of the formation behind. A preliminary
separation of the points of the respective formation via the recording lengths or automated edge
detection is therefore necessary before an interpolation can be made.

A further improvement could be achieved by the combination of point clouds measured from
different recording directions. A small change of the recording centre could already lead to a large
information gain.

In any case, there is still potential for further development with the HOVE-Wedge method.

5. Conclusions

We have developed a new filtering method for terrestrial laser scanning data. The assumption
of the direct line of sight between laser scanner and recorded point and the filtering over the angles
to the adjacent points in a Vertical-Horizontal (HOVE) Angular Grid are important additional filter
parameters not yet used in other filtering methods. Using these filtering methods, many points can
already—with high probability—be classified as non-ground points. The resultant DEM creation could
be significantly improved because our new filter was able to classify non-ground points even in areas
with few neighbour points and therefore little information of the terrain. We suggest that applications
of terrestrial laser scanning data in the field of geomorphology consider using our filter for removing
non-ground points.
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5 Ergebnisse und Diskussion

Diese Dissertation geht der Frage nach, wie sich speziell auf Aufnahmedaten von
terrestrischen Laserscanning (TLS) abgestimmte Filteralgorithmen erzeugen bzw.
verbessern lassen. Ziel ist die mdoglichst saubere Trennung von Boden- und
Nichtbodenpunkten zur Generierung genauer, wirklichkeitsnaher topographischer Modelle.
Es wurde versucht, bisher nicht berticksichtigte Umstande und Faktoren in die Berechnung
einflieBen zu lassen und somit Nichtbodenpunkte, welche bisher nicht als solche erkannt
wurden, richtig zu klassifizieren und aus der weiteren Berechnung auszuschliel3en.

Das Hauptaugenmerk von Publikation | lag in der Erforschung von Madglichkeiten zur
Bestimmung von Bewegungsmustern von Erdrutschungen. Als Filtermethode wurde die
inverse distance weighting (IDW) Interpolation in Kombination mit erweiterten
morphologischen Operationen gewahlt (IDWMO). Die zu verschiedenen Zeitpunkten
erzeugten Gelandeaufnahmen konnten miteinander verglichen und die Art und Grol3e der
Massenverschiebungen ermittelt werden. Vorteil dieses einfachen Filteransatzes ist die
relativ leichte Berechnung mit Hilfe der weit verbreiteten Software ArcGIS. Es konnte gezeigt
werden, dass die Technik des TLS in Verbindung mit einer geeigneten Filtermethode
mehrere Vorteile hinsichtlich der Genauigkeit, Schnelligkeit und Vollstandigkeit gegeniuber
herkdmmlichen Aufnahmetechniken bietet. Ein weiterer Vorteil ist, dass die unmittelbare
Gefahrenzone bei der Aufnahme nicht betreten werden muss.

Zahlreiche herkdmmliche Filtermethoden verwenden diesen morphologischen Filteransatz,
wie er bei Publikation |1 verwendet wurde. Diese Art der Filterung hat allerdings den
Nachteil, dass es zu einer Ausdiinnung und somit Reduktion (ZHANG et al., 2003, HOHLE
und POTUCKOVA, 2011) der Bodenpunkte kommt. Bei der Visualisierung des DHM muss
also aufgrund dieser Ausdiinnung auf einige Informationen verzichtet werden.

Die Publikation 1l geht dann konkret auf die Problemstellung der Filterung ein. Ziel war es,
einen neuen, zusatzlichen Faktor in den Filterprozess mit einflieBen zu lassen, welcher bei
den ublichen, hauptséachlich fir ALS entwickelten Filtermethoden, nicht beriicksichtigt wurde.
Auch sollte darauf geachtet werden, dass keine Bodenpunkte unndétig der Filterung zum
Opfer fallen. Ergebnis war eine schnelle Mdglichkeit zur Vorfilterung von TLS-Daten und
somit vorzeitige Entfernung von Nichtbodenpunkten, welche im weiteren Filterverlauf
eventuell nicht mehr erkannt werden. Es handelt sich bei der Methode um eine Erganzung
zu bestehenden Filterroutinen und keinesfalls um eine eigenstéandige Gesamtlosung zur
vollstdndigen Filterung von Aufnahmedaten.

In Publikation Il wurde die Wedge-Methode modifiziert und als Erganzung eine Méglichkeit
der Filterung Uber den horizontal-vertikal (HOVE) Raster vorgestellt. Der Anspruch dieser
Publikation war, eine geeignete Methode =zur mdglichst vollstindigen Filterung von
terrestrischen Laserscandaten zu prasentieren.

Bei der Methode der HOVE-Rasterfilterung werden anstatt der Ublichen X,Y-Werte die
Horizontalwinkelbetrage und die Vertikalwinkelbetrage in einem zweidimensionalen
Koordinatenfeld aufgetragen. Der Vorteil war in diesem Fall ein sehr gleichmaRiges Raster
ohne grofRe Locher. Da aus Grinden der seitlichen Aufnahme in vielen Féllen keine
gleichméRig verlaufende Oberflaiche sondern zahlreiche kleine, nicht zusammenhangende
Oberflachenteile vorhanden waren, wurde von der Verwendung eines rdumlich weit
ausgreifenden  Filterverfahrens abgesehen und meist nur die néachstliegenden
Nachbarpunkte bei der Beurteilung Bodenpunkt — Nichtbodenpunkt herangezogen. Als
weiteres Kriterium diente die Punktdichte. Der Filterprozess verlauft iterativ, wobei bei jeder
Wiederholung samtliche Punkte auf einen Schwellenwert hin Uberprift und gegebenenfalls
ausgeschieden werden.
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Die Ergebnisse wurden mit einem manuell gefilterten und ausgewerteten Referenzmodell
verglichen. Dazu wurden aus beiden Punktdatensatzen mit Hilfe einer Natural Neighbor
Interpolation Hohenraster erstellt und die jeweiligen Differenzwerte berechnet. Zur besseren
Veranschaulichung wurden die Hohenunterschiede auf einer Karte farblich hervorgehoben.
Die Qualitdt der Filtergenauigkeit  wurden mit folgenden statistischen Parameter
ausgewertet: Anzahl der Bodenpunkte, mittlerer Fehler, Wurzel der mittleren
Fehlerquadratsumme (RMSE), Standardabweichung, Medianwert, normalisierte absolute
Medianabweichung (NMAD), 68.3% und 95% Quantil. Tabelle 1 zeigt den Vergleich der
statistischen Parameter von verschiedenen Filtermethoden fiir ein Testgebiet in Tirol mit ca.
80.000 Aufnahmepunkten auf Basis des Hohendifferenzrasters.

Tabelle 1: Vergleich statistischer Parameter verschiedener Filtermethoden (PANHOLZER und
PROKOP 2018)

HOVE-Wedge-Filterung Wedge-Absolut-Filterung IDWMO Methode
Bodenpunkte 23.135 29.299 12.326
Mittlerer Fehler -0,070 2,908 1,032
RMSE 1,610 5,284 3,333
Standardabweichung 1,609 4,412 3,169
Median -0,138 1,277 0,166
NMAD 1,498 5,085 3,411
68,3% Quantil 0,242 3,819 1,258
95% Quantil 2,707 11,765 7,718

Es zeigt sich anhand der Auswertung, dass die statistische Qualitat der Filterung deutlich
erhoht werden konnte. So konnte beispielsweise die Qualitat der Standardabweichung
gegeniber der Wedge-Absolut-Filterung um 174% gesteigert werden.

Das Testgebiet wurde so gewéahlt, dass darin sowohl Areale mit hoher Punktdichte, als auch
—meist stark bewaldete- Areale mit geringer Punktdichte vorhanden waren. Um speziell die
Filterwirkung in Uberwiegend homogenen (gleich verteilten) Arealen mit hoher Punktdichte zu
prifen, wurde ein kleines Testgebiet mit diesen Bedingungen gewdahlt und ausgewertet. Es
zeigte sich, dass die Qualitat der Filterwirkung unter guten Bedingungen sogar etwas besser
ausfallt. So konnte hier die Qualitat der Standardabweichung gegeniber der Wedge-Absolut-
Filterung um 186% gesteigert werden.

Bei der Bewertung der Oberflacheneigenschaft wurden mit den jeweils nachstliegenden
Punkten bewusst hauptsachlich Information der n&chsten Nachbarschaft herangezogen.
Auch bei der Dichte stellte sich durch Versuche heraus, dass die Ergebnisse unter
Einbeziehung zu vieler umliegender Punkte eher schlechter als besser werden. Gerade im
Fall zweier rdumlich voneinander getrennter Objekte (z.B.: kleine Geldndekuppe und
dahinter liegendem Hang), welche aber im Aufnahmepunktraster (bzw. HOVE-RASTER) eng
nebeneinander liegen, flieRen Informationen beider Objekte ein. Dieses MiteinflieRen
verschiedener Objekte zu einer Information, fihrt zwangslaufig zu einer Verféalschung der
Ergebnisse. Dies ist auch der Grund warum bewahrte Interpolationsverfahren (z.B.: Kriging),
welche gezielt umgreifend die Beziehung der Punkte zueinander in Verbindung setzen und
dadurch normalerweise wichtige rdumliche Aussagen uber die Oberflacheneigenschaften
ermadglichen, in diesem speziellen Fall nicht verwendet wurden.

Diese globaleren raumlichen Informationen wéren trotz dieser Uberlegungen sicherlich ein
sehr wichtiger Faktor zur korrekten Einordnung und Beurteilung von Gelédnde- und
Objektstrukturen. Eine Mdglichkeit zu einer weiter ausgreifenden Informationssammliung
ohne dabei die lokale Aussage =zu verfdlschen, ware die Bestimmung von
Gelandelbergdngen und Kanten. Die Methode der Kantendetektion ist schon lange
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Forschungsgebiet der Laserscantechnik (BRIESE et al., 2002). RABAH et al. (2013)
préasentieren sogar eine auf terrestrische Laserscandaten abgestimmte Losung. Die
Schwierigkeit ist aber, dass bei bereits gefilterten Daten eine Kantendetektion gut mdglich
ist. Im Studienfall sollten aber die Gelandekanten als Grundlage fur den Filterprozess -also
schon vorher- bekannt sein. Gerade bei sehr abgeschatteten Bereichen mit
wenigen verbleibenden Bodenpunkten ist eine Kantenauffindung im Vorfeld aber sehr
schwierig.

Es wurde versucht tUber den Langenwert eine raumliche Trennung vorzunehmen. Weiter
voneinander entfernte Objekte (auch wenn sie im HOVE-Raster eng beieinander liegen)
kébnnen somit erkannt und bei der weiteren lokalen Berechnung schon vorzeitig
ausgeschlossen werden. Es erfolgt somit eine Kantendetektion Uber die
Langenunterschiede. In der Praxis stellte sich dies als nicht einfach heraus, da wieder ein
Schwellenwert definiert hatte werden missen. Well die Punktdichte aber im Zentrumsbereich
wesentlich groRer ist, als weiter von Zentrum entfernt, macht ein einheitlich gesetzter
Schwellenwert Gber das gesamte Aufnahmegebiet wenig Sinn. Ein sich jeweils automatisch
berechnender, flexibler Schwellenwert ware eine LOsung. Ein solcher wurde aber nicht
verwendet, da durch die zunehmende Komplexitit die allgemeine Nachvollziehbarkeit der
Filterwirkung abgenommen hétte. Eine Lésung zur vorzeitigen Erkennung und Trennung von
verschiedenen Objekten, noch bevor der eigentliche Filterprozess einsetzt, wére aber
sicherlich eine wesentliche Qualitatssteigerung.

Ein weiterer Ansatz ist eine entsprechende Segmentierung oder Gruppierung der
Punktdaten. Die auf einzelnen Punkten basierende Klassifizierung verwendet Attribute,
welche fir jeden Punkt gesammelt und gespeichert werden (z.B.: Koordinatenwerte,
Intensitat, Zeitstempel, Scanwinkel oder Rulckgabetyp und —nummer). Bei einem
gruppenbasierten Klassifizierungsansatz werden nicht nur Punkt-zu-Punkt Beziehungen
analysiert, sondern auch geometrische Merkmale innerhalb und zwischen Punktgruppen.
Attribute wie die Entfernung Uber dem Boden, die Ebenheit von Punkten, das Verhéltnis von
Form und Breite zur Hohe, die Punktdichte und -verteilung der jeweiligen Gruppe sowie der
Abstand zwischen Punktgruppen bestimmen die Zugehérigkeit zu einer Gruppe. Die
statistische Analyse von Punktattributwerten (z.B.: Farbkandle oder Intensitatswerte) in einer
Gruppe konnen zusatzliche Informationen fir Klassifizierungsaufgaben Dbereitstellen.
(SCHWARZBACH, 2018)

Durch optische Betrachtung und Erfahrung ist es Menschen moglich, auch in ungeordneten
Punkthaufen eine solche Vorsegmentierung -zumindest ansatzweise- durchzufiihren und
getrennte Objekte voneinander zu unterscheiden. So ist es fur ihn meist ein
Leichtes, zwischen kunstlichen Objekten wie H&usern, Stiutzmauern, Stral3en,... zu
unterscheiden und eine Aussage betreffend Geldndeoberfliche oder nicht
Gelandeoberflache zu machen. Der nachste logische Schritt ist somit weg von den
starren Filterroutinen hin zu kanstlicher Intelligenz, welche diese menschliche Denkweise
tbernimmt und abbildet (SCHWARZBACH, 2018). Eine solche, durch Erfahrungswerte sich
standig selbst verbessernde Anwendung, ware fir eine solch komplexe Aufgabenstellung
wohl bestens geeignet.
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6 Zusammenfassung und Schlussfolgerungen

In dieser Arbeit werden neue Ansatze prasentiert, die die speziellen Eigenschaften einer
Terrestrischen Laserscan (TLS) Aufnahme in den Filterprozess mit einflie3en lassen. Die
einzelnen Publikationen sind als Kombination und schrittweise Weiterentwicklung dieser
neuen Ansatze zu sehen. Die Filterung der Punktdaten erfolgt im Wesentlichen Uber die
Aufnahmerichtung. Bei TLS-Messungen erfolgt die Aufnahme typischerweise von der Seite
her. Das Filterkriterium ist im Gegensatz zu den meisten bestehenden Filteralgorithmen nicht
der Z- bzw. H6henwert sondern die Aufnahmeldnge. Durch Anwendung der Wedge-Methode
wird aber auch der Z-Wert auf Basis der direkten Sichtverbindung zwischen Laserscanner
und Gelandepunkte mitbericksichtigt. Durch diese Kombination von Rauminformationen aus
verschiedenen Richtungen kénnen auch in Bereichen mit sehr wenigen Ausgangsdaten
Nichtbodenpunkte richtig erkannt und entfernt werden.

Als besonders schwierig stellte sich die Beibehaltung von kleinen hervorstehenden
Gelandekuppen heraus. Gerade bei morphologischen Berechnungen oder bei weit
ausgreifenden Interpolationen kann es zu einer ungewollten Entfernung solcher Bereiche
kommen. Da diese ,Kappungen® oft nur sehr kleinflachig sind, haben sie keine grol3e
Auswirkung auf die statistischen Werte, womit hier oft eine zusatzliche optische Prifung
notwendig war. Durch Einbeziehung der Punktdichte als Parameter kdnnen die meisten
dieser Gelandekuppen als solche erkannt und beibehalten werden.

Das Ziel, eine alternative, erweiterte Vorgehensweise zur méglichst vollstandigen Filterung
von terrestrischen Laserscandaten aufzuzeigen, wurde fiir die Daten der Testgebiete
weitestgehend erreicht. Es zeigt sich anhand der Auswertung dieser Daten, dass die
statistische Qualitat der Filterung deutlich erhdht werden konnte. So reduzierte sich durch die
kombinierte Anwendung der Wedge- und HOVE-Methode beispielsweise die
Standardabweichung von 4,412 (Wedge Absolut-Methode) auf 1.610, der mittlere Fehler
von 2.908 auf -0,070. Ein zusatzlicher Vorteil gegentiber der morphologischen Filterung ist,
dass diese besseren Ergebnisse unter Beibehaltung von 23.135 als Boden klassifizierten
Punkten (mehr als doppelt so vielen Bodenpunkten im Vergleich zur IDWMO-Methode)
erfolgen konnten.

Die vorgestellte Arbeit bietet sicher noch nicht die eine optimale und finale Filtermethode fur
terrestrische Laserscandaten, zeigt aber eine zusatzliche Filtermdglichkeit unter
Bericksichtigung neuer Parameter auf, welche aber auch fir sich alleine gesehen schon
sehr gute Ergebnisse liefert. Es existieren neben diesem Ansatz sehr viele unterschiedliche,
viel versprechende Ansatze mit Starken und Schwéachen, je nach Datengrundlage und
Anwendungsbereich. Durch Kombination bestehender Methoden und Weiterentwicklung von
automatisierten Klassifizierungstechniken wére jedenfalls noch Potential fiir Verbesserungen
und Verfeinerungen vorhanden. Die wissenschaftliche Forschung an der Problemstellung der
Filterung von terrestrischen Laserscandaten ist somit noch voll im Gange.
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Summery and Conclusion

In this work, new approaches are presented, which incorporate the special properties of a
TLS recording in the filtering process. The individual publications can be seen as a
combination and gradual further development of these new approaches. The filtering is
primarily carried out via the recording direction. In TLS recordings, the survey is typically
taken from the side. In contrast to most existing filter algorithms, the filter criterion is not the Z
point or height value but the recording length. However, the wedge method also takes into
account the Z point value by including the information of the direct line of sight between the
laser scanner and terrain points. Through this combination of spatial information from
different directions, non-ground points can be correctly found and removed even in areas
with very few original data.

The preservation of small protruding parts of the terrain turned out to be particularly difficult.
Especially morphological calculations or far-reaching interpolations can lead to an unwanted
removal of such areas. Since such often very small removals have no great impact on the
statistical values, here often a visual examination was necessary. By including point density
as a parameter, most of these small terrain summits can be recognized and maintained as
such.

The goal of demonstrating an alternative, extended approach for filtering terrestrial laser
scan data as completely as possible was largely achieved for the data of the test areas. It
can be seen from the evaluation of the test area data that the statistical quality of the filtering
could be increased significantly. For example, the combined use of the wedge and HOVE
method reduced the standard deviation from 4,412 (Wedge-Absolute-method) to 1,610, the
mean error from 2,908 to -0,070. An additional advantage over morphological filtering is that
these better results could be achieved while maintaining 23,135 classified ground-points
(more than twice as many ground-points compared to the IDWMO method).

The presented work certainly does not yet offer the one optimal and final filter method for
terrestrial laser scan data, but shows an additional filter possibility considering new
parameters, which, however, also provides very good results on its own. In addition to this
approach, there are many different, promising approaches with strengths and weaknesses
depending on the data basis and scope. By combining existing methods and further
developing automated classification techniques, there would still be potential for
improvement and refinement. Scientific research into the problem of filtering terrestrial laser
scan data is still in progress.
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