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Kurzfassung

Kurzfassung

Massenbewegungen von Boden- und Felsmassen fithren weltweit zu grofien wirtschaftli-
chen Schiden mit zahlreichen menschlichen Opfern. Ein wichtiges wissenschaftliches Ziel
ist daher die Erforschung der Ursachen, Mechanismen und Ausloser von Massenbewe-
gungen. Am Institut fiir Geophysik der Universitat Stuttgart werden hochempfindliche,
seismische Verfahren (Nanoseismic-Monitoring) zur Detektion von kleinskaligen Bruch-
Ereignissen eingesetzt (Joswig), [2008)).

Diese Verfahren kommen sowohl zur Registrierung natiirlicher Seismizitét, als auch zur
Uberwachung von induzierter Seismizitéit zum Einsatz. In aktuellen Forschungen (Walter,
et al., 2012) wurden Bruchereignisse in Lockersedimenten von Hangrutschungen regis-
triert. Mit Hilfe dieser Bruchsignaturen eréffnen sich neue Einblicke in die bisher schwer
fassbaren Triggermechanismen, zusétzlich konnen hieraus Hinweise zur Frithwarnung ab-
geleitet werden. Eine genaue rdumliche Lokalisierung ist jedoch sehr schwierig, und die
Mechanismen, welche zu Briichen in Lockersedimenten fithren, sind bisher unklar.

Sichtbare, oberflaichennahe Phinomene von Hangrutschungen versprechen zusétzliche
Informationen iiber die Prozessdynamik und sollen durch eine integrative Interpretati-
on mit geophysikalischen Untergrunderkundungen zur Anwendung kommen. Zur Erfas-
sung dieser Phdnomene kénnen zeitlich und rdumlich hochauflésende Fernerkundungs-
daten genutzt werden. Konventionelle Fernerkundungsverfahren mit Bodenauflosungen
von wenigen Metern liefern jedoch nur unzureichende Informationen fiir detaillierte Un-
tersuchungen. Anhand von unbemannten Flugzeugen (UAV) koénnen seit wenigen Jah-
ren kostengiinstige Luftaufnahmen angefertigt werden, und Luftbilder mit geometrischen
Auflésungen im Zentimeterbereich gewonnen werden. Regelméflige Befliegungen beliebi-

ger Wiederholraten in zeitlich kurzen Abstédnden sind moglich.

In der vorliegenden Arbeit werden aktuelle Fernerkundungsverfahren und UAV-Systeme
des zivilen Bereichs der Fernerkundung vorgestellt. Sowohl die Vorziige als auch die
Einschrankungen der unterschiedlichen UAV-Systeme zur zeitlich und rdumlich hoch-
auflosenden Hang-Beobachtung im alpinen Raum werden erortert. Am Beispiel mehrerer
UAV-Pilotstudien kommen speziell zur Beobachtung von Hangrutschungen entwickelte
Multi-Rotor UAV-Systeme mit optischen Sensoren zum Einsatz. Weiter werden notwen-
dige Verfahren zur Prozessierung der optischen Luftbilder und unterschiedliche Methoden
der fernerkundlichen Hangrutschungs-Analyse vorgestellt.

Zwei Hangrutschungen (Heumoser Hang, Osterreich Vorarlberg und Super-Sauze Hang-

rutschung, Siidfrankreich) werden fernerkundlich untersucht. Beide Hangrutschungen un-
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terscheiden sich in wesentlichen Merkmalen. Wéhrend die Rutschung am Heumoser Hang
nahezu vollstdndig mit Vegetation bedeckt ist und durch minimale Verschiebungsraten
weniger Zentimeter im Jahr charakterisiert ist, weist die Super-Sauze Hangrutschung eine
anndhernd unbewachsene Oberfldche mit maximalen Bewegungsraten von bis zu mehreren
Zentimetern pro Tag auf.

Im Zuge von zahlreichen UAV-basierten Fernerkundungs-Kampagnen kann auf eine
grofle Zahl Luftbilder der Hangrutschungen zuriickgegriffen werden. Diese hochauflésenden
Luftbilder werden zur Erstellung von Ortho-Mosaiken und digitalen Geldndemodellen her-
angezogen. Mit perspektivischen Einzelbild-Entzerrungsverfahren werden Ortho-Mosaike
erstellt. Anhand dieser Mosaike sind Verschiebungsraten an der Oberfliche der Hangrut-
schungen ermittelbar. Zusétzlich kénnen Deformations-Bereiche der Hangrutschungen
identifiziert und analysiert werden.

Aus den UAV-basierten Luftaufnahmen werden in weiteren Studien hochauflésende
digitale Modelle prozessiert. Die erstellten Oberflichenmodelle eignen sich gut fiir dreidi-
mensionale, morphologische Analysen, zusétzlich konnen anhand der 3D-Modelle prézise
Orthofotos erzeugt werden. Zwei verschiedene photogrammetrische Methoden zur Modell-
Prozessierung werden untersucht. Wahrend ein Verfahren der Nahbereichs-Photogramme-
trie vor allem eine préazise Modell-Erstellung erlaubt, ermdoglicht ein neuer Ansatz aus dem
Bereich der Computer Vision eine vollautomatische Prozessierung der Bilddaten. Hierfiir
werden weder a priori Passpunkte, noch Verkniipfungspunkte im Bildmaterial benttigt.
In ersten Studien werden diese neuen Verfahren auf systembedingte Abweichungen unter-
sucht.

In weiteren Studien werden am Beispiel der Super-Sauze Hangrutschung neue Ver-
fahren zur Kartierung von Oberflichenrissen anhand des hochauflésenden Bildmaterials
vorgestellt. Diese semiautomatischen Verfahren ermdglichen erstmals grofiflachige Riss-
analysen der Rutschungsoberfldche. Die Genauigkeit der resultierenden Karten wird durch
Vergleiche mit verschiedenen manuellen Experten-Kartierungen beurteilt. Die Risskartie-
rungen liefern ausreichende Details, um Riickschliisse auf mechanische Prozesse in der
GroBenordnung der Hang-Skala ziehen zu koénnen, und um interessante Bereiche fiir ver-
tiefende Bodenuntersuchungen oder Uberwachung festlegen zu kinnen.

Am Beispiel der Super-Sauze Hangrutschung (Stidfrankreich) wird eine kombinierte
Hangrutschungsanalyse anhand von passiven seismischen Verfahren und rdumlich hoch-
auflosenden UAV-Erkundungen vorgestellt. Gemeinsame Beobachtungen von Bruchpro-
zessen im Untergrund und hochauflésenden fernerkundlichen Oberflichen-Informationen
ermoglichen eine Interpretation der komplexen Hangdynamik; die lokalisierten Briiche
werden vor allem in den Grenzbereichen zwischen Rutschungsmaterial und bedeckten

Festgesteinskdmmen im Untergrund generiert.
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Abstract

Mass movements such as landslides are leading to large economic damage and numerous
human casualties world-wide. Hence, an important scientific aim is the investigation of
the causes, mechanisms and triggers of such hazardous mass movements. At the Institute
for Geophysics of the University of Stuttgart, highly sensitive, passive seismic methods
(Nanoseismic-Monitoring) are in use for the detection of small fracture events (Joswig,
2008)).

These methods have been used to record natural seismicity and to monitor induced
seismicity. In landslide research (Walter et al., 2012) these techniques have detected
fracture events in loose landslides sediments. New insights into the trigger mechanisms
of landslides can be gained from these fracture signatures. In addition, early warning
indications for landslide activity can be derived by detecting this kind of fracture events.
Nevertheless, an exact spatial localisation of these fractures in the body of the landslide
is very difficult, and the mechanisms which lead to fractures in loose sediments are, up to
now, unclear.

Observations of the visible characteristics of landslides surfaces are a promising source
of additional information about the process dynamics, and an integrative interpretation
with geophysical underground investigations is planned for further studies. High tem-
poral and spatial resolution remote sensing data can be used to determine such surface
characteristics. However, conventional remote sensing methods, with spatial resolutions
of several metres, deliver insufficient information for detailed landslide investigations. For
some time now airborne photographs from unmanned airborne vehicles (UAV) can be
used for landslides analysis, with spatial resolutions in the centimetre range and flexible

temporal resolution.

This work introduces common remote sensing methods in comparison to new UAV-
based remote sensing approaches for landslide studies. The advantages, as well as the
restrictions of UAV systems for high-resolution landslide observations in alpine terrain
are discussed. Specially developed multi-rotor UAV systems for work in alpine terrain
are used for several remote sensing campaigns of different landslides. These UAV systems
are equipped with optical sensors. The required procedures for image processing of air-
borne photographs, as well as different remote sensing methods for landslide analysis are
introduced.

Two landslides (the Heuméser slope, Austria Vorarlberg and the Super-Sauze landslide,

Southern France Alps) are examined. Both landslides differ in essential features. While
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the Heumoser slope is characterized by a completely vegetated surface and maximum
displacement rates of several centimetres per year, the Super-Sauze landslide shows a
mainly uncovered surface with maximum displacement rates of up to some centimetres
per day.

Numerous UAV-based remote sensing campaigns led to a large number of airborne
photographs of the landslide surfaces. These high-resolution airborne photographs are
used for ortho-mosaic and digital terrain model generation. Single image rectification
procedures are applied for straightforward ortho-mosaic generation of the entire Super-
Sauze landslide. The resulting ortho-mosaic is used for superficial displacement rate
analysis and for the identification of different deformation areas of the landslides surface.

In addition, digital surface models of the Super-Sauze landslide are generated from the
high-resolution UAV-based imagery. The resulting surface models are usable for three-
dimensional, morphometric analyses. In addition, more accurate orthophotos can be
generated with the help of precise 3D models.

Two different approaches are examined for photogrammetric 3D-model processing.
While procedures of a close-range photogrammetric approach permit more precise models,
newly developed computer-vision-based methods are useful for a fully automated process-
ing of the UAV-based imagery. This approach neither requires a priori ground control
points (GCP), nor manual tie points between the single photographs. In first studies
these photogrammetric procedures are examined for system-conditioned distortions.

In further studies, a largely automated technique for the mapping of landslide surface
fissures from the UAV-based images is proposed. The processing chain includes the usage
of global filtering algorithms, post-processing procedures and an object-oriented analysis
of the filtered imagery. The accuracy of the resulting maps is assessed by comparison
with several expert-derived maps in terms of the affected area, fissure density and fissure
orientation. The resulting fissure maps provide sufficient detail to infer mechanical pro-
cesses at the slope scale and to prioritize areas for more detailed ground investigations or
monitoring.

For the Super-Sauze landslide, a joint observation of subsurface fractures and the map-
ping of mass dynamics at the surface is introduced. During a field campaign in July
2008, different detected seismic signals of the landslide are analysed in combination with
a UAV-borne ortho-mosaic. The joint analysis assists the estimation of seismic source
areas and possible source mechanisms and vice versa. The observations of fracture pro-
cesses in the subsoil and high-resolution remote sensing of surface information allow for a
common interpretation of the complex slope dynamics; the localised fractures are mainly
generated in the border areas between the landslide material and buried crests in the

subsoil.
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1. Thematische Einfiihrung

1.1. Hangrutschungen

Massenbewegungen von Boden- und Felsmassen treten an geneigten Oberflichen und
senkrechten Grenzflichen auf. Sie fithren weltweit zu grofien wirtschaftlichen Schiden
und zahlreichen menschlichen Opfern. Hangrutschungen entstehen als Wirkungskette von
Ursachen und Auslosern, die zur Ausbildung von Scherbriichen im Hangkérper und einer
hangabwirts gerichteten Bewegung der Hangmasse fithren (Damm), 2000). Nach (Cruden
und Varnes| (1996)) werden anhand von kinematischen Bewegungsmerkmalen sechs unter-
schiedliche Rutschungs-Typen klassifiziert (Abbildung . Sturzartige Hangrutschungen
verursachen in der Regel die groBten Schéden, jedoch kann die Dynamik abgegangener
Rutschungen nicht mehr beobachtet werden. Im Bereich der Hangrutschungs-Forschung
werden daher oftmals langsam gleitende oder kriechende Hénge beobachtet. In dieser
Forschungsarbeit wurden eine kriechende und eine grofitenteils flieBende Hangrutschung

untersucht.

1.1.1. Heumdser Hang Osterreich

Am Heuméser Hang, Vorarlberg, Osterreich erstreckt sich 25 km siidlich von Bregenz eine
kriechende Hangrutschung zwischen Hohen von 1360 m und 920 m ii.A. Der ca. 1800 m
lange, und bis zu 30 m méchtige Rutschungskorper besteht aus Lockersedimenten wie
verwittertem Hangschutt und Mordnenmaterial. Er setzt sich aus teilweise sehr steilen
Hangbereichen von bis zu 30° Hangneigung und relativ flachen Bereichen zusammen. Das
anstehende Festgestein besteht hauptsédchlich aus Mergeln. Das Volumen der Hangrut-
schung wird auf ca. 9.400.000 m® geschiitzt. Der Rutschungskorper ist nahezu vollstindig
bewachsen. Die Bewegungsraten des instabilen Hangbereichs erreichen maximal 0.1 m im
Jahr (Lindenmaier], 2010).

1.1.2. Super-Sauze Siidfrankreich

Die siidfranzosische Super-Sauze Hangrutschung entwickelte sich seit den 60er Jahren am

oberen Bereich der Sauze des Ubaye Tals an einem Nordhang des Barcelonnette Beckens.
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1.1. Hangrutschungen
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Abbildung 1.1.: Hangrutschungs-Typen aus Cruden und Varnes| (1996).
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1.1.3. Hangrutschungs-Forschung

Die Rutschung erstreckt sich horizontal iiber eine Lénge von 850 m in Hohen von 2105 m
bis 1740 m mit einer durchschnittlichen Hangneigung von 25°. Die Rutschung besteht
hauptséichlich aus schwarzen, jurassischen Mergeln, und wird auf ein Volumen von ca.
750,000 m?® geschiitzt. Der Rutschungskorper ist nahezu unbewachsen. Die Bewegungsra-
ten des instabilen, grofitenteils flieBenden Hangbereichs reichen von 0.01 m bis zu 0.4 m
am Tag (Malet et al., [2005)).

1.1.3. Hangrutschungs-Forschung

Die Erforschung von Hangrutschungen wird in iibergeordnete Aufgaben wie Erkundung,
Beobachtung, Analyse und Simulation eingeteilt. Erkundungen beinhalten das Auffinden
und erstmalige Erfassen von aktiven und potenziellen Rutschungen. Eine gezielte Beob-
achtung liefert hingegen Informationen, welche fiir Analysen zu Trigger-Mechanismen und
als Eingangsparameter zur computergestiitzten Simulation nutzbar sind. Mit Hilfe von Si-
mulationen sollen Vorhersagen und Risikoabschéitzungen erméglicht werden. Zuverléssige
Vorhersagen iiber Abgénge von Hangrutschungen sind nach dem aktuellen Stand der
Forschung jedoch nicht moglich (van Asch et all 2007). Im Bereich der Hangrutschungs-
Forschung miissen fachiibergreifende Forschungsansétze integriert werden. Die wichtigsten

Bereiche werden im Folgenden kurz zusammengefasst:

e Geophysik
Die Geophysik befasst sich mit physikalischen Vorgéingen auf sowie innerhalb der
Erde. Auch der erdnahe, interplanetare Raum wird erforscht. Schwerpunkte der Geo-
physik sind Umweltgeophysik und Rohstoffexploration. Im Bereich der Hangrutsch-
ungs-Forschungen kommen hauptséichlich Verfahren der aktiven Seismik zur Unter-
suchung statischer Hangeigenschaften, sowie geoelektrische Verfahren zur Erfassung

hydrologischer Parameter zum Einsatz.

e Geologie
Geologische Forschungen beschéiftigen sich mit dem globalen Aufbau der Erde, mit
ihrer Entstehungsgeschichte und mit erdgeschichtlichen Zusammenhéngen. Es wer-
den zahlreiche geowissenschaftliche Bereiche gegliedert. Vor allem geologische Kar-
tierungen, aber auch geomorphologische Analysen sind fiir die Erforschung von
Hangrutschungen von grofler Bedeutung. Wihrend geologische Kartierungen Infor-
mationen zu globalen Parametern beinhalten, beschreiben geomorphologische Para-

meter oftmals kleinste Oberflachendetails zu formbildenden Prozessen.

o Geodasie

Im Bereich der Geodisie werden Verfahren zur Bestimmung der Form und Lage
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1.2. Fernerkundung und Aerogeophysik

unserer Erde, sowie zur Bestimmung des Schwerefelds erforscht. Forschungsschwer-
punkte sind sowohl die Vermessung der Erdoberfliche, als auch die Darstellung in
Karten. Seit jiingerer Zeit wird der Bereich Geoinformatik gegliedert, welcher die
geografische und raumbezogene Informationsverarbeitung beschreibt und Grundlage

fiir alle digitalen Geoinformationssysteme (GIS) ist.

e Geotechnik
Die Geotechnik betreibt Forschungen zur lokalen Boden- und Felsmechanik. For-
schungsschwerpunkt ist die Interaktion zwischen Baugrund und Bauwerk. Es werden
die Bereiche Erdbau, Grundbau und Felsbau, sowie Tiefbau und Umweltgeotechnik
unterschieden. Im Bereich der Hangrutschungs-Forschung kommen hauptséichlich

Bohr-Verfahren zur Gewinnung von Bodenproben zum Einsatz.

e Hydrologie
Hydrologische Forschungen befassen sich mit den Eigenschaften des Wassers des
festen Landes. Die unterschiedlichen Zustinde auf und unter der Erdoberfliche,
sowie physikalische, chemische und biologische Wechselwirkungen mit umgebenden
Medien stehen im Vordergrund der Forschungen. Fiir Hangrutschungs-Forschungen
sind vor allem die Wechselwirkungen mit dem Untergrund von Interesse, da diese

oftmals den entscheidenden Triggermechanismus von Hangrutschungen darstellen.

e Kontinuumsmechanik
Die Kontinuumsmechanik beschreibt das Verformungsverhalten von kontinuierlichen
Materialien und ist im Bereich der technischen Mechanik angesiedelt. Die Konti-
nuumsmechanik kann sowohl zur Analyse, als auch zur Simulation von Hangrut-
schungen herangezogen werden. Diskrete Materialien wie z. B. Sedimente werden

als Kontinuum (kontinuierliches Material) modelliert.

e Mechanik diskreter Elemente
Kontinuumsmechanische Simulationen stoflen an ihre Grenze, wenn Bewegungs-
vorgidnge von Hangrutschungen simuliert werden sollen. Fiir die Analyse von Be-
wegungsvorgéingen lédsst sich die Methode diskreter Elemente nutzen, mit welcher
die Berechnung und Simulation von komplexen, bewegten Vorgingen gelost werden

kann.

1.2. Fernerkundung und Aerogeophysik

Fernerkundungsverfahren kommen fiir zahlreiche zivile und militdrische Anwendungen

zum Einsatz. Im Bereich der Geowissenschaften werden Fernerkundungsverfahren haupt-
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sdchlich zur Erforschung von planetaren Oberflichen und Atmosphéren eingesetzt. Laut

Definition nach |[Lillesand und Kiefer| (1987) umfasst die Fernerkundung im Vergleich

zu Erkundungsmethoden, die den direkten Zugang zum Objekt erfordern, ausschlief3-
lich beriihrungsfreie Verfahren. Als Informationstriger dienen reflektierte oder emittierte
elektromagnetische Wellen (Abbildung . Die Fernerkundung wird iibergeordnet in
passive und aktive Verfahren eingeteilt, und anhand der verschiedenen technischen Me-
thoden in die Bereiche optische Fernerkundung, multispektrale Fernerkundung, Laser-
Fernerkundung und Mikrowellen-Fernerkundung unterteilt. Mit Hilfe von Mikrowellen
sind selbst oberflachennahe Untergrunderkundungen durchfiihrbar. Auch geophysikalische
Feldmessungen wie Magnetfeldmessungen und Gravitationsmessungen kénnen laut Defi-
nition zum Bereich der Fernerkundung gezdhlt werden. Jedoch sind nach
luftgestiitzte geophysikalische Methoden der Aerogeophysik zuzuordnen.
Aerogeophysikalische Verfahren werden in die Bereiche Aeromagnetik (AM), Aeroelektro-
magnetik (AEM), sowie Aeroradiometrie, Aerogravimetrie und Aero-Georadar gegliedert.
Eine Abgrenzung zwischen geophysikalischen und fernerkundlichen Verfahren ist oftmals

schwierig.

100 %
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Abbildung 1.2.: Spektralbereiche der Fernerkundung, aus (2007).
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1.2. Fernerkundung und Aerogeophysik

1.2.1. Verfahren

Optische Erkundung

Optische Aufnahmen wurden erstmals 1839 von Joseph Nicéphore Niepce realisiert und
waren die Grundlage fiir das dlteste Fernerkundungs-Verfahren. Gasper Felix Tournachon
gelangen ca. 1858 von einem Ballon aus erste luftgestiitzte Fernerkundungs-Aufnahmen
(Elachil [1987). Luftaufnahmen werden im Allgemeinen als Senkrecht-Luftbilder (Nadir)
aufgenommen. Das rdumliche Auflosungsvermogen As eines fehlerfreien, optischen Sys-
tems ist durch die optische Beugung des Lichts begrenzt. Nach Lotfler-Mang| (2011) kann
aus dem Rayleigh-Kriterium das rdumliche Auflésungsvermégen nach Néherung be-

rechnet werden:

A-h
As ~1.22—— 1.1
s TP (1.1)
As = Réumliches Auflosungsvermogen A = Wellenlénge

E P = Eintrittspupille, Blendendurchmesser h = Flughohe iiber Grund

Sofern optische Fehler, sowie atmosphérische Einfliisse vernachléssigt werden und das
Auflésungsvermogen aus Naherung gewihrleistet ist, kann die rdumliche Auflésung
optischer Systeme vereinfacht berechnet werden. Die Bodenaufosung GSD (engl. ground
sampling distance) oder auch GSI (ground-projected sample interval) ist fiir Nadir-Auf-
nahmen ebener Flichen folgendermafen definiert (Schowengerdt, [2007)):

GSD = —= (1.2)

GSD = Bodenauflésung h = Flughohe iiber Grund

p = Pixelrastermafl im Sensor ¢ = Brennweite der Optik

Moderne optische Verfahren nutzen den gesamten sichtbaren Wellenldngenbereich elek-
tromagnetischer Wellen (Abbildung [1.2)). Es werden zwei Daten-Typen unterschieden:
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1.2.1. Verfahren

e PAN (panchromatisch), gesamter sichtbarer Spektralbereich (400-690 nm),
Graustufenbild

e RGB Farbbild, sichtbares Licht (VIS) mit den Spektralkanilen rot (630—
690 nm), griin (530-610 nm) und blau (450-520 nm),

Aufgrund der alltdglichen, visuellen Wahrnehmung des Menschen ermoglichen optische
Fernerkundungsdaten intuitive Auswertungen. Optische Erkundungen der Erdoberfliche
sind in der Regel nur wiahrend der Tageszeit durchfiihrbar, da natiirliches Sonnenlicht als
Strahlungsquelle benotigt wird. Die Intensitéit und das Spektrum des reflektierten Lichts
sind abhingig von Sonnenstand, Oberflaichenmaterial und der Atmosphére. Die Trans-
mission durch die Atmosphére wird durch Absorption und Streuung beeinflusst. Dies ist
auf die enthaltenen Gase, Wolken, Regen und Staub zuriickzufiithren (Albertz, 2007). Ei-
ne deutlich wahrnehmbare, frequenzabhéngige Streuung im blauen Spektralbereich wird
von atmosphérischen Gasen wie Ozon und Aerosolen verursacht (de Bary und Bullrich,
1962). Dieser Effekt fiihrt sowohl zur blauen Farbe des unbedeckten Himmels, als auch zu
einer mit der Entfernung zunehmenden Blaufirbung der beobachteten Objekte. Optische
Fernerkundungsdaten sind nur sehr aufwendig mit Hilfe einer photogrammetrischen Pro-
zessierung in dreidimensionale Datenséitze wandelbar, wobei die Genauigkeit stark von der
Textur abhéngig ist (Kraus, |1997). Die optische Fernerkundung ist den passiven Verfahren
zugeordnet und kommt als terrestrisches, luftgestiitztes und satellitengestiitztes Verfah-
ren zum Einsatz. Aktuelle satellitengestiitzte Aufnahmen erlauben Bodenauflésungen bis
zu 0.41 m (PAN) und 1.65 m (RGB) (Sorgel et al., 2011). Flugzeuggetragene Syste-

me ermoglichen je nach Flughthe Bodenauflésungen bis in den Submeter-Bereich (Glei-

chung [1.2).

Photogrammetrie

Die Photogrammetrie beschéftigt sich schon iiber 150 Jahre mit technischen und wissen-
schaftlichen Aspekten, die es ermdglichen, aus einzelnen oder mehreren optischen Aufnah-
men Objekte in ihrer Lage und Form zu rekonstruieren (Luhman, [2010). Die grundlegen-
den mathematischen Forschungen zur projektiven Geometrie und der photogrammetri-
schen Rekonstruktion wurden im Jahre 1883 realisiert (Hauck, [1883)). Diese Forschungen
lieferten die Basis fiir die meisten photogrammetrischen Entwicklungen. Aktuelle photo-
grammetrische Grundlagenforschungen befassen sich mit Verfahren des Image-Matching
zur vollautomatischen Erstellung von 3D-Modellen (Snavely et al., 2008) und mit der Be-
schleunigung von photogrammetrischen Prozessen (Gruen, 2012)). Auch die Anwendung
der perspektivischen Bildentzerrung fiir Kartographie und Luftbildvermessung ist im Be-

reich der Photogrammetrie schon seit mehr als 100 Jahre bekannt (Baltsavias, 1996]).
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1.2. Fernerkundung und Aerogeophysik

Theodor Scheimpflug entwickelte um 1897 ein erstes Foto-basiertes Verfahren zur stiick-
weisen Bildentzerrung. Seit ca. 1984 wird hauptséchlich die digitale Bildentzerrung ein-
gesetzt (Goepfert, |1984; |Wiesel, 1985). Sie hat im Laufe der Zeit aufwendige mechani-
sche und optische Entzerrungs-Verfahren vollstandig verdrangt. Mit aktuellen Verfahren
der digitalen Entzerrung werden Luftbilder auf ein zugrunde liegendes 3D-Oberflachen-
modell projiziert, diese 3D-Texturinformation des digitalen Modells kann dann in einem
weiteren Schritt pixelweise mit Hilfe einer orthogonalen Parallel-Projektion in die Ebe-
ne der Hohe Z = 0 transformiert werden. Perspektivische Verzerrungen aufgrund von

Schragaufnahmen und unebener Oberflichen werden hierdurch effektiv beseitigt.

Multispektrale Erkundung

Multispektrale Fernerkundungsdaten setzen sich aus Informationen mehrerer Spektral-
kanéle zusammen. Hierzu lédsst sich streng genommen auch die optische VIS-Fernerkun-
dung mit den Spektralbdndern RGB zédhlen, jedoch werden Datensétze erst ab mindes-
tens vier Spektralkanélen als multispektral bezeichnet. Die Erfassung von multispektra-
len Daten erfolgt in der Regel mit optisch-mechanischen Scannern (Albertz, 2007). Je
nach Fachbereich werden unterschiedliche Definitionen der Spektralbereiche vorgenom-
men. Die Spektralbénder der Satelliten-Fernerkundung setzen sich haufig nach Tabelle
zusammen. Mit multispektralen Informationen werden Differenzierungen unterschiedli-
cher Oberflichenmaterialien vorgenommen (Zillmann und Schnugj, 2005). Analog hierzu
bilden sich unterschiedliche Pflanzenarten und deren Zustand gut ab, da Chlorophyll im
nahen Infrarot wesentlich stirker als im sichtbaren Bereich reflektiert (Curran, |1980).
Multispektrale Bild-Daten sind mit Hilfe von sogenannten Falschfarben-Bildern visuell
darstellbar, indem drei Spektralkanéle als RGB-Bild dargestellt werden (Abbildung .
Sollen mehr als drei Spektralkanéle zeitgleich visualisiert werden, lassen sich umfang-
reichen Datensiitze mit Hilfe einer Hauptachsentransformation (auch: PCA, Karhunen-
Loeve-Transformation) vereinfachen (Jolliffe, 1986)). Hierbei wird die gesamte Anzahl der
Spektralkanéle durch eine geringere Zahl moglichst aussagekréftiger Hauptkomponenten
genahert. Die gefundenen Hauptkomponenten werden dann mit den sichtbaren Kanélen
RGB in einem Falschfarbenbild dargestellt. Diese Vorgehensweise erfordert jedoch erfah-
rene Auswerter bei der Interpretation (Canas und Barnett} 1985).

Multispektrale Sensorsysteme bestehen aus aufwendigen, technischen Komponenten,
und die Kanéle des thermischen Infrarot liefern in der Regel grobere Bodenauflosungen
im Vergleich zu den restlichen multispektralen Kanélen (Albertz, 2007). Die multispektra-
le Fernerkundung ist den passiven Fernerkundungsmethoden zugeordnet, und kommt als
satellitengestiitztes und luftgestiitztes Verfahren zum Einsatz. Satelliten-basierte Multi-

spektraldaten weisen nach Sorgel et al.| (2011) aktuell eine Bodenauflésung bis zu 1.65 m
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1.2.1. Verfahren

Abbildung 1.3.: Multispektrale Quickbird-Aufnahmen zur grofflachigen Hangrutschungs-
Detektion (Falschfarben: Band 2-3-4); links: Zustand vor abgegangener
Hangrutschung, rechts: sichtbare helle Bereiche der Rutschung, aus

|sagli et al.l (]2005[).

Bezeichnung Spektralband | Wellenlénge

Blau 1 450 nm - 520 nm
Griin 2 530 nm - 610 nm
Rot 3 630 nm - 690 nm
Nahes Infrarot (NIR) 4 780 nm - 900 nm
Mittleres Infrarot (MIR) 5 1550 nm - 1750 nm
Thermisches Infrarot (TIR) 6 10.4 pm - 12.5 pm
Mittleres Infrarot (MIR) 7 2090 nm - 2350 nm
Panchromatisch (PAN) 8 520 nm - 900 nm

Tabelle 1.3.: Spektralbereiche am Beispiel Landsat 7, Quelle: USGS

auf, flugzeuggetragene Systeme ermoglichen je nach Flughthe Bodenauflosungen bis in
den Submeter-Bereich (Mumby et al., [1998]).

Hyperspektrale Erkundung

Hyperspektrale Fernerkundungsverfahren stellen Datensétze mit mehr als 100 schmal-
bandigen Spektral-Kanélen bereit. Im Vergleich zu multispektralen Daten erlauben hyper-
spektrale Fernerkundungsdaten eine genauere Differenzierung unterschiedlicher Materiali-
en (Abbildung[L.4)). Sie eignen sich vor allem zur Analyse von Vegetation, da die breitban-

digen Multispektralbédnder signifikante Reflexionseigenschaften von Pflanzen nicht ausrei-

chend auflésen (Darvishzadeh| |2008). Hyperspektrale Datensétze sind im Gesamten nicht
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1.2. Fernerkundung und Aerogeophysik

visuell darstellbar und die enorme Datenmenge erfordert einen grofien Bearbeitungsauf-

wand.
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Abbildung 1.4.: Reflexionseigenschaften verschiedener Materialien, aus (1996)).

Die hyperspektrale Fernerkundung kommt als passives Verfahren zum Einsatz und wird

als terrestrische, luft- und satellitengestiitzte Methode genutzt. Nach einer Ubersicht aus

Sorgel et al. (2011) ist aktuell nur ein satellitengestiitzter Hyperspektralsensor mit einer

Bodenauflésung von 30 m im Einsatz. Flugzeuggetragene Sensoren wie HyMap erzielen

aus 2000 m Flughohe geometrische Bodenauflésungen im Bereich von 4 m (Darvishzadeh
2008).

Laser-Erkundung

Laserstrahlen des sichtbaren, ultravioletten und infraroten Spektralbereichs breiten sich
rdumlich sehr gerichtet aus und ermoglichen eine intensive Bestrahlung weit entfernter
Objekte , . Die Erkundung von Fernerkundungs-Objekten ist daher auch mit
selektiven Wellenldngen des elektromagnetischen Spektrums moglich. Messgrofien sind re-

flektierte Strahlungsintensitaten und Zeitdifferenzen zwischen Aussendezeitpunkten und

Empfangszeitpunkten (Wehr und Lohr} [1999)). Laser-basierte Fernerkundungsinstrumente
werden auch als LiDAR (Light detection and ranging) bezeichnet (Lefsky et al., 2002)). Fiir

luftgestiitzte Erkundung miissen kontinuierliche, hochgenaue Positionsdaten des Flugzeu-

ges zur Korrektur von Flugzeughewegungen eingerechnet werden.
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1.2.1. Verfahren

15t return LiDAR DEM Ground LiDAR DEM

Abbildung 1.5.: Links: LiDAR-basiertes Oberflichenmodell, rechts: LiDAR-basiertes
Geldndemodell, aus |Zimble et a1.| (]2003[).

Uber bewaldeten Gebieten sind hochauflésende Oberflichen-Informationen erfassbar,
indem das letzte Echo von den vorhergehenden Reflexionen der Vegetation separiert wird
(Eeckhaut et all, [2007) (Abbildung [L.F]). Auch atmosphérische Gase werden mit Hilfe
von LiDAR erforscht (Killinger und Menyuk, [1987). Aktuelle geodétische Laser-Scanner

ermoglichen eine luftgestiitzte Erhebung von dreidimensionalen Fernerkundungsdaten mit

Bodenauflgsungen im Submeter-Bereich (Wehr und Lohr| |1999)). Die Laser-Fernerkundung

wird hauptséchlich als terrestrisches und luftgestiitztes Verfahren genutzt.

Mikrowellen-Erkundung

Wihrend die passive Mikrowellen-Fernerkundung Erfassungen von Bodenparametern mit-

tels natiirlich emittierten Mikrowellen ermoglicht (Ulaby et al., [1982), werden mit aktiven
Systemen, wie Real Apertur Radar (RAR), Synthetik Apertur Radar (SAR) (Sherwin
et al}, [1962) und Scatterometer (Zoughi et al. [1985) Mikrowellen zur Gelindeoberfliche

gesendet. Messgroflen sind reflektierte Strahlungsintensitdten und Zeitdifferenzen zwi-

schen Aussendezeitpunkten und den entsprechenden Empfangszeitpunkten. Eine SAR-

Konfiguration benétigt im Gegensatz zur RAR-Konfiguration wesentlich kleinere Anten-

nen, um identische Auflésungen zu erzielen (Albertz, 2007), und wird gegenwértig bei

nahezu allen abbildenden Satelliten- und Luftgestiitzten Erkundungen eingesetzt.

Die Transmission von Mikrowellen durch die Atmosphére wird von Wolken und Regen
kaum beeinflusst (Abbildung|1.2)). Zuverldssige Erkundungen sind zu jeder Tageszeit und
bei jeder Wetterlage durchfiihrbar. Die Mikrowellen-Fernerkundung ist jedoch anfallig fiir
Abbildungsfehler wie Verkiirzung (Foreshortening), Uberlagerung (Lay-Over), Abschat-
tung (Shadowing) und Speckle (Frulla et al., 1998).

Mit Hilfe der aktiven Mikrowellen-Fernerkundung sind auch Informationen iiber ober-

flichennahe Bodenschichten erfassbar. Die Eindringtiefe ist abhéngig von der Wellenlénge,

der Einfallsrichtung und des Materials (Davis und Annan, |[1989), auch Informationen {iber
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1.2. Fernerkundung und Aerogeophysik

Abbildung 1.6.: Luftgestiitztes SAR Intensitdtsbild der Gebdude der Forschungsgesell-
schaft fiir Angewandte Naturwissenschaften e. V. in Werthhoven (10 cm
Bodenauflosung), aus |Brenner und Enderl q2006[).

den Wassergehalt des Bodens sind erfassbar (Dubois et al., [1995).

Die Mikrowellen-Fernerkundung wird sowohl am Boden, wie auch aus der Luft und vom

Satellit aus betrieben. Das Spektrum von Mikrowellen erstreckt sich {iber einen Frequenz-

bereich von 1 GHz bis 325 GHz und ist standardisiert in mehrere Frequenzbénder un-

terteilt (Kraus und Schneider, 1988). Die derzeitig erreichbare Bodenauflosung Satelliten-

basierter SAR-Systeme liegt im Meter-Bereich (Zhu und Bamler} 2010)), flugzeuggetragene

Systeme ermoglichen Bodenauflosungen im Submeter-Bereich (Brenner und Ender} |2006,

Abbildung [L.6)).

Mikrowellen-Interferometrie

Mit Hilfe der SAR Interferometrie (InSAR) und der differentiellen SAR Interferometrie
(dInSAR) ist es moglich, hoch genaue Hoheninformationen zu prozessieren. Interferometri-
sche Auswertungen von SAR-Daten desselben Zeitpunktes aus unterschiedlichen Aufnah-
mepositionen ermoglichen die Generierung grofiflichiger, digitaler Gelande-Modelle
ham), 1974} (Catani et al 2005)). Die Verfahren des dInSAR nutzen hingegen Aufnahmen

unterschiedlicher Zeitraume, woraus mittels Phasendifferenzen zwischen den verschiede-

nen Aufnahmen hoch genaue Hohenénderungen bestimmbar sind (Massonnet et al., [1993;

Pepe et al., |2005). Eindeutige Hohendnderungen sind jedoch nur unterhalb der genutz-

ten Wellenldnge bestimmbar, da mit jeder weiteren Periode Mehrdeutigkeiten im Bereich
nA auftreten (Abbildung |1.7)). Die Mikrowellen-Interferometrie erfordert kontinuierliche,

hoch genaue Positionsinformationen iiber die bewegten Antennen.
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1.2.1. Verfahren

Abbildung 1.7.: Satellitengestiitzte ERS dInSAR Erkundungen von Rutschungen in Gar-
hwal, Himalaya; links Interferogramm und rechts ETM Aufnahme, aus

|Singh und Rayl (]2009[).

Aktuelle Satellitengestiitzte InSAR-Systeme wie TanDEM-X erméoglichen die Erstel-
lung von 3D-Datensétzen mit 12 m Raster (Krieger et al. [2007), luftgestiitzte Erkun-
dungen erlauben gegenwiértig eine Erfassung von 3D-Rasterdaten im Submeter-Bereich
(Okada et al., 2007). InSAR-Erkundungen eignen sich im Vergleich zu luftgestiitztem
LiDAR eher fiir groBflichige Erkundungen (Baran, [2009). Aktuelle Satelliten-basierte
dInSAR-Erkundungen erméglichen eine Erfassung von Hohendnderungen im Millimeter-
bereich (Onuma und Ohkawal, [2009)), und werden zur Erkundung von Erdbeben, Vulkanen,
Hangrutschungen oder Gletschern herangezogen ((Massonet und Feigl, [1998), (Belardinelli
et al., 2003)), (Refice et al. [2001)). Allerdings benétigen dInSAR Auswertungen konstan-

te Phasenbeziehungen, welche aufgrund von Vegetation und aktiver Sedimentierung an

Hangrutschungen selten gegeben sind. Hochauflésende dInSAR-Erkundungen sind dann
nur punktuell mit Hilfe von Eckreflektoren erfassbar (McCardle et al., [2007)).

Aerogeophysik

Analog zu den Fernerkundungsverfahren werden aerogeophysikalische Verfahren in akti-
ve und passive Methoden unterteilt. Sowohl die Aeromagnetik und die Aeroradiometrie,
als auch die Aerogravimetrie werden den passiven Methoden zugeordnet. Mit Hilfe der

Aeromagnetik konnen grofriaumige Messungen des Erdmagnetfeldes durchgefiihrt werden

(von Norbert,, [1991). Auch magnetische Materialien im Untergrund sind mittels Aeroma-

gnetik erfassbar (Yu et al. |2007). Zur Minimierung von magnetischen Storeinfliissen des

Flugzeuges werden AM-Messungen oftmals mit geschleppten Messkonfigurationen durch-
gefiihrt. Verfahren der Aerogravimetrie kommen hauptsachlich zur Erkundung der Dich-

teverteilung des Untergrunds zum Einsatz. Hieraus lassen sich auch subglaziale Struk-
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1.2. Fernerkundung und Aerogeophysik

turen abschitzen (Studinger et al. 2004)). Aeroradiometrische Verfahren erlauben eine

flaichendeckende Erfassung der Radioaktivitdt von oberflichennahen Gesteinsschichten
und Boden. Diese Verfahren kommen hauptséichlich zur Erforschung des Aufbaus der
Erdkruste und zur Rohstoffgewinnung zum Einsatz (Militzer und Weber; 1985)).

Die aktiven Verfahren der Aeroelektromagnetik und des Aero-Georadars werden fiir

oberflichennahe Bodenerkundungen eingesetzt. Die Eindringtiefe elektromagnetischer Wel-
len ist haupséchlich von deren Frequenz und der Leitfihigkeit des Bodens abhéngig. Nach
(1967)) berechnet sich die Eindringtiefe elektromagnetischer Wellen nach folgender

Gleichung:
2 P
0=4/—— =503,29,/= 1.3
V pwo ’ \/; (13)

0 = Eindringtiefe 1 = Permeabilitdtskonstante

w = Kreisfrequenz o = Spezifische Leitfdhigkeit
p = Spezifischer Widerstand f = Frequenz

Mit abnehmender Frequenz der Mikrowellen vergroflert sich die Eindringtiefe, jedoch wer-

den dann groflere Antennen benétigt, und der Energiebedarf zur Erzeugung von tieffre-

quenten elektromagnetischen Wellen steigt (Gorner und Hiibner| (2001)).

Die Verfahren des Aero-Georadars eignen sich fiir grofflichige Erkundungen von ober-

flichennahen geologischen Strukturen (Gundelach et al.; 2010)), auch luftgestiitzte Erkun-

dungen von Schneetiefen sind realisierbar (Marchand et al., 2003)). Jedoch muss im Falle

von leitenden Bodenschichten mit einer starken Dampfung gerechnet werden. In feuchten
Tonschichten kénnen z. B. nur Eindringtiefen <0,2 m erreicht werden. Im Bereich der

Aero-Georadar Erkundung kommen Antennen auferhalb des Flugzeuges zum Einsatz.

Abbildung 1.8.: AEM Ausriistung und Hubschrauber des BGR, Quelle: BGR.

28



1.2.2. Beobachtung von Hangrutschungen

Nach |Gorner und Hiibner| (2001) ist bei elektromagnetischen Erkundungen die Ein-
dringtiefe zusétzlich von der Distanz zwischen Sende- und Empfangsantenne abhéngig,
und wird je nach Frequenz mit 40 - 80 % des Antennenabstandes angegeben. Mit den Ver-
fahren der AEM werden Erkundungen von tektonischen Schichtungen (Jordan und Sie-
mon, [2002), aber auch Grundwassererkundungen durchgefiihrt (Siemon, 2005)). Zur Mini-
mierung von elektromagnetischen Stéreinfliissen des Flugzeuges kommen AEM-Verfahren
hauptséchlich mit geschleppten Messkonfigurationen zum Einsatz (Abbildung [L.§).

1.2.2. Beobachtung von Hangrutschungen

Mit Hilfe von bodengestiitzten Fernerkundungsverfahren ist eine rdumliche hochauflo-
sende Datenerfassungen zu jeder Zeit realisierbar. Jedoch schrinken Abschattungen die
Nutzbarkeit aufgrund der schrigen Aufnahmeperspektive erheblich ein. Im Bereich der
Hangrutschungs-Forschung kommen vor allem luft- und satellitengestiitzte Erkundungs-
methoden zum Einsatz (Metternicht et al., 2005). Fiir raumlich hochauflésende Beobach-

tungen von Hangrutschungen sind folgende Methoden von besonderem Interesse:

e Luftgestiitzte, optische Beobachtungen aus niedrigen Flughdhen
ermoglichen Bildaufnahmen mit Bodenauflosungen im Sub-
meterbereich. Diese Daten konnen zur Generierung von digita-
len Gelindemodellen herangezogen werden. Anhand von hoch-
auflosenden, dreidimensionalen Modellen und Texturinformatio-

nen sind morphologische Analysen durchfiihrbar.

o Luftgestiitztes geoditische LIDAR ermoglicht die direkte Erfas-
sung von dreidimensionalen Oberflaicheninformationen im Subme-
terbereich, selbst iiber bewaldeten Gebieten sind hochauflésende

Oberflacheninformationen erfassbar.

e Satelliten-basierte dInSAR-Erkundungen eignen sich fiir eine
grofiflichige, hoch genaue Dislokations-Erfassung im Millimeter-

bereich.

1.3. Unbemannte Flugzeuge: UAV

Die englische Abkiirzung UAV (unmanned aerial vehicle) beschreibt unbemannten Flug-
gerite, sowohl ferngelenkte, wie auch autonom fliegende Systeme (Eisenbeiss, 2009). Der
fernerkundliche Einsatz von unbemannten Flugzeugen hat eine mehr als dreifligjéhrige

Historie. Erste Bildfliige mit Modellflugzeugen wurden bereits im Jahre 1979 publiziert
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1.3. Unbemannte Flugzeuge: UAV

(Przybilla und Wester-Ebbinghaus, [1979). Autonomes Fliegen war zu dieser Zeit technisch
jedoch unmoglich und die notwendige, manuelle Navigation der Flugzeuge schréankte den
Aktionsradius auf wenige hundert Meter ein. Erst seit wenigen Jahren ist eine zuverldssige
Luftbilderfassung mittels UAV moglich (Eisenbeiss, 2009)). Aufgrund von technischen
Fortschritten wie der Miniaturisierung der Antriebs-, Sensor-, Akku- und Kameratech-
nik sind Luftbilderfassungen mittels autonom fliegenden Drohnen moglich. So kommt
seit geraumer Zeit die UAV-basierte Fernerkundung immer haufiger zur Anwendung.
Dies ist auch auf eine kostengiinstige Verfiigharkeit von UAV- und Autopilot-Systemen
zuriickzufiihren. Die Nutzung von UAV-Systemen als Fernerkundungsplattform verspricht

wesentliche Vorteile gegeniiber den herkémmlichen Fernerkundungs-Verfahren.

e Zeitlich unabhéngige Datenerfassung (prompter Einsatz und be-
liebige Wiederholraten).

e Niedrige Flughthen minimieren atmosphérische Storungen und

storende Einfliisse von Wolken.

e Aufgrund beliebig niedriger Flughohen sind sehr hochauflésende

Datenséatze erfassbar.

e Im Vergleich zu konventionellen Luftaufnahmen koénnen kos-

tengiinstige Luftaufnahmen erfasst werden.

Obwohl die oben genannten Vorteile auf den ersten Blick iiberwiegen, miissen fiir den
Einsatz von UAV-Systemen auch einige Nachteile in Betracht gezogen werden. Die we-
sentlichen Einschrankungen des fernerkundlichen Einsatzes von UAV-Systemen werden in

folgenden Punkten zusammengefasst.

Nur kleine Nutzlasten kénnen getragen werden (Einschrankung

bei der Sensorauswahl).

Niedrige Flughthen erfordern eine groflere Anzahl von Luftauf-

nahmen.

Autonome Fliige sind nach Luftrecht in vielen Landern unzuléssig.

Die manuelle UAV-Navigation ist sehr schwierig und erfordert viel

Flugerfahrung.
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1.3.1. UAV-Systeme

1.3.1. UAV-Systeme

Aktuell werden hauptséchlich Drehfliigel- und Starrfliigelsyteme, aber auch Ballone, Luft-
schiffe, Gleitschirme und Lenkdrachen zur zivilen fernerkundlichen Erfassung eingesetzt

(Eisenbeiss, 2009). Die aktuell genutzten Systeme werden im folgenden Abschnitt vorge-
stellt.

Abbildung 1.9.: Helikopter UAV-System aus Eisenbeiss et al.| (2005).

Drehfliigel-UAV

Drehfliigel-Systeme erlauben neben Schwebeflug sowohl Senkrechtstarts, als auch Senk-
rechtlandungen. Der gesamte Auftrieb muss mit Motorkraft erzeugt werden, und die
mogliche Zuladung vermindert sich durch grole Antriebskomponenten, Akkus und Treib-
stoff. Erste fernerkundliche Dokumentationen mittels ferngesteuerten Helikoptern wur-
den 1980 publiziert (Wester-Ebbinghaus|, [1980)). [Eisenbeiss et al. (2005) publizierten erste
grofiflichige photogrammetrische 3D Rekonstruktionen mittels Helikopter-UAVs (Abbil-
dung. Seit Anfang des Jahres 2004 sind verschiedene Multikopter-Systeme am Markt.
Multikopter Systeme verfiigen iiber mehrere starre Rotoren, eine mechanische Pitch-
Ansteuerung der Rotorblatter entfillt (Abbildung . Die Stabilisierung des Fluges
wird mittels Inertial-Sensor-Systemen (INS) und einer PID-Regelung (Proportional Inte-
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1.3. Unbemannte Flugzeuge: UAV

gral Differential Regelung) der einzelnen Rotoren realisiert (Bouabdallah et al., 2004). Im

Bereich der UAV Forschung kommen seit einigen Jahren vereinzelt Koaxial-Systeme zum
Einsatz. Zwei gegenldufige Pitch-Rotoren erzeugen den Auftrieb und erméglichen sehr

stabile Flugeigenschaften. Ein Heckrotor zur Kompensation des Drehmoments entfallt

(Abbildung [1.11)).

Abbildung 1.10.: Am IFG Universitat Stuttgart entwickelte Multikopter.

Abbildung 1.11.: Coaxial UAV-System aus [Duranti et al. (2007).
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Abbildung 1.12.: Starrfliigel UAV-System, aus [Haala et al. (2011).

Abbildung 1.13.: Starrfliigel UAV-System aus (2012).
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1.3. Unbemannte Flugzeuge: UAV

Starrfliigel-UAV

Starrfliigel-Systeme generieren den notwendigen Auftrieb aus ihrer Horizontalbewegung.
Der Betrieb ist mit einem Bruchteil der aufzuwendenden Energie eines Drehfliigelsystems
moglich. Jedoch schrinken grofiere Fluggeschwindigkeiten die Datenakquise aufgrund von
Bewegungsunschérfe ein. Zusétzlich benotigen die meisten Starrfliigel-Systeme zum Be-
trieb eine Start- und Landebahn. Erste Bildfliige mittels Starrfliigel-System wurden 1979
durchgefiihrt (Przybilla und Wester-Ebbinghaus, [1979). Aktuell werden zahlreiche Starr-
fligel-UAVs fiir die unterschiedlichsten Anwendungen genutzt. Haala et al.|[(2011]) verwen-
deten fiir photogrammetrische Tests zweimotorige Starrfliigel-Systeme (Abbildung .
In Studien zur photogrammetrischen Erfassung von Bodenerosion (d’Oleire Oltmanns
et al.l 2012) kommen einmotorige Systeme zum Einsatz. Selbst kleine ultra-leicht Delta-
fliigel-Systeme werden fiir photogrammetrische Erfassungen genutzt (Giilch) [2012). Mitt-
lerweile steht eine Vielzahl von kommerziellen, autonom-fliegenden Personal Aerial Map-

ping Systemen (PAMS) fiir einfache fernerkundliche Erfassungen zur Verfiigung (Abbil-

dung [[13).

Ballone

Ballone werden schon seit langer Zeit zur Luftbildakquise eingesetzt. So wurden schon die
ersten Luftaufnahmen 1858 mit Hilfe eines Ballons durch G. F. Tournachon aufgenommen
(Elachil 1987). Der notwendige Auftrieb wird mit einem mitgefithrten Gas, welches eine
geringere Dichte als Luft besitzt, gewonnen. Heilluftballone sind im Bereich der UAV-
Systeme bisher nicht bekannt. Die Handhabung eines Fesselballones gestaltet sich aus
technischer Sicht relativ aufwendig, da gefiillte Ballone sehr grofle Abmessungen erreichen
(siehe Abbildung und aus Platzgriinden nur im unbefiillten Zustand transportiert
werden konnen. So muss ein Ballon vor jeder Erkundungs-Kampagne mit Gas befiillt- und
nach jeder Nutzung wieder entleert werden. Die Positionierung (mittels Seilen) erfordert
jedoch weniger Erfahrung im Vergleich zum ferngesteuerten Betrieb von Flugzeugen.

Aktuellere Erkundungen (Altan et al., [2004; Fotinopoulos, 2004; [Scheritz et al., 2008)
zeigen mogliche Anwendungen im Bereich der Photogrammetrie, aber auch die Ein-
schrankungen von Fesselballon-Systemen auf: Das System ist sehr windempfindlich, und
im Luftbild ist oft das fesselnde Seil sichtbar.

Luftschiffe

Luftschiffe erzeugen wie Ballone den notwendigen Auftrieb mit Hilfe eines mitgefiihrten
Gases, welches eine geringere Dichte als Luft besitzt. Luftschiffe sind jedoch lenkbar und
verfiigen iiber einen eigenen Antrieb (Abbildung [1.15)). Als wesentlicher Vorteil ist vor
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Abbildung 1.14.: Ballon aus Altan et al. (2004).

Abbildung 1.15.: Luftschiff UAV-System aus (2011)).
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allem die Absturzsicherheit, sowie die Moglichkeit, im Schwebeflug iiber fixen Punkten
zu verharren zu nennen. Nachteilig ist jedoch eine starke Windempfindlichkeit (Kawa-
no|, 2011)). Aktuelle fernerkundliche Forschungen mit Luftschiffen beschéftigen sich mit
der photogrammetrischen Erfassung von Wasserrinnen-Erosion (Ries und Marzolff, [2003)),
archéologischen 3D Rekonstruktionen (Gomez-Lahoz und Gonzalez-Aguilera) 2009) und

aeromagnetischen Erkundungen (Grosser], 2009).

Gleitschirm-Systeme

UAV-Gleitschirme oder auch UAV-Paraglider werden seit jiingerer Zeit als motorisierte
Fluggerate fiir luftgestiitzte Erkundungen eingesetzt (Abbildung . Die Vorteile von
Gleitschirm-UAVs zeigen sich vor allem in langen Flugzeiten (bis zu mehreren Stunden),
geringen Fluggeschwindigkeiten und im Vergleich zum Eigengewicht relativ grofie Trag-
lasten. Jedoch wird eine lange Aufstiegszeit benétigt, und die Systeme sind windanfillig
und triage (Thamm und Judex, [2006). Gleitschirm-UAVs kommen aktuell eher selten zum
Einsatz, Einsatzbereiche sind z. B. Kartierungen von Naturwéldern (Jiitte, 2008), sowie

Forschungen zur Verkehrsiiberwachung (Clark et al., 2010).

Drachen-Systeme

Drachen gewinnen den notwendigen Auftrieb aus der kinetischen Energie der Luft. Wind
wird {iber eine Segelfliche schrig nach unten abgelenkt, die resultierende vertikale Kraft-
komponente erzeugt so den notwendigen Auftrieb. Die Auftriebskraft wird oftmals zusétz-
lich mit Hilfe von verschachtelten Segelfldchen vergroiert Abbildung[I.17} Die Vorteile von
fernerkundlich genutzten Drachen liegen vor allem in einer einfachen Handhabung und
schnellen Einsatzfahigkeit. Drachen-Systeme konnen je nach verwendeter Segelgroflie in-
nerhalb eines grolen Windgeschwindigkeits-Bereiches genutzt werden, im Falle von Wind-
stille ist jedoch kein Einsatz moglich. Drachen werden gegenwértig fiir photogrammetri-
sche Erfassungen und zur Erforschung der Atmosphire eingesetzt (Aber et al. [2002;
Balsley et al., |1998).

1.3.2. UAV-basierte Hangbeobachtungen

Die fernerkundliche UAV-Erfassung von alpinen Héngen ist mit windempfindlichen UAV
Systemen wie Ballonen, Luftschiffen und Gleitschirmen nicht zuverldssig realisierbar, da
zu jeder Zeit mit starken Hangwinden und Thermik zu rechnen ist. Drachensysteme eignen
sich gut zur Anwendung bei Wind, sind jedoch aufgrund der Kontrolle mit Seilen weitge-

hend unflexibel und wihrend Windstille nicht einsatzbereit. Im alpinen Gelédnde kénnen
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Abbildung 1.16.: Gleitschirm aus Clark et al. (2010).

Abbildung 1.17.: Drachen aus Reiche et al.| (2012).
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nur in seltenen Féllen geeigneten Start- und Landebahnen fiir den Betrieb von Starr-
fliigelsystemen gefunden werden. Startkatapulte, sowie Fangnetze zur Landung miissen
transportiert und aufgebaut werden, sie schranken die Flexibilitéit erheblich ein. Nach dem
aktuellen Stand eignen sich Drehfliigel UAV-Systeme fiir den alpinen Einsatz am besten.
Eine robuste Technik zur Minimierung von Ausfillen ist mit herkémmlichen Helikoptern
und Coaxial-Systemen aufgrund grofler Rotoren und mechanischen Pitch-Ansteuerungen
jedoch schwer umsetzbar. Im Falle von problematischen Landungen besteht ein grofies Ri-
siko, dass Rotoren den Boden streifen, beschédigt werden und ausgetauscht oder justiert
werden miissen. Dieses Problem kann mit der Verwendung von Multi-Rotor-Systemen
umgangen werden, da starre Luftschrauben nur kleine Durchmesser aufweisen und mit
wenigen Handgriffen ersetzbar sind.

Seit Beginn dieser Forschungen im Jahre 2007 kann eine rasante Entwicklung im Be-
reich der Multi-Rotor UAV-Systeme beobachtet werden. Anfangs waren nur wenige kos-
tengiinstige Open-Source UAVs wie das verwendete Mikrokopter-System (Mikrokopter-
Developer|, 2013)) verfiigbar. Gegenwirtig werden Multi-Rotor UAVs fiir zahlreiche For-
schungsprojekte genutzt, sie haben sich als kostengiinstige, handhabbare Fernerkundungs-
plattform etabliert. Erste groflichige Erfassungen von Hangrutschungen mittels Open-
Source Multikopter-System wurden 2009 publiziert (Niethammer et al.l 2009). Diese, in
der Kategorie der M-Klasse einzuordnenden Systeme (Eisenbeiss, 2009)), werden hauptséch-
lich fiir optische und multispektrale Erfassungen genutzt. Aktuelle Forschungen im Be-
reich der UAV-gestiitzten LiDAR-Erkundung (Lin et al., |2011) kiindigen erste Anwen-
dungsmoglichkeiten mittels UAV-Systemen an. Fiir hochauflésende UAV-basierte LIDAR
Erkundungen miissen jedoch weiterhin Probleme einer kontinuierlichen Positionserfassung
der UAVs gelost werden, da sich miniaturisierte GPS-INS und IMU-Systeme hierfiir bis-
her als problematisch herausgestellt hatten (Eisenbeiss| [2009)). Auch im Bereich der UAV-
gestiitzten Mikrowellen Fernerkundung werden aktuell erste InNSAR-Systeme entwickelt
(Remy et al., 2012). Diese Systeme konnen bisher jedoch nicht in kleine UAV-Systeme
integriert werden, da die notwendigen Sensor-Komponenten ein Gewicht von iiber 30 kg

aufweisen.

UAV-Navigation

Konventionelle photogrammetrische Verfahren setzen eine vorgegebene Block-Konstella-
tion der aufgenommenen Luftbilder voraus. In der Regel wird eine Bildiiberlappung von
mindestens 60 % in Flugrichtung und 30 % benachbarter Flugstreifen gefordert (Abbil-
dung. Aus Gleichung und der jeweiligen Pixelanzahl n, und n, kénnen folgende
Groflen berechnet werden:

38



1.3.2. UAV-basierte Hangbeobachtungen

Abbildung 1.18.: Flugschema konventioneller photogrammetrischer Verfahren.

_ hpn,

X, - _ hpn,

Y,
C C

(1.4)

Mit einer gewiinschten Bildiiberlappung von 60 % und 30 % ergeben sich Aufnahmedi-
stanzen nach folgenden Gleichungen:

Sx =04X, Sy =0.7Y (1.5)

Parameter der Berechnung;:

Xy, Abgedeckter Bereich in Flugrichtung Y, Abgedeckter Bereich quer zur Flugrichtung

Sx Aufnahmedistanz in Flugrichtung Sy Distanz zwischen zwei Flugbahnen
n, Pixelanzahl in x-Richtung, Spalten n, Pixelanzahl in y-Richtung, Zeilen
h Flughohe iiber Grund p Pixelrastermafl im Sensor

¢ Brennweite der Optik
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Einfache, GPS-gestiitzte Navigations-Systeme eignen sich nur unzureichend fiir direkte
photogrammetrische Berechnungen. Die maximale Messgenauigkeit ist auf 5 m begrenzt.
Weiterhin erschweren grofle Messabweichungen wihrend schlechter Empfangskonstellatio-
nen (z. B. durch Abschattung im alpinen Raum) eine autonome Navigation fiir konven-
tionelle Bildblock-Aufnahmen. Es kénnen schnell Abweichungen bis zu 50 m auftreten.
Neuste Entwicklung zur autonomen Navigation von UAV-Systemen erlauben nun eine
'GPS-freie’ Navigation (Bry et al., 2012)), diese Entwicklungen stehen jedoch am Anfang
und sind fiir den praktischen Einsatz bisher ungeeignet. Eine zuverldssige Wegpunkt-
Navigation im Submeterbereich ist nach dem aktuellen Stand der Technik nur mittels
dGPS und Real-Time-Kinematik (RTK-dGPS) oder mit Hilfe einer Tachymeter-gestiitzter
Navigation moglich (Baumker und Przybilla, 2011). Zusétzlich schrianken gesetzliche Vor-
schriften den autonomen Flugbetrieb ein. Eine grofiflachige Wegpunktnavigation kann

somit nicht effektiv genutzt werden.

1.3.3. UAV Flugrecht in Deutschland

In der Vergangenheit unterlag in Deutschland der Betrieb von UAV-Systemen den ge-
setzlichen Regelungen fiir Flugmodelle (§ 1 Abs. 2 Nr. 9 LuftVG), sofern diese 5 kg
Abfluggewicht nicht iiberschritten, und eine manuelle Kontrolle des Betreibers jederzeit
gewihrleistet war. Wurden diese Bedingungen erfiillt, so war keine spezielle Genehmigung
durch Luftfahrtbehorden notwendig. Fine Genehmigungspflicht fiir Luftbildaufnahmen ist
seit 1990 nach Artikel 37 des 3. Rechtsbereinigungsgesetzes entfallen, jedoch diirfen nach
§ 109g¢ Abs. 5 Nr. 3 StGB Wehrmittel, Einrichtungen und Anlagen nicht fotografiert
werden, wenn dadurch die Sicherheit der Bundesrepublik Deutschland oder die Schlag-
kraft der Truppe gefihrdet wird. Nach einem BGH Urteil vom 9. Dezember 2003 (AZ:
VI ZR 373/02, Luftbildaufnahmen vom Ferienhaus) ist das Eindringen in die geschiitzte
Privatsphére einer Person mittels Aufnahmen aus Flugzeugen unzuléssig. Seit 2012 wer-
den unbemannte Luftfahrtsysteme (UAVs) nach § 1 Abs. 2 folgendermaBen definiert:
,- .. als Luftfahrzeuge gelten unbemannte Fluggerite einschliefilich ihrer Kontrollstation,
die nicht zu Zwecken des Sports oder der Freizeitgestaltung betrieben werden“. Folglich
bedarf die Nutzung des Luftraums zur Luftbilderfassung mit unbemannten Luftfahrtsys-
temen nach § 16 Abs. 1 Nr. 7 LuftVO, privat oder gewerblich, der Erlaubnis durch die
ortlich zusténdige Behorde des Landes. Diese Erlaubnis wird entsprechend gemeinsamer
Grundsétze des Bundes und der Lander geméfl § 16 Abs. 3 LuftVO seit 2012 allgemein
geregelt (NfL I 161/12). Fiir den Aufstieg von unbemannten Luftfahrtsystemen ohne Ver-
brennungsmotor bis 5 kg Gesamtmasse kann hiernach eine allgemeine Erlaubnis erteilt

werden.
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2. Synopsis der Forschungsarbeiten

Die vorliegende Dissertation wurde als kumulative Arbeit eingereicht. In diesem Kapitel
werden Kurzformen der zugrundeliegenden Publikationen zusammen mit weiteren Infor-
mationen iiber die durchgefiithrten Befliegungen, sowie verschiedene Methoden der Pho-

togrammetrie und Bildverarbeitung synoptisch dargestellt.

2.1. Eigenanteil an Publikationen

Grundlage dieser Arbeit sind fiinf ausgewihlte Publikationen (siehe auch Anhang [A.4]).

Die wissenschaftlichen Arbeiten werden nach folgenden Anteilen aufgeschliisselt:

1. [Niethammer et al| (2011, Anhang[A.1.1)) Niethammer, U., Rothmund, S., Schwade-
rer, U., Zeman, J., und Joswig, M. (2011). Open source image-processing tools
for low-cost UAV-based landslide investigations. Int. Arch. Photogramm.
Remote Sens. Spatial Inf. Sci., XXXVIII-1 C22:161-166.

Der Erstautor hat die UAV-Systeme entwickelt und die notwendigen Software-
Komponenten erstellt, sowie sdmtliche Befliegungen und Analysen durchgefiihrt.
Alle weiteren Autoren haben unter Anleitung des Erstautors als Diplomanden und
Hilfskrafte an kleineren Teilaufgaben mitgewirkt. M. Joswig ist als Betreuer betei-

ligt.

2. [Niethammer et al| (2010, Anhang[A.1.2)) Niethammer, U., Rothmund, S., James, M.,
Travelletti, J. und Joswig, M. (2010). UAV-based remote sensing of landslides.
Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci., XXXVIII Part 5:496-501.

Der Erstautor hat alle notwendigen Befliegungen durchgefiihrt und die SETM-MVS-
basierten 3D-Modelle erstellt und analysiert. S. Rothmund hat DGPS-Messungen
von Passpunkten durchgefiihrt und unter Anleitung des Erstautors ein Orthomosaik
der Super-Sauze Rutschung erstellt. M-R. James trigt ein zum Vergleich notwendi-
ges DGM mittels Nahbereichs-Photogrammetrie bei. J. Travelletti trégt ergdnzende

Berechnungen zur Punktdichte bei. M. Joswig hat als Betreuer mitgewirkt.
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3. [Niethammer et al.| (2012, Anhang [A.1.3) Niethammer, U., James, M., Rothmund,

S., Travelletti, J., und Joswig, M. (2012). UAV-based remote sensing of the
Super-Sauze landslide: Evaluation and results. Engineering Geology, 128:2—
11.

Der Erstautor ist fiir die Entwicklung der UAV-Systeme, die Durchfiihrung aller
UAV-Befliegungen, sowie die Entwicklung notwendiger Software-Komponenten und
Analysen der Fernerkundungsdaten verantwortlich. M-R. James tréigt photogram-
metrische Vergleichs-Modelle bei. J. Travelletti tragt Vergleichsdaten mittels TLS
bei. S. Rothmund verantwortet die geomorphologischen Analysen. M. Joswig ist als

Betreuer beteiligt.

. \Stumpf et al.| (2013, Anhang |A.1.4) Stumpf, A., Malet, J.-P., Kerle, N., Nietham-

mer, U., und Rothmund, S. (2013). Image-based mapping of surface fissures
for the investigation of landslide dynamics. Geomorphology, 186:12-27.

A. Stumpf ist Erstautor und verantwotet die Entwicklung der notwendigen Algo-
rithmen zur Riss-Detektion, sowie die Analysen der Daten. U. Niethammer ist Ko-
Autor und tragt die Grund-Idee zur automatischen Riss-Detektion bei. U. Nietham-
mer ist fiir die Erfassung und Erstellung aller UAV-gestiitzten Luftbild-Datensétze
verantwortlich, S. Rothmund ist an der Zusammenstellung der Datensétze beteiligt.
J-P. Malet und N. Kerle haben als Betreuer mitgewirkt.

. Walter et al.| (2009, Anhang|A.1.5)) Walter, M., Niethammer, U., Rothmund, S., und

Joswig, M. (2009). Joint analysis of the Super-Sauze (French Alps) mudsli-
de by nanoseismic monitoring and UAV-based remote sensing. First Break,
FAGE, 27(8):53-60. European Association of Geoscientist & Engineers (EAGE).
M. Walter ist Erstautor und verantwortet die Teile der seismischen Analysen, so-
wie Teile der gemeinsamen Interpretation. U. Niethammer ist Ko-Autor und tragt
die UAV-gestiitzten Luftbild-Datensétze, sowie Teile der gemeinsamen Interpreta-
tion bei. S. Rothmund ist an der Zusammenstellung der Datensétze und an der

geomorphologischen Interpretation beteiligt. M. Joswig hat als Betreuer mitgewirkt.



2.2. UAV-System und Software

Als Fernerkundungsplattform wurden Multi-Rotor UAVs entwickelt. Die Verarbeitung der
erfassten Daten wurde mit eigenen Softwarekomponenten durchgefiihrt. Rechenintensive
Algorithmen konnten mittels der Programmiersprache C effektiv implementiert werden
(Kernighan und Ritchie, 1990)). Programme zur Bildentzerrung, Mosaik-Erstellung, 3D
Helmert-Transformation, Interpolationsalgorithmen sowie Filteralgorithmen und zahlrei-

che Konvertierungsroutinen wurden erstellt.

2.2.1. Open-Source Komponenten

Publikation [Niethammer et al.| (2011, Anhang Niethammer, U., Rothmund,
S., Schwaderer, U., Zeman, J., und Joswig, M. Open source image-processing tools for
low-cost UAV-based landslide investigations. Int. Arch. Photogramm. Remote Sens. Spa-
tial Inf. Sci., XXXVIII-1 C22:161-166.

Am Institut fiir Geophysik der Universitdt Stuttgart wurden zur fernerkundlichen Beob-
achtung alpiner Hangrutschungen Multi-Rotor UAVs anhand von Open-Source Kompo-
nenten entwickelt (Abbildung [2.1]).

Die Materialkosten dieser low-cost UAV-Systeme liegen je nach Ausstattung im Be-
reich zwischen 1000 und 1500 €. Die verwendeten Multi-Rotor Systeme eignen sich zur
positionsgenauen Bildgewinnung und sind aufgrund einer robusten Technik fiir Fliige in
schwierigem Gelénde geeignet. Die Navigation der UAV-Systeme erfolgt in erster Linie
manuell, wobei eine integrierte GPS-INS Prozessierung eine unterstiitzende, stabilisieren-
de Funktion iibernimmt. Das UAV-System wird zur Bilderfassung an der gewiinschten
Position ohne grofleren Steuerungsaufwand vertikal in die gewiinschte Aufnahmehohe ge-
bracht, um dann nach Vollendung der gewiinschten Aufnahmen in gleicher Weise wieder

vertikal zu landen.

Im Zuge zahlreicher UAV-basierter Fernerkundungs-Kampagnen von Hangrutschungen
wurde eine grofle Zahl Luftbilder aufgenommen. Diese Bilder wurden dann zur Erstel-
lung von Ortho-Mosaiken und digitalen Geldndemodellen genutzt. Das entwickelte UAV-
System und mehrere entwickelte Open-Source Bildverarbeitungswerkzeuge zur Erstellung
von 3D-Geldndemodellen, Orthofotos und Mosaiken erlauben einen kompletten Arbeits-
zyklus, ohne die Verwendung von kommerziellen UAV-Systemen oder Softwarekomponen-

ten.
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2.2. UAV-System und Software

Abbildung 2.1.: Am Institut fiir Geophysik entwickelte Multi-Rotor UAV-Systeme.

2.2.2. UAV-basierte Fernerkundung mittels SfM-MVS

Publikation Niethammer et al.| (2010, Anhang |A.1.2)) Niethammer, U., Rothmund,
S., Joswig, M., James, M., und Travelletti, J. UAV-based remote sensing of landslides.
Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci., XXXVIII Part 5:496-501.

Wiéhrend einer UAV-basierten Fernerkundungs-Kampagne im Jahre 2008 wurde eine
grofle Zahl Luftbilder der Super-Sauze Hangrutschung aufgenommen. Anhand von 285
dieser Luftaufnahmen werden 3D-Oberflichenmodelle mit Hilfe aktueller Structure-from-
Motion (StM) und Multi- View-Stereo (MVS) Methoden aus dem Bereich der Computer-
Vision erstellt. Ungeordnete und verkippte Luftbilder, welche mit einfachen digitalen
Kompaktkameras aufgenommen wurden, sind nun mit Hilfe von SfM-MVS Methoden

photogrammetrisch prozessierbar. Eine aufwendige Kalibrierung der Kamera entféllt.
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2.2.2. UAV-basierte Fernerkundung mittels StM-MVS

Abbildung 2.2.: SEIM-MVS basiertes 3D-Modell der Super-Sauze Hangrutschung.
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2.2. UAV-System und Software

Diese neuen Verfahren versprechen im Gegensatz zu iiblichen photogrammetrischen Ver-
fahren eine effektive, automatische Erstellung von 3D-Modellen. Zur Prozessierung wer-
den weder Passpunkt-, noch Verkniipfungs-Informationen benotigt, dies ermoglicht eine
effektive, vollautomatische Verarbeitung grofler Bildmengen. Jedoch muss in einem weite-
ren, manuellen Bearbeitungsschritt die Georeferenzierung mit Hilfe einer Transformation
vorgenommen werden, welche die 3D-Punktwolke in das Koordinatensystem des realen
Objektraums iiberfiihrt. In dieser Studie werden erste geodétische Anwendungen und Ge-
nauigkeitsabschéatzungen vorgestellt. Verschiedene Oberflichenmodelle der Super-Sauze
Hangrutschung (Abbildung werden in Bezug auf Punktdichte und Mafhaltigkeit un-
tersucht. Analysen eines kleineren Modellbereichs zeigen brauchbare Ergebnisse, jedoch
muss bei der SfM-basierten Biindel-Block-Prozessierung von grofien Oberflichenmodellen

mit signifikanten Abweichungen gerechnet werden.

2.2.3. Ergdnzungen zur SfM-MVS Prozessierung

SfM-Algorithmen ermoglichen die Berechnung der jeweiligen inneren und dufleren Kame-
ra-Orientierung anhand von gegebenen Bildsdtzen (Abbildung . Zusétzlich wird eine
grobe 3D-Rekonstruktion der Aufnahmeszene berechnet (Snavely et al.; 2008). Fiir jedes
Bild werden hierfiir SIF'T-Deskriptoren , berechnet, deren Ubereinstimmung
dann mit Hilfe von ANN- und RANSAC-Algorithmen (Arya et al., |1998; Fischler und|

Bolles| 1981) abgeschétzt wird.

Abbildung 2.3.: Beispiel zu den SfM Verfahren, aus [Snaveley| (2013).

In einem weiteren Bearbeitungsschritt kommt ein Multi- View-Stereo Dense-Matching
Algorithmus zur Berechnung hochauflésender 3D-Punktwolken zum Einsatz (Furukawa
und Ponce|, 2007). Hierfiir werden innerhalb kleiner Bildbereiche homologe Bildpunkte

mittels eines match-expand-filter Algorithmus identifiziert und zu einer unskalierten 3D-
Punktwolke vereinigt (Abbildung [2.4]).
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2.2.3. Ergédnzungen zur StM-MVS Prozessierung

Abbildung 2.4.: MVS Verfahren, Beispiel einer 3D-Punktwolke, aus [Furukawa und Poncel

2013).

Helmert Transformation

Die 3D-Punktwolken aus der SfM-MVS Prozessierung miissen mit einer 3D-Ahnlichkeits-
transformation in den Objektraum transformiert werden (Georeferenzierung). Hierfiir
wurden Programme zur Transformation und Parameterbestimmung implementiert. Ver-
schiedene, teilweise sehr aufwendige Verfahren zur Parameterbestimmung sind bekannt

(Watsonl, |2006). Mittels einer Prokrustes-Transformation (Crosilla, [1999) kann die Para-

meterbestimmung jedoch sehr effektiv gelost werden (siche Anhang|A.3.1)).

Interpolation und Filterung

Die diskreten Punktwolken aus den berechneten 3d-Modellen setzen sich aus ungleich-
méBig verteilten Punktkoordinaten (z,y, 2)" zusammen. Fiir die weitere Nutzung dieser
diskreten Punktwolken miissen regelméflige, zusammenhéngende Rasterdaten erstellt wer-
den. Hierfiir wurden anhand von frei verfiigharen Natural-Neighbour-Algorithmen ,
schnelle Softwarekomponenten implementiert. Die verwendeten Algorithmen zeigten

in Studien zur Performanz gute Benchmarks (Fan et al.,, 2005). Die Natural-Neighbour-
Interpolation basiert auf der Voroni-Tessellation eines diskreten Punkte-Satzes ,
und hat den Vorteil gegeniiber einfacheren Interpolationsverfahren, dass es eine
gleichméflige Annéherung an zugrunde liegende Stiitzpunkte erlaubt.

Zusétzlich konnen aus der photogrammetrischen Modell-Prozessierung Oberflachen-
modelle mit verbleibenden 3D-Rauschartefakten hervorgehen. Dies ist auf Ungenauigkei-
ten der Bildkorrespondenzanalyse zuriickzufithren. Storende Rausch-Effekte kénnen mit
digitalen Filteroperationen gegléttet werden. Hierfiir wurden parametrisierbare Filteral-

gorithmen implementiert (siche Anhang [A.3.6]).
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2.2. UAV-System und Software

2.2.4. Ergdnzungen zur Orthofoto-Erstellung

Abbildung 2.5.: Beispiel zur projektiven Luftbildentzerrung. Links: Luftbild des Heumoser
Hangs, rechts: perspektivisch entzerrtes Bild.

Abbildung 2.6.: Beispiel zur differenziellen Luftbildentzerrung. Links: Luftbild der Super-
Sauze Hangrutschung, rechts: differenziell entzerrtes Bild.

Bildentzerrung

Mit Hilfe der projektiven Einzelbildentzerrung lassen sich Luftbilder anhand von minimal
vier Passpunkt-Korrespondenzen entzerren. Zugrunde liegende 3D-Modelle werden hierfiir
nicht benétigt (Luhmann| [2002). Diese Methode (siche Anhang erlaubt perspek-
tivische Entzerrungen unter der Annahme einer eben Aufnahmefliche (Abbildung [2.5)).
Die entwickelte Software unterstiitzt das Portable Network Graphics (PNG) Ausgabefor-
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2.2.4. Ergédnzungen zur Orthofoto-Erstellung

mat mit Alpha-Blending (Roelofs und Koman, [1999). Undefinierte Bereiche am Bildrand

werden mit diesem Format fiir eine anschlieBende Mosaikerstellung ausgeblendet.

Ein Verfahren zur prézisen Luftbild-Entzerrung wurde mittels der differenziellen Ortho-
projektion (siche Anhang|A.3.5) umgesetzt. Die zur Erstellung der 3D-Modelle verwende-
ten SfM-Algorithmen (Snavely et al., 2008)) stellen hierfiir alle notwendigen Parameter der

Projektionsmatrix bereit. Die implementierte Software erlaubt eine effektive Beseitigung

perspektivischer Verzerrungen (Abbildung [2.6)).

Mosaik-Prozessierung

Fiir die Erstellung von grofiflichigen, georeferenzierten Ortho-Mosaiken wurden weitere
Software-Komponenten implementiert. Die entwickelte Software erlaubt eine vollautoma-
tische Mosaik-Prozessierung der einzelnen entzerrten Luftbilder (Abbildung . Unde-

finierte Bereiche werden mittels Alpha-Blending ausgeschlossen. Zuséatzlich kommt ein

effektiver Image-Blending Algorithmus zum Einsatz (Enblend, 2013). Das Softwarepa-

ket wurde unter der GPL lizenziert (Jaeger und Metzger} 2011) und ist online verfiighar
(BuildMosaic|, 2013).

Abbildung 2.7.: Beispiel zur Erstellung eines Ortho-Mosaiks der Super-Sauze Hangrut-
schung aus mehreren differenziell entzerrten Bildern.
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2.3. Befliegungen

Zwei Hangrutschungen (Heumdser Hang, Osterreich Vorarlberg und Super-Sauze Siid-
frankreich) wurden im Rahmen der Forschungen mehrfach beflogen. Beide Hangrutschun-
gen unterscheiden sich in wesentlichen Merkmalen. Wahrend die Rutschung am Heumoser
Hang nahezu vollstéandig mit Vegetation bedeckt ist und durch minimale Verschiebungsra-
ten weniger Zentimeter im Jahr charakterisiert ist, weist die Super-Sauze Hangrutschung
eine annéhernd unbewachsene Oberflache mit maximalen Bewegungsraten von bis zu meh-

reren Zentimetern pro Tag auf.

Abbildung 2.8.: Flachenabdeckung der Befliegungen des Heumdoser Hangs. Links: Beflie-
gung im Sommer 2008 des oberen Hangbereichs, Mitte: Befliegung des
unbewaldeten Bereichs im Sommer 2009, rechts: Befliegung des mittleren
Hangbereichs im Friihjahr 2011.

2.3.1. Heumoser Hang

Am Heuméser Hang, Osterreich Vorarlberg, wurden drei Befliegungen durchgefiithrt (Ab-

bildung [2.8)). Hochauflésende, morphologische Analysen konnten aufgrund von Vegeta-

50



2.3.2. Super-Sauze

tion und geringer Bewegungsraten nicht durchgefiihrt werden. Multispektrale Analysen
der Vegetation im VIS, NIR und thermischen Infrarotberich (TIR) wurden durchgefiihrt
(Schwaderer, |2010). Eine Luftbildakquise im nahen Infrarotbereich war gut durchfiihrbar,

jedoch konnten mit den gewonnenen Daten keine brauchbaren Informationen fiir die

Hangrutschungs-Forschung erschlossen werden. Zusétzlich zeigte sich die ausgeprégte,
teilweise meterhohe Vegetation auf dem Rutschungskorpers hinderlich fiir photogram-

metrische Prozessierungen von 3D-Modellen.

2.3.2. Super-Sauze

Die stidfranzosische Super-Sauze Hangrutschung wurde mit vier UAV-Kampagnen ferner-
kundlich erfasst (Abbildung . Zahlreiche Oberflachen-Parameter der Hangrutschung
waren fernerkundlich erfassbar. Im Fokus stand die Beobachtung von Rissen und die
Ermittlung von Verschiebungsraten an der Rutschungs-Oberfliche. Erste Versuche zur
Ortho-Mosaik Erstellung wurden mittels Einzelbild Entzerrungsmethoden durchgefiihrt
(Rothmund}, 2009). In weiteren Studien wurde das Bildmaterial zur 3D-Modell Erstellung

und fiir morphologische Studien genutzt.

Abbildung 2.9.: Flachenabdeckung der Befliegungen der Super-Sauze Hangrutschung. Von
links nach rechts: Befliegung Juli 2008, Befliegung Oktober 2008, Beflie-
gung Oktober 2009, tédgliche Befliegungen Mai - Juli 2010.
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2.4. Pilotstudien der Hangbeobachtung

2.4. Pilotstudien der Hangbeobachtung

Ziel dieser Arbeit war es, UAV-basierte Fernerkundungsverfahren zur Hangbeobachtung
anhand von unterschiedlichen Pilotstudien zu erproben. Drei Pilotstudien werden in den

folgenden Abschnitten vorgestellt.

2.4.1. Morphologische Untersuchungen

Publikation Niethammer et al. (2012, Anhang |A.1.3)) Niethammer, U., James, M.,
Rothmund, S., Travelletti, J., und Joswig, M. UAV-based remote sensing of the Super-
Sauze landslide: Evaluation and results. Engineering Geology, 128:2-11.

UAV-Systeme konnen zur schnellen, hochauflésenden Kartierung von Hangrutschungen
eingesetzt werden. Zahlreiche Luftbilder der Super-Sauze Hangrutschung wurden im Ok-
tober 2008 mit Hilfe von ferngesteuerten UAV-Systemen aufgenommen. Aus diesen Luft-
aufnahmen wurden hochauflosende Ortho-Mosaike der Rutschung und digitale Gelédnde-
modelle von mehreren Regionen der Rutschung erstellt. Das Potenzial der Datenerfassung
und die Moglichkeiten verschiedener Bildverarbeitungsmethoden wie Entzerrung, Erfas-
sung von Rissen, sowie Ermittlung von Verschiebungsraten an der Rutschungsoberflédche
werden in dieser Studie untersucht. Horizontale Verschiebungen werden im direkten Ver-
gleich anhand eines hochauflosenden, luftgestiitzten Orthofotos (Mai 2007) und des gene-
rierten Ortho-Mosaiks (Oktober 2008) ermittelt (Abbildung [2.10)).

20 m | October 2008 §

Abbildung 2.10.: Verschiebungsvektoren am Fufle der Super-Sauze Hangrutschung. Links
Luftaufnahme im Mai 2007, rechts Orthomosaik im Oktober 2008.
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2.4.2. Semiautomatische Risskartierung

Ortsfeste Bereiche mit konstanter Deformation sind anhand des Mosaiks gut identifi-
zierbar. Diese Bereiche weisen unterschiedliche Riss-Strukturen mit verschiedenen Aus-
dehnungen und Orientierungen auf, und sind vergleichbar mit Gletscherspalten. Die iden-
tifizierten Spalten stehen in unmittelbarem Zusammenhang mit der Festgesteins-Topogra-
phie des Untergrunds. Die verwendeten UAV-Systeme zeigen eine wertvolle Moglichkeit
der Datenerfassung auf, jedoch sind Verbesserungen zur effektiven Prozessierung von
Orthofotos- und Oberflichenmodellen erforderlich: Um eine effiziente Bearbeitung zu
ermoglichen und Fehler der Georeferenzierung zu minimieren, miissen differenzielle pho-
togrammetrische Entzerrungsmethoden mit Hilfe von automatischen, Merkmals-basierten

Verfahren zum Einsatz kommen.

2.4.2. Semiautomatische Risskartierung

Publikation Stumpf et al. (2013, Anhang [A.1.4) Stumpf, A., Malet, J.-P., Kerle, N,
Niethammer, U., und Rothmund, S. Image-based mapping of surface fissures for the in-

vestigation of landslide dynamics. Geomorphology, 186:12-27.

Risse in Hangoberflichen gelten als zuverlédssiger Indikator fiir aktive Hangbewegungen.
Eine Beobachtung der Rissentwicklung kann neue Informationen iiber Rutschungsme-
chanismen liefern und zur Vorhersage von Abgéngen herangezogen werden. Untersu-
chungen von Hangrutschungen beinhalten daher hdufig eine Kartierung der rdumlichen
Riss-Verteilung und deren Interpretation, welche typischerweise mit intensiver Feldarbeit
und Instrumentierung verbunden sind. Erst seit kurzer Zeit kommen Luftbilder mit einer
rdumlichen Auflésung im sub-Dezimeter Bereich zum Einsatz. Aus der Fernerkundungs-
Perspektive sind nun effektive Analysen kleinster Oberflichenmerkmale durchfiithrbar. Ob-
wohl diese Daten im Grundsatz zur Prozessierung mittels Bildverarbeitung geeignet sind,
existieren noch keine automatischen Bildverarbeitungs-Methoden zur Extraktion dieser
geomorphologischen Merkmale. Ein weitgehend automatisiertes Verfahren zur Kartierung
von Oberfldchenrissen aus hochauflésenden Luftbildern wird vorgestellt. Die Prozesskette
beinhaltet sowohl Filteralgorithmen, als auch eine Nachbearbeitung der gefilterten Bil-
der mit Hilfe einer objektorientierten Analyse. Die Genauigkeit der resultierenden Karten
wird in Bezug auf betroffenen Bereiche, Riss-Dichte und Riss-Orientierung durch Ver-
gleiche mit verschiedenen manuellen Experten-Kartierungen beurteilt. Unter homogenen
Ausleuchtungs-Bedingungen, werden richtig-positive Erkennungsraten von bis zu 65 %
und falsch-positive Erkennungsraten in der Regel unter 10 % erreicht. Die resultieren-
den Risskartierungen liefern Details, um Riickschliisse auf mechanische Prozesse in der
GréBenordnung der Hang-Skala ziehen zu kénnen (Abbildung [2.11)), und um interessante

Bereiche fiir vertiefende Bodenuntersuchungen oder Uberwachung festlegen zu kénnen.
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Abbildung 2.11.: Pseudo 3D-Ansicht der Super-Sauze Hangrutschung. Oberfldchliche
Riss-Formationen, Hangdynamik und Spannungs-Vektoren: (a) Mai
2007, (b) Oktober 2008. (c, d, und e) vergréferte Ausschnitte Oktober
2008. Diese Ergebnisse wurden mit einem Modell der stabilen Unter-
grundtopographie aus |Travelletti und Maletl q2012[) iiberlagert.
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2.4.3. Kombinierte Hangrutschungsanalyse

Publikation Walter et al.| (2009, Anhang Walter, M., Niethammer, U., Roth-
mund, S., und Joswig, M. Joint analysis of the Super-Sauze (French Alps) mudslide by
nanoseismic monitoring and UAV-based remote sensing. First Break, FAGE, 27(8):53-60.
European Association of Geoscientist & Engineers (EAGE).

Am Beispiel der Super-Sauze Hangrutschung (Siidfrankreich) wird eine kombinierte Hang-
rutschungsanalyse mittels Nanoseismic-Monitoring und hochauflosender UAV-Erfassung
vorgestellt. Gemeinsame Beobachtungen von Bruchprozessen im Untergrund und hoch-
auflosenden fernerkundlichen Oberflicheninformationen ermoglichen eine Interpretation
der komplexen Hangdynamik.

Wiéhrend einer zehntégigen Messkampagne im Juli 2008 konnten verschiedene seismi-
sche Signale detektiert und lokalisiert werden. Neben sekundéren Felssturz- und Stein-
schlag Signalen vom Bereich der Abbruchkante und des Entstehungsbereiches der Hang-
rutschung konnten weitere Ereignisse detektiert werden, die auf ein Materialversagen im
instabilen Teil der Hangrutschung zuriickzufiihren sind. Die rdumliche Verteilung der Epi-
zentren dieser Signale zeigt eine gute réumliche Ubereinstimmung mit Hangbereichen,
welche eine hohere Rutschungsgeschwindigkeit aufweisen (Abbildung .

Ergénzend zur seismischen Uberwachung wurde eine Serie von UAV-gestiitzten Luftauf-
nahmen der Super-Sauze Hangrutschung aufgenommen. Die hochauflésenden Luftbilder
erlaubten die Erstellung eines Ortho-Mosaiks der gesamten Hangrutschung mit einer resul-
tierende Bodenauflosung im Bereich zwischen 3 - 8 cm. Aus dem erstellten Ortho-Mosaik
konnten im direkten Vergleich mit einem Orthofoto einer Befliegung des Vorjahres hori-
zontale Verschiebungen ermittelt werden. Zusétzlich wurden verschiedene Hang-Bereiche
mit auffilligen Hangdeformationen und Sedimentierungsfichern identifiziert.

Die Zusammenschau der Ergebnisse aus den seismischen Messungen mit den hoch-
auflésenden fernerkundlichen Beobachtungen der Hangoberfliche ermdglicht eine rdaum-
liche Abschéitzung von seismischen Quellbereichen und liefert zusétzliche Informationen
iiber mogliche Bruchmechanismen. Eine erste Interpretation legt nahe, dass die lokalisier-
ten Briiche vor allem in den Grenzbereichen zwischen Rutschungsmaterial und bedeckten

Festgesteinskdmmen im Untergrund generiert werden.
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Abbildung 2.12.: Kombinierte Hangrutschungsanalyse, links: durchschnittliche Bewe-
gungsraten zwischen 1996 - 2007 iiberlagert mit den Positionen der
Seismometer-Arrays, Epizentren der lokalisierten Briiche und Anzahl
der an den Seismometern gemessenen Scratch-Sequenzen. Rechts: Aus-
schnitt aus UAV-basiertem Ortho-Mosaik {iberlagert mit Epizentren der
lokalisierten Bruchereignisse.
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3. Diskussion und Ausblick

UAV-Systeme der M-Klasse unter 5 kg Abfluggewicht waren vor dem Jahre 2012 in der
Bundesrepublik Deutschland ohne aufwendige Genehmigungsprozedur nach den Richt-
linien des Betriebs von Modellflugzeugen einsetzbar. Zukiinftige Luftbild-Befliegungen
werden nach neuer Gesetzeslage jedoch genehmigungspflichtig, allerdings kann fiir UAV-
Systeme unter 5 kg Abfluggewicht eine allgemeine Erlaubnis erteilt werden. Weiterhin sind
autonome UAV-Fliige in vielen Léndern unzuléssig und die manuelle UAV-Navigation er-
fordert einschlédgige Flugerfahrung.

Im Bereich der aerogeophysikalischen Fernerkundung werden UAV-Systeme der M-Klas-
se bisher nur fiir aeromagnetische Erkundungen genutzt, da die eingeschriankte Nutzlast
eine Integration groflerer Sensor-Komponenten verhindert. Groflere UAV-Systeme eig-
nen sich grundsétzlich als aerogeophysikalische Erkundungsplattform (Hugenholtz et al.,
2012). In der Bundesrepublik Deutschland sind Fliige mit UAV-Systemen iiber 5 kg
Abfluggewicht jedoch problematisch, da UAV-Aufstiegs-Genehmigungen notwendig sind.
Langwierige Genehmigungs-Prozeduren mit ungewissem Ausgang sind zu erwarten und ei-
ne flexible Datenerfassung ist nicht durchfiihrbar. Somit verbleiben nur wenige Vorziige im
Vergleich zur bemannten Fernerkundung. UAV-Einsétze in der Bundesrepublik Deutsch-
land lassen sich aufgrund dieser rechtlichen Hiirden unter realistischen Gesichtspunkten
nur mittels Systemen der M-Klasse realisieren.

In den kommenden Jahren kann mit einer weiteren technischen Miniaturisierung gerech-
net werden. Vor allem im Bereich der UAV-basierten, geoditischen Laser-Fernerkundung
zeigen neue Forschungsanséitze brauchbare Ergebnisse, und so wird in der néchsten Zeit
mit ersten UAV-basierten LiDAR-Erkundungen zu rechnen sein. Hierfiir miissen jedoch
zuverliassige Methoden der direkten und kontinuierlichen UAV-Georeferenzierung imple-
mentiert werden. Aerogravimetrische Untersuchungen werden aufgrund der Grofle und
der Empfindlichkeit der Messgerite zukiinftig weiter auf den Bereich der bemannten- und
satellitengestiitzten Fernerkundung beschriankt bleiben. Aeroradiometrische Messungen
kénnen prinzipiell mit Hilfe von UAV-Systemen realisiert werden, jedoch sind in diesem
Forschungsbereich eher grofiflichige Informationen von Interesse, und kénnen aufgrund
von luftrechtlichen Vorgaben in den seltensten Fillen mittels UAV gewonnen werden. Die

aktiven geophysikalischen Verfahren der Aeroelektromagnetik und des Aero-Georadars
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2.4. Pilotstudien der Hangbeobachtung

eignen sich zur Erfassung von oberflichennahen Hangparametern. Jedoch miissen auch
hier zuverlassige Methoden der direkten und kontinuierlichen UAV-Georeferenzierung ge-
funden werden. Zusétzlich weist die Sensorik einen nicht zu vernachldssigenden Ener-
giebedarf auf, und die Sensoren sind aufgrund von Gréfle und Gewicht bisher nicht in

UAV-Systeme der M-Klasse unter 5 kg integrierbar.
Optische Erkundungen im VIS und NIR kénnen mittels M-Klasse UAV-Systemen zu-

verldssig durchgefiihrt werden. Jedoch lassen sich in diesen Spektralbereichen nur unzu-
reichende Oberflichenparameter zur multispektralen Hangrutschungsanalyse bestimmen.
Whitworth et al.| (2000) zeigten, dass spektrale Signaturen an Hangrutschungen vor al-
lem fiir Wellenldngen oberhalb des nahen Infrarot zu erwarten sind. Obwohl seit einigen
Jahren miniaturisierte Thermalsensoren in UAV-Systeme integrierbar sind, kénnen mit
diesen Systemen bisher nur niedrig auflésende Aufnahmen gewonnen werden. Eine mit der
reguldren luftgestiitzten Fernerkundung vergleichbare Multispektral-Erkundung ist mit
UAV-Systemen der M-Klasse bisher nicht durchfiihrbar, und der UAV-Einsatz im Bereich
der Hangrutschungs-Forschung bleibt aktuell hauptséchlich auf die optischen Verfahren
beschrénkt.

Das optische Bildmaterial muss fiir aussagekriftige Analysen mittels photogrammetri-
scher Verfahren perspektivisch entzerrt werden. Ebene Entzerrungen sind aufgrund von
systembedingten Abweichungen und zeitaufwendiger manueller Arbeit nicht das Mittel
der Wahl, allerdings konnen mit Mosaiken der ebenen Entzerrungen beachtliche Ergebnis-
se erzielt werden. Anhand differenzieller 3D-Orthoprojektionen lassen sich UAV-basierte
Luftbilder in der Regel gut entzerren. Hierfiir werden jedoch hochauflosende 3D-Modelle
bendétigt. Grundsétzlich muss fiir UAV-basierte Erkundungen eine Balance zwischen un-
terschiedlichen Parametern gefunden werden: Hochauflésende Bildinformationen erfordern
niedrige Flughthen. Aus niedrigeren Flughthen miissen deutlich mehr Luftbilder aufge-
nommen werden (n o< h~2), und grofie Bilddatensitze sind photogrammetrisch nur schwer
prozessierbar. Zusétzlich ist die photogrammetrische Verarbeitung grofler Datensétze sehr

zeitaufwendig, eine automatische Prozessierung muss angestrebt werden.

Die Ergebnisse der UAV-Pilotstudien zeigen fiir unbewachsene Hénge unterschiedlichs-
te Analysen-Moglichkeiten auf: Mit Hilfe der hochauflésenden Luftaufnahmen im VIS
konnen Informationen iiber seismische Quellbereiche und mogliche Bruchmechanismen
von Rutschungen gewonnen werden. Jedoch war diese mit seismischen Messungen gekop-
pelte Analyse an der Hangrutschung des Heumdoser Hangs nicht moglich, da die ausge-
pragte Vegetation eine Erfassung von Rissen im sichtbaren Spektralbereich verhinderte.
Hochauflésende multispektrale Fernerkundungsverfahren lassen sich mit den entwickelten

UAV-Systemen der M-Klasse bisher nicht umsetzen.

Weiter konnen anhand der hochauflosenden Orthofotos semi-automatische Kartierun-
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2.4.3. Kombinierte Hangrutschungsanalyse

gen von Oberflachenrissen erstellt werden. Grofflichige Riss-Karten erlauben vertiefende
Analysen iiber mechanische Prozesse in Gréflenordnungen der Hang-Skala. Die imple-
mentierten semi-automatische Algorithmen zeigen allerdings eine leichte Anfilligkeit ge-
geniiber Beleuchtungs-Variationen in den zugrunde liegenden Luftbildern. Fiir weitere
Analysen sollte die Bildakquise daher wéahrend diffuser Beleuchtungsverhéltnisse durch-
gefiihrt werden, oder effektive Verfahren einer radiometrischen Angleichung des Bildmate-
rials implementiert werden. So kénnten z. B. auch sichtbare Kontraste aus den Luftbildern
fiir grofifldchige Durchfeuchtungs-Analysen der Hangrutschungs-Oberfliche genutzt wer-
den.

An der Super-Sauze Hangrutschung kénnen automatische Verschiebungsanalysen mit
Hilfe von Bildkorrelation oder Merkmals-basierten Methoden nicht zuverldssig durch-
gefiihrt werden, da eine starke Sedimentierung sichtbare Merkmale an der Rutschungso-
berfliche iiber ldngere Zeitrdume verédndert. Systembedingte Abweichungen der entzerr-
ten Orthofotos erschweren zusétzlich hochauflosende Analysen innerhalb kiirzerer Zeitab-
schnitte, und lange Bearbeitungszeiten verhindern eine kostengiinstige Bearbeitung der
Daten. Diese Einschréankungen stehen bisher im Widerspruch zu den gewiinschten Vor-
teilen einer kostengiinstigen, flexiblen und zeitlich hochauflésenden UAV-basierten Fern-
erkundung. Optimierungen zur Verbesserung der Genauigkeit und Beschleunigung der
Verarbeitungsroutinen sind daher in weiteren Studien erforderlich. Allerdings kénnen mit
Hilfe von SfM-MVS Verfahren nun vollautomatische photogrammetrische Prozessierun-
gen vollzogen werden. Abweichungen unter 0.25 m RMS versprechen fiir kleinere Hangbe-
reiche hochauflésende 3D-Modelle. Hieraus kénnen zur Hangrutschungsanalyse nutzbare
Orthofotos erzeugt werden. Analysen grofler Hang-Modelle zeigen jedoch, dass die vollau-
tomatische SfM-basierte Biindel-Block-Prozessierung in den resultierenden 3D-Modellen
zu signifikanten Abweichungen fithren kann. Dies ist nach aktuellen Studien von [James
und Robson| (2012) vor allem auf unzureichende Kamera-Modelle der automatischen Ka-
librierungsroutinen zuriickzufithren und muss anhand weiterer Studien verbessert werden.

Kombinierte Hangrutschungsanalysen mittels Nanoseismic-Monitoring und hochauflos-
ender UAV-Erfassung ermoglichen Beobachtungen von Bruchprozessen im Untergrund,
sowie sichtbarer Oberflichendeformationen des Rutschungskorpers. Erste Interpretatio-
nen legen nahe, dass die lokalisierten Briiche vor allem in den Grenzbereichen zwischen
Rutschungsmaterial und den bedeckten Festgesteinskdmmen im Untergrund generiert
werden. Eine eindeutige Zuordnung zwischen Bruchereignissen und der sichtbaren Ge-
nese von Risséffnungen ist bisher jedoch noch nicht gelungen. Hierfiir wurde eine weiter,
kombinierte Feldkampagne in Siidfrankreich durchgefiihrt (Rothmund et al 2013). Diese
Forschungen sollen zukiinftig vertiefende Informationen iiber Zusammenhénge zwischen

Hangbewegung, Bruchprozessen, Riss-Entwicklung und des Porenwasserdrucks liefern.
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ABSTRACT:

In recent years, the application of unmanned aerial vehicles (UAVs) has become more common and the availability of lightweight
digital cameras has enabled UAV-systems to represent affordable and practical remote sensing platforms, allowing flexible and high-
resolution remote sensing investigations. In the course of numerous UAV-based remote sensing campaigns significant numbers of
airborne photographs of two different landslides have been acquired. These images were used for ortho-mosaic and digital terrain
model (DTM) generation, thus allowing for high-resolution landslide monitoring. Several new open source image- and DTM-
processing tools are now providing a complete remote sensing working cycle with the use of no commercial hard- or software.

1. INTRODUCTION

Remote sensing has been an integral method of landslide
investigations for many decades, with several different
techniques being used (Mantovani et al., 1995). Traditional
airborne- and satellite-based remote sensing techniques are
suitable for landslide detection over areas of multiple square
kilometres (Henry et al., 2002). However, data acquired with
these methods is of neither sufficient resolution nor repeat rate
to resolve the evolution of small landslide features, such as
fissure structures or small displacements, which can provide
significant information on landslide dynamics. Scientists are
now beginning to turn to unpiloted aerial vehicles (UAVs) as a
low-cost alternative for high-resolution data acquisition. In
recent studies it has been shown that such low-cost approaches
can be sufficient for reliable landslide analysis (Niethammer et
al., 2011). Here, we investigate a low-cost UAV-system and an
image processing chain based on open source tools for
generating ortho-mosaics and digital terrain models (DTMs).

1.1 Studied landslides

Two landslides have been focused on for UAV-based landslide
investigations. The Super-Sauze landslide (figure 1) is located
on the north-facing slope of the Barcelonnette Basin (Southern
French Alps). It extends over a horizontal distance of 850 m
and occurs between an elevation of 2105 m at the crown and
1740 m at the toe with an average slope of 25°. Its total volume
is estimated to be 750,000 m3. Sliding velocities range up to 0.4
m per day (Malet and Maquaire, 2003). The Heumoes landslide
(figure 1) is located in the eastern Vorarlberg Alps, Austria, 10
km south-east of Dornbirn. It is approximately 2000 m in west
to east direction and about 500 m at its widest extent in north to
south direction. It occurs between an elevation of 940 m in the
east and 1360 m in the west, slope angles of more than 60 %
can be observed as well as almost flat areas. Its total volume is
estimated to be 9,400,000 m? and average velocities amount to
some cm per year (Lindenmaier et al., 2005).

* Corresponding author
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Figure 1. Top: view onto the Super-Sauze landslide, bottom:
view onto the Heumoes landslide
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2. IMAGE ACQUISITION
2.1 Quad-rotor UAV

An open source quad-rotor UAV-system (Niethammer et al.,
2009) was used for image acquisition (figure 2). The UAV was
primarily controlled manually, since the use of autonomously
controlled UAVs is tightly regulated by civil aviation and
security authorities. However, manual flights require a good
level of pilot skill and range restrictions are limiting the
operational area to a few hundred meters.

&
Figure 2. UAV-system for landslide investigations

2.2 Flight planning

Flight planning was carried out on site, where the area to be
imaged was observed and suitable locations for take-off and
landing could be identified. After launch, the quad-rotor was
guided to the desired imaging flight altitude ~200 m to provide
a ground resolution of approximately 0.06 m per pixel.
However, manual control of the UAV often leads to deviations
in flight altitude and deviation of the image resolution has to be
accepted. At the imaging altitude the UAV was hovered for
about 30 s before vertical landing is initiated. After each flight,
the area covered by the acquired photographs was verified on
the camera directly.

3. IMAGE PROCESSING

UAV-based images often have to be rectified and merged to an
ortho-mosaic for further analysis. In general, best results can be
achieved by photogrammetric processing. In a first step a digital
terrain model (DTM) is generated and images can then be
projected onto the surface of the DTM. In a final step
orthographic re-projection of the texture can then be applied
(Wiesel, 1985). However, if no regular image-block alignment
for photogrammetric computation can be managed (e.g. when
using manual controlled UAVs), single image processing can be
a promising approach to handle such kind of data.

3.1 Single image rectification

In a first step, optical distortion has to be corrected, for example
by applying a third degree polynomial approach (Niethammer et
al., 2009). An open source correction tool 'fulla’ can also be
found in the public domain (http://hugin.sf.net). In a second
step each image is rectified using a non-parametric rectification
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approach (e.g. projective transformation, piecewise affine
transformation, or  polynomial transformation). Each
rectification approach has to be selected in order to achieve the
best result, which is dependent on the relief variation and the
number of observed ground control targets (Niethammer et al.,
2009). Nevertheless, in many cases the projective approach
suggests to be an effective rectification method. Software tools
for projective image rectification and geocoding are now
available in the public domain (http://rectif.sf.net).

3.2 Mosaic processing

Rectified images can simply be merged to a large mosaic, but in
most cases image borders remain visible (figure 3).

Figure 3. Mosaic of the Heumoes landslide with clearly visible
image borders

However, this is not satisfying for further image analysis. Image
blending can be a very effective method producing high quality
mosaics, since radiometric variations of overlapping views often
occur in UAV-acquired images.

Figure 4. Seamless mosaic of the Heumoes landslide
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In recent studies novel approaches can be found for combining
sets of registered images into a composite mosaic (Zomet et al.,
2006; Pérez et al., 2003). Each image region keeps its own
colour, brightness, and contrast and overlapping regions are
blended with no seams (figure 4). An effective processing
pipeline for geocoded ortho-mosaic blending is available in the
public domain (http://build-mosaic.sf.net). This Linux bash-
script is based on 'enblend', an open source tool available at
http://enblend.sf.net.

3.3 Photogrammetric processing

Single image processing requires a significant amount of time
and precision is limited when using plane rectified images for
landslide analysis. Especially in irregular terrain approximate
image transformation will not fully account for the effects of
relief, and residual misalignments within the rectified image
have to be accepted (Niethammer et al., 2011). However,
misalignments can be avoided when using photogrammetry.
Integrating DTM processing into the ortho-mosaic pipeline will
significantly reduce errors in the final ortho-mosaic and
additional three dimensional measurements can be made in a
DTM. Currently, many commercial photogrammetry software
packages are available, but most of them are expensive, yet not
suitable for processing UAV-acquired photographs. In previous
studies (Niethammer et al., 2011) photogrammetric processing
of UAV-based images was made possible by using close-range
VMS photogrammetry software (http://www.geomsoft.com) and
'GOTCHA' image matching from the University College
London (Otto and Chau, 1989). Moreover, progress is also
being made to streamline 3D-model processing (Niethammer et
al., 2010) by using automated targetless structure-from-motion
and multiview-stereo approaches to derive 3D models of the
landslides topography (figure 5).

comparable area
(toe of the landslide)

Figure 5. DTM of the entire Super-Sauze landslide (0.3 m grid)

These algorithms are also available in the public domain
(Furukawa and Ponce, 2010; Snavely et al., 2008), providing an
affordable basis for effective DTM processing, even if hundreds
of images have to be processed. However, structure-from-
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motion approaches do not consider ground control point
information and the coordinate system of the final 3D point
cloud remains indeterminate. The point cloud’s alignment can
be adjusted by applying a spatial similarity transformation to all
points of the indeterminate 3D model (Niethammer et al.,
2010). Seven parameters are required for transformation, which
can be calculated from a set of corresponding 3D point
locations between the generated point cloud and measured
ground control points. Currently, best alignment precisions are
achieved by computing preliminary rectified orthophotos for
point digitising in the indeterminate point cloud. Precisions of
the digitized points are then supported by the texture
information within the 3D model. In a final processing step the
whole point cloud is then transformed into the destination
coordinate system. Different approaches for transformation
parameter computation are possible (Watson, 2006; Crosilla,
1999). A software tool based on the Procrustes analysis can also
be found in the public domain (http://helmparms3d.sf.net).

3.4 Photogrammetric precision analysis

In previous studies (Niethammer et al., 2010 and 2011) close-
range photogrammetry, MVS and terrestrial laser scanning
(TLS) approaches have been compared and analysed at the toe
of the Super-Sauze landslide. An analysis of the entire landslide
could not be managed since no comparable data of the
interesting time period has been available.
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Figure 6. Altitude difference [m] at the toe (MVS -TLS)

A comparison of the DGPS-measured ground control points and
a derived orthophoto from the entire MV S-based model showed
a significant planar misfit over the 815 m DTM-length of 6 m in
west to east direction. This misfit can be explained by
justification errors of the 3D Helmert-transformation, as well as
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error propagation within the bundle-block processing of the
very long and narrow model. Since the alignment of the entire
landslide model could not be managed very precisely, an
iterative closest point algorithm (Rusinkiewicz and Levoy,
2001) was applied. So the quality of the MVS-based model
could easily be assessed by subtracting the elevations of two
matched models. Here, a TLS of the toe of the Super-Sauze
landslide (Travelletti et al., 2011) and the MVS-based point
cloud of the toe of the landslide were compared. Both data sets
were acquired at the same time period in order to avoid
topographic changes of the landslide. In the vertical direction
the RMS difference amounts 0.25 m. Deviations reach from
-5.47 to + 8.55 m (figure 6).

However, the most significant errors are induced by some small
trees and bushes, the effects of which could not be reliably remo-
ved from the MV S-based point cloud.

The point density of the MVS-based digital surface model
reaches up to 40 points per square meter and a separately
processed model of the toe region with a point density of up to
70 points per square meter has been generated (Niethammer et
al., 2010).

4. LANDSLIDES ANALYSIS

displacement vectors of the earthflow
{ 80,1 -100,0 cm
L 60,1 - 80,0cm
45,0 - 60,0 cm

Figure 7. Horizontal displacements and scarp within the Super-
Sauze landslide in October 2008

4.1 Orthophoto analysis

Superficial displacements of landslides are of great interest and
can be measured between orthophotos from different dates.
Such measurements, for example, can be performed manually
within a geographic information system (GIS) by identifying
corresponding features and areas, such as rocks, stones and
vegetation patches in different images (Niethammer et al., 2009)
(figure 7, 8). Currently, many open source GIS software
projects are available in the public domain. The most common
projects are Qgis (http://www.qgis.org) and OpenJump
(http://www.openjump.org) with a couple of software plugins
which support many raster- and vector-based analysis- and
processing tasks.

Displacement analysis can also be managed by applying
automated image matching using correlation-based methods
(Leprince et al., 2008) or by applying more sophisticated
object- or feature-based matching techniques such as 'scale-
invariant feature transform' (SIFT) (Lowe, 2004). However,
analysis of orthophotos is only providing horizontal information
of landslide displacements.

<+— displacement vectors of secondary movements
== secondary scarp

emering in-situ crest

Figure 8. Horizontal displacements and scarp within the Super-
Sauze landslide in October 2009
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4.2 DTM analysis

Figure 9. DTM of the upper part of the Super-Sauze landslide in
October 2008

Digital terrain models are often used for mass-balancing in
landslides research. This is commonly managed by computing
the altitude difference between two different DTMs (figures 9,
10, 11). This technique only provides vertical information of the
landslide, and it has to be emphasized that both horizontal and
vertical surface information are not sufficient for representative
mass-balancing of landslides, since additional subsurface
displacements also have to be regarded. Currently such
information cannot be acquired by remote sensing techniques
and direct subsurface measurements have to be applied.

Az [m]

Figure 10. Altitude difference map between Oct. 2008 and Oct.
2009, upper part of the Super-Sauze landslide

Geotechnical, geological and hydrological soil parameters may
provide enough information for the modelling of the subsurface
displacements. In recent studies it is pointed out that some of
the subsurface data (e.g. soil moisture (Niethammer et al., 2009)
and medial soil grain size) may be gained from UAV-based
high-resolution remote sensing data. UAV-based measurements
of changes of landslide extension and topography may also
provide interesting boundary conditions for modellers. These
data can be used to verify the transferability of models into the
real world with more realistic parameters than laboratory-based
landslide experiments (Germer and Braun, 2011).
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Figure 11. DTM of the upper part of the Super-Sauze landslide
in October 2009

4.3 Geomatics in landslides research

Within the last decade a growing research interest for
geomatics, a new discipline for many purposes of geographic
knowledge discovery can be noticed (Gallerini et al., 2010).

Figure 12. Virtual 3D anaglyph of the Super-Sauze landslide
(red/cyan glasses are required for full 3D impression)

Geomatics has been defined as "the science of acquisition,
management, modelling, analysis and representation of spatial
data and processing with specific consideration of problems
related to spatial planning, land use, land development and
environmental issues" (Grun, 1998). Just in the field of
landslides research many different spatial data sets have to be
analysed from a global point of view. For example virtual UAV-
based 3D models (figure 12), seismic 3D subsurface profiles, as
well as different hydrological and morphological 3D variations
may be visualized and analysed together in virtual space. In the
future such new opportunities may lead to a better
understanding of the interactions between many different
landslide parameters that are supposed to be the main trigger
mechanisms of landslide hazards. Landslide models may also be
visualized and discussed, and consequences of different
landslide event forecasts may be presented to the local
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inhabitants in order to promote sensitivity against dangerous
developments, such as deforestation, road works, or mining.

5. CONCLUSIONS

Within this study, a couple of public domain image processing
tools for low-cost ortho-rectification and mosaic blending were
used. Different open source GIS projects have also been made
available, thus enabling analysis of the planar remote sensing
data. Even photogrammetric processing of hundreds of UAV-
based images acquired with uncalibrated cameras was managed
by applying open source software tools. The used algorithms
can easily handle unordered image collections and have
provided digital surface models of landslides without any
ground control point information. The density and accuracy of
MVS-based models is comparable to common photogrammetric
methods, but it has to be ensured that long and narrow models
will not be twisted by error propagation within the bundle-block
processing. Overall, it can be concluded that a complete remote
sensing working cycle with no commercial hardware or
software is now possible. However, many of these software-
tools are only supplied in a very sparse command-line beta
version. The user also has to prepare and convert input data

between many different data formats. Especially some
photogrammetric tools for registration and orthophoto
processing are currently missing. Consequently, the

development of such software-tools is advised in further studies.
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ABSTRACT:

In this study a low-cost remote sensing approach based on unmanned aerial vehicles (UAVs) and digital compact cameras will be
presented. This approach enables high-resolution acquisitions of landslides. The concept of manual controlled quad-rotor helicopters
has been investigated for photogrammetric applications, since quad-rotor systems have been proved to be well suited for landslide
monitoring in difficult alpine terrain. During the UAV-based remote sensing campaigns significant numbers of airborne photographs
of the Super-Sauze landslide (Southern France) have been acquired. These photographs were combined to an ortho-mosaic by
applying plane image rectification methods. Digital surface models (DSMs) were generated using a new feature-based surface
reconstruction approach which does not require any ground control point information.

1. INTRODUCTION
1.1 Study area

This study was carried out on the Super-Sauze landslide
(Southern French Alps). The Super-Sauze landslide is located
on the North-facing slope of the Barcelonnette Basin. It has
developed in a torrential basin located in the upper part of
Sauze torrent. The landslide is one of the persistently active
landslides (since the 1970’s). It extends over a horizontal
distance of 850 m and occurs between an elevation of 2105 m at
the crown and 1740 m at the toe with an average of 25° slope.
Its total volume is estimated to be 750.000 m3 and velocities
range from 0.01 m up to 0.4 m per day (Malet et al. 2003).

France

Grenoble
[ ]

@
Super-Sauze

Figure 1 Super-Sauze landslide

1.2 Previous UAV-based remote sensing

UAV-based remote sensing studies have been carried out for
many decades. In the late 1970’s fixed wing remote controlled
aircrafts have been investigated for first motorized UAV
photogrammetry  experiments (Przybilla and  Wester-
Ebbinghhaus, 1979). A quarter century later Eisenbeiss et al.
(2005) generated the first high-resolution digital elevation
models (DEMs) using autonomously controlled helicopter
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UAVs. Today there are many other UAV-systems like
motorized paragliders (Jiitte, 2008), blimps (Gomez-Lahoz and
Gonzalez-Aguilera, 2009), kites (Aber et al., 2002) and
balloons (Fotinopoulos, 2004) in use. But such systems are
strongly affected by wind and often cannot be used in alpine
terrain. Since 2006 quad-rotor systems are available as open
source projects (Mikrokopter, 2009). When compared to
commercially available UAV-systems, the costs of such open
source systems are very low and all software source codes, as
well as electronic schematics are available in the public domain.

1.3 UAV-based remote sensing in landslide research

Monitoring and analysis of active landslides involves both
spatial and temporal measurements and requires continued
assessment of landslide conditions, including the extent and rate
of displacements as well as changes in the surface topography.
Displacement rates are of great interest and can be directly
achieved by the comparison of ortho-photographs as well as
digital surface models (DSMs) from different dates. Such
measurements can be performed manually or automatically, for
example by image correlation algorithms (Leprince et al.,
2008). UAV-acquired ortho-mosaics now allow for a detailed
large scaled analysis of landslide materials and fissure structures
(Walter et al., 2009). Such fissure structures have been clearly
detected and could be related to fracture processes in the
landslide material. Additionally, high-resolution textural
information in UAV-acquired ortho-photographs could possibly
permit a soil moisture analysis of the surface of landslides
(Niethammer et al., 2009). Such analysis could be supported by
multi-spectral analysis in the near- and thermal infrared
spectrum. One major advantage of UAV-based remote sensing
applications for hazardous environments like landslides,
mudslides or rockfalls is the possibility to gain information in
very dangerous areas of interest. Direct measurements in such
area often are impossible.

1.4 UAV-based photogrammetry

Up to now UAV-based photogrammetric evaluations are still
very difficult. UAV-acquired airborne photographs are required
to be in an optimal block configuration alignment in order to
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manage standard aerial photogrammetric processing. In addition
the camera-systems are required to maintain a stable interior
orientation, as well as reduced optical distortions and a
lightweight but robust design. These requirements have been
solved in the past by the usage of high-end fixed-lens SLR-
cameras, as well as precise UAV navigation based on high-end
autopilot- and UAV-systems and special developed
photogrammetric software packages (Eisenbeiss et al., 2005).

Here we present a low-cost UAV-based remote sensing
approach using new structure from motion algorithms which
can reduce limitations when using manual controlled UAVs and
digital low-cost compact cameras. These methods easily can
handle unordered image collections and do not require any
ground control point information. Therefore this approach is
very suitable in the field of landslide research.

2. UAV-SYSTEM
2.1 Quad-rotor UAV

When compared to conventional helicopters, quad-rotor
systems are more stable in flight with reduced vibration and
have the mechanical advantage of not requiring a large, variable
pitch rotor-unit. Our in-house developed quad-rotor system is
stabilized by inertial measurement units (IMU), including three
acceleration sensors, three gyroscopes, a three-axis compass, a
pressure sensor, and is regulated by basic PID (proportional
integral differential) loops. A quad-rotor open source project
(Mikrokopter, 2009) has been used and improved by
modifications of the software and the electronic circuit in order
to comply with the requirements for landslide studies.

diameter 60 cm
total weight 2100 g

. payload 5009 |
flight time 12 min ‘
material costs 1000 €

Figure 2. Modified Mikrokopter-system

2.2 Autonomous versus manual flight

Autonomously controlled UAVs have been proved to be
successful for first remote sensing applications but they do not
benefit from the intelligence of a human operator and, currently,
are less able to cope with unpredictable conditions such as
gusty winds. In addition, the use of autonomously controlled
UAVs is tightly regulated by civil aviation and security
authorities, preventing their practical deployment.

In this study radio-controlled UAVs have been used. This
requires a good level of pilot skill, and range restrictions limit
the operational area to a few hundreds of meters. There are also
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further issues related to the relatively small payloads and UAV-
reliability. However, the advantages of using manual controlled
quad-rotor UAVs currently are significant.

2.3 Camera-system

The quad-rotor UAVs are equipped with lightweight low-cost
digital compact cameras, which support manual camera settings.
For all flights the camera settings were fixed to ISO 200 at F2.8
and a focus of 6.2 mm. These settings enabled an average
shutter speed of 1/800 s which was necessary to avoid blurred
photographs.

sensor size 1/25"

resolution 3264 x 2448

lens F2.8to F5.2

focus 6.2 mm - 16.6 mm
shutter speed 1/2000 s
sensitivity ISO 50 - ISO 1600
weight 110 g

price 100 £

Figure 3. UAV camera-system

3. IMAGE ACQUISITION

In October 2008 a set of 1486 UAV-acquired photographs
covering the whole sliding area of 850 m x 250 m were taken.
The achievable altitude over ground was in the range between
20 m and 250 m. All photographs were taken in an automatic
image series mode shooting one photo every three seconds. In a
first in-situ flight planning step, the desired area and suitable
locations for starting and landing were chosen. Then the quad-
rotor was launched to the maximum flight altitude of about 200
m. At this position the UAV was hovered for about 30 seconds.
Vertical landing was then initiated by the pilot. After each flight
the covered area of the acquired photographs was checked on
the camera directly.

4. DIGITAL SURFACE MODEL PROCESSING

The field of computer vision now offers methods for extraction
of 3D surface models from overlapping digital images as an
efficient alternative to commercial photogrammetry software.
Immense progress has been made on algorithms for multiple
view reconstruction. Such multi view stereo (MVS) algorithms
are now robust and accurate and do not require any ground
control point information or tie points as usually required for
standard photogrammetric  processing. Additionally, an
optimized initial block alignment for the photogrammetric
processing is not required.

The proposed MVS method consists of a structure from motion
algorithm (Snavely et al., 2008) for automated camera
calibration and bundle block computation, as well as a patch
based multi view stereo algorithm for the generation of dense
3D point cloud models (Furukawa and Ponce, 2007).

4.1 Structure from motion algorithm

The structure from motion algorithm (Snavely et al., 2008)
computes a set of parameters for each of the supplied
photographs (extrinsic and intrinsic camera parameters, as well
as a sparse 3D point cloud). It does not rely on a previous
camera calibration or any other information to provide location,
orientation, or geometry. Instead this information is computed
from the images themselves. For all images, SIFT key-point
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descriptors (Lowe, 2004) are matched, using an approximate
nearest neighbour algorithm (ANN) (Arya et al., 1998). After
matching features a robust fundamental matrix is estimated for
each image pair using the RANSAC algorithm (Fischler and
Bolles, 1981). Finally a set of camera parameters and the
relative 3D locations between all supplied images is calculated
(e.g. rotation, translation, focal length and radial distortion
parameters), as well as a new set of undistorted photographs.

4.2 Patch-based multi view stereo algorithm

The patch-based multi view stereo algorithm (Furukawa and
Ponce, 2007) computes a dense set of small rectangular patches
covering the surfaces visible in the images using the supplied
parameters from the structure from motion algorithm. Stereopsis
is implemented as a match, expand, and filter procedure,
starting from a sparse set of matched key points, and repeatedly
expanding these before using visibility constraints to filter away
false matches. The keys to the performance of the algorithm are
effective techniques for enforcing local photometric consistency
and global visibility constraints.

4.3 Alignment adjustment of the point cloud

Since the investigated algorithms do not consider any ground
control point information the coordinate system of the final 3D
point cloud remains indeterminate. This is the major
disadvantage of this approach, but can be solved applying a
spatial similarity transformation to all points of the computed
3D model:

Xt:T+SRX (D)

where X, = transformed coordinate vector

X = initial coordinate vector

T = translation vector

R =rotation matrix including r, 1y, 1,

Iy, Ty, T, = rotations around the coordinate axes
s = scale factor

Seven parameters are required for this kind of transformation
and were calculated from a set of three well known prominent
locations which were visible in a computed hillshading of the
generated point cloud. However, this strategy is susceptible to
misalignments of the final DSM, because of the limited
precision possible when registering ground control points using
only a shaded relief model.

4.4 Processing

30 photographs of the landslide toe-region, as well as 285
photographs of the entire landslide (manually pre-selected by
criteria like image quality and covered area size) were computed
to two digital surface models, one of the toe and one of the
entire landslide.

First, all photographs were processed using the structure from
motion algorithm. This computation supplied a set of camera
parameters and the relative 3D locations between all supplied
images, as well as a new set of undistorted images. In a second
step these data were supplied to the patch based multi view
stereo algorithm which finally computed a dense point cloud for
all supplied photographs.
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4.5 Ortho-mosaic computation

Since the proposed photogrammetric methods do not directly
generate an ortho-mosaic, a straightforward plane image
rectification method as described in Niethammer et al. (2009)
has also been used (figure 9). In a first step, optical barrel
distortion of the camera was corrected. In a second processing
step, each image was rectified manually onto DGPS-measured
ground control point (GCP) coordinates using plane image
rectification approaches. In a final step all rectified photographs
with a ground resolution in the range of 3 to 8 cm have been
merged to a high-resolution ortho-mosaic. However, this
approach requires a significant amount of manual processing
and the presence of residual misalignments has to be accepted.

4.6 DSM precision analysis

In order to assess the quality of the generated digital surface
models, the surface model of the landslide toe-region (figure 4)
was compared to the result of a previously performed
photogrammetric investigation (James et al., 2010) (figure 5)
using a GOTCHA region-growing algorithm (Otto and Chau,
1989). Both surface reconstructions were computed using the
same photographs.
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Figure 4. DSM for precision analysis of the toe region,
generated using the proposed MVS algorithms
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Figure 5. DEM of the toe region, generated using a GOTCHA
region growing algorithm (James et al., 2010)
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The surface model of our proposed method (figure 4) shows a
little denser point cloud (figure 6B) compared to the other
model (figure 6A), especially in the middle part of the
investigated area.
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Figure 6. Comparison of the point density. A: DEM generated
using a GOTCHA region-growing algorithm. B: DSM
generated using the proposed MVS approach.

In figure 8 the point density of the surface model of the entire
landslide is illustrated. Some sparse areas can be observed
(illustrated by yellow and white) as a result of supplying too
few photographs of this areas to the algorithms. Additionally an
analysis of the alignment was done by subtracting the elevation
of both models of the toe-region (figure 7). In the vertical
direction deviations reach from -3 m to +4 m. These significant
deviations reflect the presence of vegetation which was
removed in only one of the investigated models (figure 5).
Further sizable differences of about one meter from north to
south direction can be observed. These differences can be
explained by misalignments when using a shaded relief for the
registration of the GCPs and it is anticipated that they can be
significantly reduced in further work. In general it can be
concluded that both photo-based methods provide consistent
surface models.
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B 20
B 1.0
0.0
-1.0
2.0
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Altitude difference (m)

Figure 7. Altitude differences between the GOTCHA- and the
MYVS-generated DEM of the toe-region
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Figure 8. Point density of the entire landslide surface model

5. RESULTS

In figure 9 an ortho-mosaic of the Super-Sauze landslide is
illustrated. Figure 10 shows a hillshading of the generated
digital surface model. These results are showing a good
agreement and are suitable for high-resolution investigations of
the entire Super-Sauze landslide.
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5.1 Resulting ortho-mosaic 5.2 Resulting digital surface model

59 UAV-acquired photographs have been merged to an ortho- 285 pre-selected photographs were computed to a digital
mosaic by using plane image rectification methods. The surface model of the entire landslide. The point density of the
generated ortho-mosaic covers the entire sliding area of the achieved model varies between 0 and 40 points per square
Super-Sauze landslide (figure 9), with a spatial resolution in the meter. A grid size of 30 cm was chosen in order to avoid
range of 3 cm to 8 cm. Within the ortho-mosaic some interpolation artefacts in sparse areas of the point cloud (the
misalignments are present. The maximum deviation within the maximum point density would allow a grid size of 20 cm). The
boundary of the sliding area reaches 3.9 m and the mean error achieved digital surface model shows clearly the details of the
can be quantified to be 0.5 m. shape of the landslide but a misalignment up to several meters is
present.
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Figure 9. Ortho-mosaic of the entire Super-Sauze landslide Figure 10. Hillshading of the entire landslide surface model
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6. CONCLUSIONS

In this study it was shown that a low-cost UAV-based remote
sensing approach reveals high-resolution digital surface models
of landslides. The proposed structure from motion method can
easily handle unordered image collections and has provided a
consistent digital surface model of the Super-Sauze landslide
that is consistent with results from a more traditional
photogrammetric approach. This approach does not require any
ground control point information and enables surface models to
be generated from UAV-based remote sensing without ground-
based measurements. In many cases the area of interest cannot
be directly measured because of hazardous environment. The
proposed approach is therefore very well suitable in the field of
landslide research. The point densities of the achieved digital
surface models reach up to 70 points per square meter and are
comparable to a previously generated DEM using a GOTCHA
region-growing algorithm (Otto and Chau, 1989). Since the
proposed algorithms do not consider any ground control point
information the coordinate system of the final 3D point cloud
remains indeterminate and has to be aligned in a separate
processing step. Here, sizable misfits of the aligned models
were observed and reducing them will be the focus of further
work, for example by applying a 3D surface matching algorithm
in order to match the digital surface model onto stable parts of a
previously acquired DEM.

ACKNOWLEDGMENTS

We thank all colleagues from the OMIV project (Observatoire
des Instabilités de Versants) for the helpful discussions and
their support in the field. The authors are grateful to Jean-
Philippe Malet (School and Observatory of Earth Sciences,
University of Strasbourg) for providing several datasets. Our
thanks also go to Eberhard Claar (Institute for Geophysics,
Universitidt Stuttgart) who built significant components of the
quad-rotor systems. The work was supported by the DFG within
the project FOR 581 'Natural Slopes'.

REFERENCES

Aber, J. S., Aber, S. W. and Pavri, F., 2002. Unmanned small-
format aerial photography from kites for acquiring large scale,
high-resolution, multiview-angle imagery. In: International
Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, Pecora 15/Land Satellite Information
IV/ISPRS Commission I/FIEOS, Denver, CO, USA.

Arya, S., Mount, D. M., Netanyahu, N. S., Silverman, R., Wu,
A. Y., 1998. An optimal algorithm for approximate nearest
neighbor searching fixed dimensions. Journal of the ACM,
45(6), pp. 891-923.

Eisenbeiss, H., Lambers, K., Sauerbier, M., 2005.
Photogrammetric recording of the archaeological site of
Pinchango Alto (Palpa, Peru) using a mini helicopter (UAV).
In: Proc. of the 33rd CAA Conference, Tomar, Portugal.

Fischler, M. A. and Bolles, R. C., 1981. Random sample
consensus: A paradigm for model fitting with applications to
image analysis and automated cartography. Communications of
the ACM, 24(6), pp. 381-395.

Fotinopoulos, V., 2004. Balloon photogrammetry for
archaeological surveys. In: International Archives of the
Photogrammetry, Remote Sensing and Spatial Information

501

Sciences, XX ISPRS Congress, Istanbul, Turkey, XXXV-BS,
pp- 504-507.

Furukawa, Y. and Ponce, J., 2007. Accurate, dense, and robust
multi-view stereopsis. In: Conference on Computer Vision and
Pattern Recognition, IEEE Computer Society

Gomez-Lahoz, J. and Gonzalez-Aguilera, D., 2009. Recovering
traditions in the digital era: the use of blimps for modelling the
archaeological cultural heritage. Journal of Archaeological
Science, 36(1), pp. 100-109.

James, M. R., Niethammer, U., Traveletti, J., 2010.
Topographic reconstruction of landslide surfaces using images
from an unmanned aerial vehicle. In: ISPRS Commission V Mid
Term Symposium, Newcastle, UK.

Jutte, K., 2008. Vergleich verschiedener low-cost
Luftbildaufnahmesysteme sowie Einsatz von Drohnen: Grenzen
und Moglichkeiten. In: Bayerische Landesanstalt fiir Wald und
Forstwirtschaft. Der gepixelte Wald Fachtagung zur
Forstlichen Fernerkundung.

Leprince, S., Berthier, E., Ayoub, F., Delacourt, C., Avouac, J.-
P., 2008. Monitoring earth surface dynamics with optical
imagery. EOS Transactions, American Geophysical Union,
89(1), pp. 1-2.

Lowe, D., 2004. Distinctive image features from scale-invariant
keypoints. International Journal of Computer Vision, 60(2), pp.
91-110.

Mikrokopter, 2010. Official Mikrokopter open source quad-
rotor homepage. http://www.mikrokopter.com (accessed 10
April 2010).

Malet, J. P. and Maquaire, O., 2003. Black marl earthflows
mobility and long-term seasonal dynamic in southeastern
France. In: Proceedings of the International Conference on
Fast Slope Movements: Prediction and Prevention for Risk
Mitigation, Picarelli L. (ed.), Bologna, Patron Editore, pp. 333-
340.

Niethammer, U., Rothmund, S., Joswig, M., 2009. UAV-based
remote sensing of the slow-moving landslide Super-Sauze. In:
Malet, J.-P., Remaitre, A., Boogard, T. (Eds) Proceedings of
the International Conference on Landslide Processes: from
geomorpholgic mapping to dynamic modelling, Strasbourg,
CERG Editions, pp. 69-74.

Otto, G. P., and T. K. W. Chau (1989), Region-growing
algorithm for matching of terrain images. Image Vision Comp.,
7, pp- 83-94.

Snavely, N., Seitz, S. M., Szeliski, R., 2008. Modeling the
World from Internet Photo Collections. International Journal of
Computer Vision, 80(2), pp. 189-210.

Przybilla, H.-J. and Wester-Ebbinghaus, W., 1979. Bildflug mit
ferngelenktem Kleinflugzeug. Bildmessung und Luftbildwesen,
Zeitschrift fuer Photogrammetrie und Fernerkundung, 47(5),
pp- 137-142.

Walter, M., Niethammer, U., Rothmund, S., Joswig, M., 2009.
Joint analysis of the Super-Sauze (French Alps) mudslide by
nanoseismic monitoring and UAV-based remote sensing. EAGE
First Break 27(8), pp. 75-82.

85



Niethammer et al., 2012. Published in Engineering Geology 128, 2-11

UAV-based remote sensing
of the Super-Sauze landslide:
Evaluation and results

U. NIETHAMMER? M.R. ]AMESb , S. RotTHMUND?, ]J. TRAVELLETTI®, M. JoswI1G”

“Institute for Geophysics, University of Stuttgart, Germany
bLancaster Environment Centre, Lancaster University, UK
“School and Observatory of Earth Science, University of Strasbourg, France

Abstract

Unmanned aerial vehicles (UAVs) equipped with digital compact cameras can be used to map landslides
quickly and at a high ground resolution. Images taken by a radio-controlled mini quad-rotor UAV of
the SuperSauze, France landslide have been used to produce a high-resolution ortho-mosaic of the entire
landslide and digital terrain models (DTMs) of several regions. The UAV capability for imaging fissures and
displacements on the landslide surface has been evaluated, and the subsequent image processing approaches
for suitably georectifying the data have been assessed. For Super-Sauze, horizontal displacements of 7
to 55 m between a high-resolution airborne ortho-photo of May 2007 and a UAV-based ortho-mosaic of
October 2008 have been measured. Fixed areas of persistent deformation have been identified, producing
fissures of different distributions and orientations comparable to glacial crevasses, and relating directly to the
bedrock topography. The UAV has demonstrated its capability for producing valuable landslide data but
improvements are required to reduce data processing time for the efficient generation of ortho-mosaics based

on photogrammetric DTMs, in order to minimise georeferencing errors.

1 Introduction

In order to monitor hazards from active land-
slides and to understand the processes in-
volved, both spatial and temporal measure-
ments such as displacement rates and extents
and changes in the surface topography are re-
quired. For these, remote sensing has been
an integral method of landslide investigations
for many decades, with several different tech-
niques being used. For example, differen-
tial INSAR (Interferometric Synthetic Aperture
Radar) enables detailed displacement analysis
(Belardinelli et al., 2003), although signal decor-
relation due to vegetation changes and sedi-
mentological processes can prevent its use on
active landslide surfaces. Passive space-borne
imaging is becoming increasing useful for land-
slide studies; panchromatic QuickBird satellite
images can provide data at a ground resolu-
tion of 0.61 m and a repeat acquisition interval
of down to 3-4 days (Niebergall et al., 2007).

Airborne and terrestrial geodetic LIDAR-scans
(Light Detection and Ranging) are powerful
tools for rapidly collecting high densities of
precise and high-resolution 3D surface point
coordinates. The quality of such point clouds
is mainly influenced by the roughness and re-
flectivity of the surface, the measurement inci-
dence angle and the observation range (Cheok
et al., 2002; Lichti et al., 2005). From point
clouds, high-resolution digital terrain models
(DTMs) can be derived with accuracies in the
submetre range and, in many cases, surface
topography can be determined even in vege-
tated environments (Carter et al., 2007; van
den Eeckhaut et al., 2007). Airborne images
can provide important surface textural data,
but photogrammetric DTMs are not usually
as accurate and precise as airborne LIDAR-
based DTMs (Baltsavias, 1999) and topography
covered by dense vegetation cannot be recon-
structed. Traditional airborne- and satellite-
based remote sensing techniques are suitable

*Corresponding author: uwe.niethammer@geophys.uni-stuttgart.de
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for landslide detection over areas of multiple
square kilometres (Henry et al., 2002). For
the Super-Sauze landslide studied here, the ge-
omorphological evolution between 1950 and
1995 has been previously reconstructed from 6
airborne ortho-photographs (1 m ground reso-
lution) and the 6 corresponding DTMs (15 m
grid) (Weber and Herrmann, 2000). However,
these data were of neither sufficient resolution
nor repeat rate to resolve the evolution of small
landslide features, such as fissure structures or
small displacements, which can provide signif-
icant information on landslide dynamics.

Here, we investigate the use of radio con-
trolled unmanned aerial vehicles (UAVs) for
making such high-resolution measurements
of landslides. The mini-UAV used has the
advantage over traditional methods of allow-
ing flexible deployments capable of acquir-
ing both high-temporal and spatial resolution
data. Radio controlled UAVs are less expen-
sive with significantly lower operational costs
than manned aircraft and, in recent years, map-
ping and remote sensing applications of UAV-
systems have become more common (Everaerts,
2008). In the late 1970s the use of fixed wing
remote controlled aircraft was investigated for
motorised UAV photogrammetry experiments
(Przybilla and Wester-Ebbinghaus, 1979) and,
a quarter century later, Eisenbeiss et al. (2005)
generated the first high-resolution digital ter-
rain models (DTMs) using autonomously con-
trolled helicopter UAVs.

Currently, a range of UAV-systems are in
use, for example, motorised paragliders (Jiitte,
2008), blimps (Gomez-Lahoz and Gonzalez-
Aguilera, 2009), kites (Aber et al., 2002) and
balloons (Fotinopoulos, 2004). However, many
such systems are strongly affected by wind
and could only be used infrequently or with
difficulty in mountainous terrain. The avail-
ability of small high-quality digital cameras
has now enabled radio controlled UAV-systems
to represent affordable and practical remote
sensing platforms, but data analysis challenges
remain. For example, in order to utilise stan-
dard aerial photogrammetric processing soft-
ware, UAV-acquired photographs should be ac-

quired in an optimal block configuration align-
ment, with internally stable camera-systems
and minimal optical distortion. These restric-
tions have previously required the use of fixed-
lens SLR cameras, expensive autopilot UAV
navigation systems, and driven the develop-
ment of dedicated photogrammetric software
packages (Eisenbeiss et al., 2005).

In 2006, relatively stable quad-rotor he-
licopter systems became available as open
source public domain projects (Mikrokopter,
2010). These systems are suitable for adap-
tation for use in alpine terrain and are low-
cost when compared to commercially available
UAV-systems. The goal of this study was to
evaluate a UAV-system developed inhouse for
landslide research. Here, we report on the po-
tential and limitations of such a system, with
preliminary results acquired from the Super-
Sauze landslide, France. For Super-Sauze, a
specific aim was to consider the UAV capabil-
ity for imaging fissures and displacements on
the landslide surface and to assess the subse-
quent image processing approaches for suit-
ably georectifying the data. Fissures on the
Super-Sauze landslide have not been mapped
in detail in the past and, although this could be
carried out by traditional surveying techniques,
the large area of the landslide makes remote
sensing an appealing technique for this task.
With most fissures around 0.1 m in width, they
are not resolvable in satellite data and only im-
aged infrequently by manned airborne systems.
Thus, a UAV-system could offer the opportu-
nity for regular data at a suitable resolution to
detect changes in the fissure systems.

For full coverage of the landslide area, a
plane-rectified orthomosaic of UAV imagery
has been constructed and comparisons were
made with a previously acquired traditional
aerial ortho-photo. However, the use of plane-
rectification can result in significant errors in
regions of rugged topography, so we explore
the application of close range photogramme-
try software to enhance the results with a
photogrammetric DTM. The close range soft-
ware can handle convergent imagery from non-
metric cameras much more readily than tradi-
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diameter 60 cm
total weight 21009
; | payload 500 g
flight endurance 12 min
material costs 1000 €

Fig. 1.

Quad-rotor system for remote sensing and its main

characteristics.

tional aerial photogrammetry applications, fa-
cilitating DTM generation from UAV imagery.
The quality of the digital terrain model is as-
sessed by comparison with data from a terres-
trial laser scanner (TLS).

2 UAV-system

The UAV-system developed in-house is a low-
cost quad-rotor (Figure 1) that has been pre-
viously demonstrated to be capable of flying
in difficult alpine terrain. When compared to
conventional helicopters, quad-rotor systems
are more stable with less in-flight vibration and
have the mechanical advantage of not requir-
ing a large, variable pitch rotor-unit. Our sys-
tem was derived from an open source project
(Mikrokopter, 2010) and enhanced for land-
slide studies. A robust aluminium flight frame
was developed and the payload of the UAV-
system was increased by using more powerful
motors and some modifications of the flight
control software. The UAV is stabilised by iner-
tial measurement units (IMUs), including three
acceleration sensors, three gyroscopes, a three-
axis compass, and a pressure sensor, regulated
by basic PID (proportional integral differential)
loops. Flight endurance (hovering time of the
UAV-system) is up to 12 min using a lithium
polymer battery with a capacity of ~5.0 Ah.
Overall UAV-development took about one man
year in order to meet all the requirements for
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operation in difficult alpine terrain. For im-
age acquisition, a light weight low-cost digi-
tal compact camera (Praktica Luxmedia 8213)
which supports manual camera settings was
used. For all flights the sensitivity, zoom and
the aperture were set to fixed values in order
to achieve exposure times <1/800 s and the
largest visual angle. Without an auto-pilot nav-
igation system to control image acquisition, all
photographs were taken in an automatic image-
series mode, acquiring one image every 3 s to
ensure full coverage.

Our choice of a radio controlled UAV re-
quires the presence of a highly skilled pilot
and limits the operational area to the control
range of a few hundreds of metres. There are
also challenges related to the relatively small
payloads, UAV-reliability and the restricted
radiobandwidth for ground communication
(Colomina et al., 2007). Although the use of
an autonomously controlled UAV could sig-
nificantly increase the operational area, au-
tonomous control is less able to cope with
unpredictable conditions such as gusty winds
than an experienced operator. Furthermore,
the use of autonomous UAVs is tightly regu-
lated by civil aviation and security authorities,
preventing their practical deployment. Our ex-
perience is that, particularly in alpine terrain,
UAV-based image acquisition requires signifi-
cant technical skill and a good UAV pilot.

3 Study area and data acquisi-
tion

The study was carried out on the Super-Sauze
landslide (Figure 2), located on the north-
facing slope of the Barcelonnette Basin (South-
ern French Alps). The landslide has developed
in a torrential basin located in the upper part of
Sauze torrent, on the left side downstream of
the Ubaye valley and is one of several that have
been persistently active since the 1970s. The
landslide extends over a horizontal distance
of 850 m between elevations of 2105 m at the
crown, and 1740 m at the toe, with an average
slope of 25°. The landslide mainly consists of
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landslide .

France

Fig. 2. Location of the study area and upward view of the

Super-Sauze landslide. Picture was taken in summer 2006.

Jurassic black marls and has a total volume
estimated at 750,000 m3. Displacement veloci-
ties of the unstable slope range from 0.01 m to
0.4 m per day (Malet et al., 2002; Malet et al.,
2005).

In October 2008 a UAV flight campaign was
carried out covering the whole sliding area (850
x 250 m) of the Super-Sauze landslide, acquir-
ing 1486 airborne photographs. Flight plan-
ning was carried out in-situ, where the area
to be imaged could be observed and suitable
locations for takeoff and landing could be iden-
tified. After launch, the quad-rotor was guided
to an imaging flight altitude of ~200 m to
provide a ground resolution of approximately
0.06 m per pixel. However, manual control of
the UAV led to deviations in flight altitude be-
tween 100 m and 250 m, with corresponding
ground resolutions between 0.03 m and 0.08 m.
At the imaging altitude the UAV was hovered
for about 30 s before vertical landing was ini-
tiated. After each flight, the area covered by
the acquired photographs was verified on the
camera directly. To enable the images to be
georeferenced, 199 targets (~0.4 x 0.6 m rect-
angular coloured sheets to ensure visibility)
were deployed over the landslide as ground
control points (GCPs), and their centroid loca-
tions determined with differential GPS (DGPS).
Deploying such a number of GCPs requires sig-
nificant effort but was deemed an appropriate
precaution for the initial assessment of UAV
use over the landslide. Although long-term
DGPS observations of these targets could al-

low for accurate displacements analysis at each
GCP without the need for any UAV flight, such
point data could potentially miss areas of inter-
est and would not provide opportunity for the
analysis of surface features such as fissures.

To enable a comparison of the UAV results
with ground-based data, the topography of the
toe-region of the slide was also mapped with a
terrestrial laser scanner (TLS). The TLS instru-
ment, an Optech ILRIS-3D, was used from a
single site at a mean distance of 150 m from
the toe (Figure 3A), producing an average data
density of 23,000 points per m? in the image
plane perpendicular to the line of sight, and
a total of 3 x 10° points. The laser logged the
last return from each line of sight in order to
minimise undesired returns from vegetation.
A stable area outside of the landslide was also
included within the scanned area in order to
georeference the TLS data. This georeferencing
was carried out using a DTM acquired by air-
borne LIDAR on 22 May, 2007 and supplied by
the company SINTEGRA. A traditional aerial
ortho-photo from the same overflight, with a
ground resolution of 0.2 m, was also provided
by SINTEGRA and this has been used to de-
termine displacements in conjunction with our
UAV imagery.

4 Data processing

To allow comparison of the UAV data with
these other sources, two processing procedures
were carried out; generation of an orthomosaic
and DTM construction of selected areas using
close range photogrammetry techniques.

4.1 Ortho-mosaic

Previous work has shown that a straightfor-
ward plane image rectification approach can
be used to produce ortho-mosaics suitable for
displacement analysis, analysis of soil mois-
ture, as well as an analysis of fissure structures
(Niethammer et al., 2009). Here, the best 59
suitable UAV-acquired images were selected
for mosaic processing. In a first step, opti-
cal (barrel) distortion was corrected using the

89



Niethammer et al., 2012. Published in Engineering Geology 128, 2-11

common third degree polynomial approach
(Niethammer et al., 2009). In a second pro-
cessing step, each image was rectified onto the
plane GCP coordinates using one of four non-
parametric rectification approaches (projective
transformation, piecewise affine transforma-
tion and polynomial transformations of the 2nd
and 3rd order). For each image, the rectifica-
tion approach was selected in order to achieve
the best result and depended on the relief vari-
ation and the number of observed ground con-
trol points. In irregular terrain these approx-
imate transformations will not fully account
for the effects of relief and residual misalign-
ments within the ortho-mosaic have to be ac-
cepted. Finally, all rectified photographs were
merged to a uniform high-resolution ortho-
mosaic with a spatial resolution of 0.04 m.
Automatic colour correction was carried out
within OrthoVista software (OrthoVista, 2010)
by applying a global tiling adjustment function
which compares overlapping areas of images
and then computes radiometric adjustment pa-
rameters for each image. All images were then
merged into a seamless mosaic by an adaptive
feathering image blending algorithm within
OrthoVista (Figure 3A).

4.2 Photogrammetric DTM

DTM generation was carried out using VMS
close range photogrammetry software (VMS,
2010) and an image matching algorithm,
GOTCHA (Gruen Otto-Chau) from the Uni-
versity College London (Otto and Chau, 1989).
Three regions of the Super-Sauze landslide
were analysed (Figure 3), representing the ar-
eas best covered by multiple images. Two of
these cover the upper reaches (DTM 1 and 2,
Figure 3B and C, from 10 and 6 images respec-
tively) and one covers the toe-region (DTM 3,
Figure 3D, from 30 images). With TLS data
only covering the toe-region, the DTM analysis
was restricted to DTM 3 of the toe-area.

For DTM creation, observations of ground
control points in the selected images were used
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to calculate initial camera orientations (posi-
tions and pointing directions) using a prelim-
inary estimated camera model defining prin-
cipal distance only. The photogrammetric net-
work produced was densified by incorporating
additional tie points generated with GOTCHA.
GOTCHA is a dense matching algorithm ca-
pable of generating patch-based (rather than
featurebased) matches for each pixel of an im-
age. The output was then reduced to a few
thousand matches distributed over the images
and a self-calibrating network adjustment was
carried out in which the errors in the GCP
positions, camera orientations and the cam-
era model (principal distance, two radial and
two tangential distortion components, princi-
pal point offsets and an affinity term) were
simultaneously minimised. The optimised lo-
cations for the 16 GCPs in the toe-region (Fig-
ure 3A) showed RMS position residuals (from
the original GCP coordinates) of 0.023, 0.018
and 0.019 m in x, y, and z. As is standard in
rigorous close range photogrammetry proce-
dures, VMS calculates the measurement pre-
cision within the photogrammetric network
(Cooper and Robson, 2001). Average precisions
for all the GCPs were 0.079, 0.079 and 0.185 m
in X, y, and z, reflecting mean image residuals
of 1.4 pixels in both x and y. Such precisions
and residual magnitudes are poorer than it is
possible to achieve with oblique photogram-
metric networks of environmental scenes; for
example, over similar observation distances,
Chandler et al. (2002) obtained control point
measurement precisions that were generally
<20 mm for monitoring river channel change.
However, such results generally require care-
ful image acquisition planning and the use
of an SLR camera, options that are not avail-
able when using small, manually controlled
UAVs. Nevertheless, compact cameras have
been shown to have sufficiently stable imaging
geometries for photogrammetric work (Wack-
row et al., 2007) and precisions of 20 mm may
exceed the requirements of remote sensing of
mass-movement phenomena.
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Fig. 3. A: Ortho-mosaic of the Super-Sauze landslide of October 2008 with ground control points (GCPs), horizontal surface displacement
vectors colour coded by average movement velocity (May 2007-October 2008), different areas of dynamics and sedimentation, locations
of the DTMs and the position and field of view of the terrestrial laser scanner survey. B-D: DTM 1-3 overlain with an ortho-image.
E: Alignment error between the TLS DTM (October 2008) and airborne LIDAR DTM (May 2007) of the stable topography adjacent to the

toe-region of the landslide.
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Fig. 4. Comparison between the ortho-mosaic (A) and a DTM-derived ortho-photo (B) of the toe-region. (C) Horizontal offsets determined

by GOTCHA image matching.

For example, the precisions here are better
than those required and achieved by James et al.
(2007) who used a ground-based SLR for assess-
ing lava flows. In future work, one of the easi-
est ways to increase the precision of the UAV-
based DTMs would be to reduce the size of the
GCP targets, which were not originally selected
for use with VMS. The algorithms in VMS to
automatically locate control target centroids
are optimised for use with circular retroreflec-
tive targets (Robson and Shortis, 1998) and per-
form best when targets are 5 to 10 pixels across
in images. Consequently, centres of the large,
rectangular GCPs are not as accurately located
within the images as they could be, and GCP
residual errors would probably be reduced if
smaller, circular targets were employed.

For the creation of DTM 3, 17 of the 30 im-
ages in the network overlapped suitably to con-
tribute to the final surface model. After image
matching, the output was refined by eliminat-
ing outliers, weak matches (e.g. points with sig-
nificant residuals, poor precisions or matched
in only two images) and points clearly influ-
enced by vegetation cover. The resulting point
clouds were then interpolated over a 0.2 m grid
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using kriging in Surfer software (Surfer, 2010).

4.3 Terrestrial laser DTM

TLS data processing was performed using Poly-
works software (Polyworks, 2010). The land-
slide surface is nearly free of vegetation. Trees,
stumps and bushes were easily identifiable in
the TLS point clouds and could be removed
manually without any automatic filtering. In
some minor parts of the landslide toe, sparse
vegetation, such as grass (less than 0.1 m high)
was present. Its effect on the elevation accuracy
is smoothed by a 0.2 m grid interpolation, thus
leading to a maximum error less than 0.1 m
in elevation. However, many automatic filter-
ing methods can be used to remove vegetation
(Prokop and Panholzer, 2009). They are use-
ful when vegetation is dense and the affected
point cloud covers a large area which was not
the case in the present study. Georeferencing
was achieved by aligning stable topography ad-
jacent to the landslide to equivalent data in the
2007 airborne LIDAR DTM (Figure 3E). This
was carried out using an automated iterative
closest point algorithm (ICP), with an initial
manual alignment to ensure that the ICP did
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DTM, C: point-density of the photogrammetry data, and D: point-density of the TLS data.
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not converge on a local minimum (Lee et al.,
1999). This georeferencing method is often
applied in areas where access is difficult and
where precise GCP reflectors cannot be read-
ily installed, issues typical of landslide areas
where slopes of more than 60° can be present
(Travelletti et al., 2008; Oppikofer et al., 2009).
After alignment, the mean 3D misfit in the sta-
ble area was quantified to be 0.05 m with a
standard deviation of 0.16 m. The TLS data
were then resampled and interpolated to gen-
erate a DTM with a 0.2 m grid.

5 Results and discussion

5.1 Ortho-mosaic and DTM quality

Errors within the georeferencing of the ortho-
mosaic were quantified by comparison of all
199 GCP locations to their DGPS-measured lo-
cations. Within the boundary of the sliding
area the mean error was 0.5 m, with a standard
deviation of 0.57 m and a maximum misalign-
ment of 3.9 m. However, large misalignments
between 2.0 m and 3.9 m were only located at
the margins of the landslide and, away from
the boundary, accuracies can be considered
to be ~0.5 m. In the toe-region, the ortho-
mosaic could also be compared with UAV im-
ages ortho-rectified within VMS software using
the photogrammetry-derived DTM 3 (Figure
3D). Horizontal offsets were determined by im-
age matching (using GOTCHA) and show simi-
lar magnitudes to those of the full ortho-mosaic
GCPs (Figure 4A), with the largest values lo-
cated near the slide boundary:.

The quality of the photogrammetric DTM
was assessed by subtracting the overlapping
TLS DTM (Figure 5A and B). In the vertical di-
rection the RMS difference is 0.31 m although
maximum deviations reach +3.44 to -4.08 m.
The most significant errors are induced by
some small trees and bushes, the effects of
which could not be reliably removed from the
photogrammetric DTM. However, vegetation
correction on landslides has been managed by
applying non-uniform vegetation-height sur-
faces (Martha et al.,, 2010), but such proce-
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dures were not warranted in this work because
the most significant vegetation errors were lo-
calised and occurred only at the margins of the
DTMs. Further sizable differences occur on the
steepest sides of large blocks. On the north-
ern faces, where the block surface is nearly
perpendicular to the TLS line of sight (Figure
3A), the TLS point cloud is much denser than
the photogrammetric one. For example, Figure
5C and D shows that in the steep front of the
toe, the point cloud of the TLS is two orders of
magnitude denser than the point cloud of the
photogrammetry.

However, the TLS can only observe one side
of a block and the other, shadowed, side has
to be interpolated. In shadow areas, the zero
point density results in predicted elevations
that reflect the interpolation technique used
rather than any real measurements (Figure 6C).
Nevertheless, such regions are observed fully
by the UAV.

Fig. 6. DTM artefacts resulting from shadow zones in TLS data
and vegetation obscuration in the UAV-based DTM.
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Fig. 7. Horizontal displacement analysis of the toe-region between the airborne ortho-photo of May 2007 (A) and the UAV-based ortho-

mosaic of October 2008 (B).

In regions of low vegetation, such as grass
or small shrubs, it is difficult to completely re-
move vegetation returns from the TLS point
cloud and this can lead to some small artefacts
in the TLS DTM (Figure 6A and C). On the
other hand the photogrammetric approach can
fail in areas of low image contrast or shadow-
ing (for example, on some large blocks, Figure
6A and B). Dense vegetation cannot be pene-
trated and can give poor or no results during
image matching (Figure 6A and B). It can be
concluded that both DTMs must be regarded
with caution. Each set of data and method can
have advantages and limitations (Kerle, 2002).

5.2 Surface displacements

Our UAV-based displacement analysis of the
Super-Sauze landslide was carried out by com-
paring the ortho-mosaic from October 2008
with the aerial ortho-photo from May 2007 in
a geographical information system (GIS). Hori-
zontal displacements were measured by identi-
tying corresponding features and areas, such
as rocks, stones and parts of vegetation patches
in both images (Figure 7A and B). In principle,
such analysis could be attempted by automated
image matching (e.g. using correlation-based
methods), but due to the resurfacing changes
over the 17-month interval, this would be inef-

fective with the available image pair. However,
automated image matching should be possible
between UAV-derived orthomosaics acquired
at shorter interval periods, and the use of more
sophisticated object- or feature-based match-
ing like scale-invariant feature transform (SIFT)
could also be investigated (Lowe, 2004; Lep-
rince et al., 2008).

Horizontal displacements between 7 and
55 m £ 0.5 m, as well as varying displacement
directions were detected (Figure 3A). However,
several regions could not be successfully anal-
ysed due to a lack of clear surface features in
both image sets (area 3 in Figure 3A). Com-
parisons were also prevented in areas of resur-
facing by either new fine-grained sediments
(the left part of area 3 and area 4, Figure 3A)
or the rapid accumulation of both boulders
and sediments (particularly in the source re-
gion, area 1, Figure 3A). Area 2 (Figure 3A)
is characterised by very low velocities, and
displacements could not be resolved in this
area. Converting all identified displacements
to daily average displacement rates gives the
range of 0.01 to 0.1 m £ 1 mm per day for the
period between May 2007 and October 2008.
In the source area, displacement rates are up
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(Amitrano et al., 2007).

to three times greater than to the long-term
average (Amitrano et al., 2007) (Figure 8) and
approximately two times greater than the av-
erage in other regions of the landslide. This
suggests that the May 2007 to October 2008
period represented (or encompassed) a period
of significantly greater dynamics than normal
for the Super-Sauze landslide.

Displacements of the Super-Sauze landslide
have been measured on the ground since 1991
by GPS, geodetic and strain instruments (Ami-
trano et al., 2007). Between 1996 and 2004,
average velocities were in the range of 0.002 to
0.03 m per day, but velocities up to 0.4 m per
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day may be observed each year in the spring
season (Amitrano et al., 2007). Monitoring of
continuous displacements and pore water pres-
sure have demonstrated that seasonal landslide
accelerations are controlled by hydro-climatic
conditions and that the long-term behaviour is
characterised by continuous movements with
a seasonal trend of two acceleration periods
(spring and autumn) and two deceleration pe-
riods in summer and in winter (Malet and
Magquaire, 2003). Such seasonal movement dif-
ferences cannot be resolved over a 17 month-
period. With the capability for providing reg-
ular surveys, UAVs could significantly assist
in the spatial assessment of landslide displace-
ment. However, despite the high-resolution of
the imagery, the general georeferencing accu-
racy here of ~0.5 m (resulting from the use
of plane-rectification approximations in con-
structing the ortho-mosaic), could restrict the
usefulness of UAV mosaics collected over inter-
vals much shorter than a year. Consequently,
effort is required to streamline photogrammet-
ric DTM creation from the UAV images, so that
the full landslide area can be efficiently recon-
structed and used to increase the accuracy of
the orthorectification process.

5.3 Fissures

Many tension- and desiccation cracks and fis-
sures are present on the surface of the Super-
Sauze landslide. Tension fissures can be ~20 m
long, up to 0.4 m wide and reach 1 m in depth
(Grandjean et al., 2007). In October 2008 most
of the fissures were ~0.1 m in width and are
observable in the UAV ortho-mosaic (Figure 9).

Inspection of the fissures in the ortho-
mosaic was carried out in a GIS. Despite the
downhill movement of the landslide, superfi-
cial fissures arise in the same regions of the
landslide each year, demonstrating that their
locations are controlled by interactions with
the paleotopography of the buried bedrock. At
the Super-Sauze landslide, longitudinal, trans-
verse, shear, and cross-shaped fissures (Figure
10) have been classified as the principal fissure
types (Walter et al., 2009), with their positions
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Fig. 9. Emerging in-situ crest, fissures (e.g. shear fissures) and
soil moisture contrasts (detail of UAV-based ortho-mosaic of
October 2008).

and orientations indicating different styles of
deformation and development (Parise, 2003).
Similarities between the observed fissure
patterns and those of glacial crevasses suggest
a comparable genesis. Landslide dynamics
may also be analogous to those of glaciers, re-
sulting from either, or both, sliding and flowing
(K&ab, 2002, Malet et al., 2005, Amitrano et al.,
2007). Glacial dynamics and crevasses have
been well studied (Wilhelm, 1975; Hambrey
and Alean, 1994; Hambrey and Lawson, 2000)
and crevasse distribution linked to changes in
bedrock topography and the lateral bedrock
boundaries. For example, longitudinal fissures
occur in the direction of movement where an
extension of the pathway is initiated. Trans-
verse fissures occur in regions of changes in
the decline of the subsurface bedrock slope
(Wilhelm, 1975; Varnes, 1978; Hambrey and
Alean, 1994). Marginal or shear fissures mostly
occur at lateral boundaries between bedrock
and the landslide material as result of the veloc-
ity gradient (Wilhelm, 1975). In Super-Sauze,
such fissures also appear within the landslide
material along emerging in-situ bedrock crests
(Figures 9 and 10). More intricate fissures, such
as crossshaped, may result from a combination
of dynamics induced by complex bedrock to-

pography.

Our observations support previous work
indicating that stable buried bedrock crests di-
rectly affect the behaviour and dynamics of the
entire landslide, and that sliding material is

‘canalised” by the gullies between crests (Fla-

geollet et al., 2000; Malet, 2003).

Regularly acquired UAV-derived fissure
maps could provide valuable spatial data to
augment ground-based studies aimed at un-
derstanding the links between the sliding ma-
terial and the bedrock. For example, nano-
seismic monitoring can now resolve the low
amplitude signals of fracture processes within
sedimentary landslide material (Walter et al.,
2009 and this issue). Combining these data
with high-resolution UAV-based snapshots of
tissure distributions and their temporal devel-
opment could provide valuable insights into
the flow dynamics. Furthermore, soil moisture
changes suggest to be detectable in contrast
variations in UAV images of the landslide sur-
face (Figure 9). This may indicate a promis-
ing new approach for high spatial resolution
assessment of surface soil moisture, capable
of assisting in the quantification of preferred
infiltration pathways (for example through fis-
sures), that remains a challenging problem
(Krzeminska et al., 2009).

6 Conclusions

In this study it has been shown that radio
controlled low-cost UAVs can deliver high-
resolution remote sensing data on landslides.
The proposed UAV-based remote sensing ap-
proach shows significant potential for the
production of high-resolution ortho-mosaics
and DTMs that enable the analysis of fis-
sures and surface displacements. The man-
ual data acquisition and processing procedures
used require a significant amount of time, but
progress is already being made to streamline
data processing by using automated targetless
structurefrom-motion and multiview-stereo ap-
proaches to derive the topographic surface (Ni-
ethammer et al., 2010). Integrating such DTM
generation (which includes camera model re-
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Fig. 10. Principal fissure types: shear fissures, cross-shaped fissures, longitudinal fissures and transverse fissures identified in the

ortho-mosaic 2008 of Super-Sauze landslide.

finement), and possibly also vegetation re-
moval, into the ortho-mosaic pipeline, will
significantly reduce errors in the final ortho-
mosaic of the Super-Sauze landslide.

The high-resolution of the UAV images
and the resulting orthomosaic allowed analy-
sis of fissure patterns and different arrange-
ments (longitudinal, transverse, shear and
cross-shaped fissure distributions) were iden-
tifiable. The fissures are comparable to glacial
crevasses where similar dynamics take place
and their patterns reflect the interactions be-
tween the sliding material and the bedrock.
The UAV imagery thus supports prior observa-
tions that buried bedrock crests directly affect
the behaviour and dynamics of the entire land-
slide (Malet, 2003).

The comparison between the plane-rectified
UAV ortho-mosaic and an earlier ortho-photo
revealed horizontal displacements between 7
and 55 m=+0.5 m, representing daily average
displacements rates in the range of 0.1 to
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0.01 m+1 mm per day, between May 2007 and
October 2008. Despite the high-resolution of
the imagery, errors resulting from the plane-
rectification degrade the georeferencing accu-
racy to ~0.5 m over most of the landslide. Al-
though acceptable when calculating displace-
ment rates over periods of a year, errors of
this magnitude would be restrictive for anal-
yses over shorter intervals, and hence could
limit the usefulness of the UAV’s capability to
regularly acquire data.

Consequently, ortho-rectification using pho-
togrammetric DTMs is advised. A DTM of the
toe-region of the Super-Sauze landslide, con-
structed using close range photogrammetry
software, has been compared with TLS data
of the same area giving an RMS of height dif-
ference values of 0.31 m. Although TLS-based
point clouds are denser than photogrammetric
derived point clouds, TLS data are subject to
shadowing due to the oblique view point. Such
shadows are minimised in nadir UAV-acquired
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images and a large scale data acquisition can
be obtained more effectively by UAV.
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Abstract

The development of surface fissures is an important indicator for understanding and forecasting slope
movements. Landslide investigations therefore frequently include the elaboration and interpretation of maps
representing their spatial distribution, typically comprising intensive field work and instrumentation. It is
only recently that aerial photography with sub-decimetre spatial resolution is becoming more commonly
available and opens a window to analyse such features from a remote sensing perspective. While these
data are in principle helpful to elaborate maps from image interpretation techniques, there is still no image
processing technique available to extract efficiently these geomorphological features. This work proposes a
largely automated technique for the mapping of landslide surface fissures from very-high resolution aerial
images. The processing chain includes the use of filtering algorithms and post-processing of the filtered
images using object-oriented analysis. The accuracy of the resulting maps is assessed by comparisons with
several expert maps in terms of affected area, fissure density and fissure orientation. Under homogenous
illumination conditions, true positive rates up to 65% and false positive rates generally below 10% are
achieved. The resulting fissure maps provide sufficient detail to infer mechanical processes at the slope scale

and to prioritize areas for more detailed ground investigations or monitoring.

1 Introduction

Observations of features and structural pat-
terns of earth surface landforms can reveal in-
formation on the origin and mechanisms con-
trolling the geomorphological processes. Struc-
tural geology and geomorphology have devel-
oped comprehensive concepts to delineate geo-
morphological units and structure types from
remote sensing images, and infer about me-
chanical processes without necessarily mea-
suring displacement, deformation or the ap-
plied forces directly (Melton, 1959; Davis and
Reynolds, 1996; Passchier and Trouw, 2005; Pol-
lard and Fletcher, 2005). Surface discontinuities
observed in rocks and sediments have proven
to be valuable indicators of the deformation
history and stress pattern of the slope. For
landslide analysis, their observation and inter-

*Corresponding author: jeanphilippe.malet@unistra.fr
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pretation can contribute to a better understand-
ing of the controlling physical processes and
help in the assessment of the related hazards
(McCalpin, 1984; Fleming and Johnson, 1989;
Parise, 2003). In hard-rock slopes, the anal-
ysis of structural discontinuities (faults, bed-
ding planes, joints, and fractures) allows us to
characterize potentially unstable areas (Hoek
and Bray, 1981; Matheson, 1983; Priest, 1993;
Selby, 1993; Gtinther et al., 2004; Jaboyedoff
et al., 2004; Glenn et al., 2006). In soft-rock
slopes and sediments, the analysis of surface
fissures may indicate the development of fu-
ture failures (Krauskopf et al., 1939; Shreve,
1966; Chowdhury and Zhang, 1991; Abramson
et al., 2001; Khattak et al., 2010) and is often
considered as a geo-indicator of the activity
stage of a landslide. In sediments, the surface
fissure characteristics also influence water in-
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filtration and drainage, which in turn affect
the ground-water system and the kinematic re-
sponse of slopes to hydrological events (Malet
et al., 2003, 2005a; van Asch et al., 2009).

Maps of surface deformation features can
be obtained by extensive field surveys either
through the direct visual observation of the
topography (Fleming et al., 1999; Meisina,
2006) or through the indirect measure of seis-
mic wave propagation in tomography setups
(Grandjean et al., 2011; Bievre et al., 2012). Rel-
atively large fissures on landslides may also
be discernible in Very-High-Resolution (VHR)
spaceborne images (Glenn et al., 2006; Youssef
et al., 2009), but typically, those structures
reach widths in the decimetre-range and at
present only airborne photographs provide suf-
ficient detail for their detection in the centimet-
ric range. Recent studies (Eisenbeiss, 2009; Ni-
ethammer et al., 2011a) have shown that VHR
images acquired from unmanned aerial vehi-
cles (UAVs) are cost-efficient data sources for
the monitoring of landslide surfaces with sub-
decimetric image resolution. Especially small
UAVs with payloads below 5 kg and operating
altitudes below 2000 m are expected to be em-
ployed much more frequently in coming years
(Frost and Sullivan Co., 2007) though more spe-
cific regulations for their operational use are
being discussed at national and international
levels (Prats et al., 2012; Watts et al., 2012).

Visual interpretation of VHR imagery is a
classical method in geomorphology, but it re-
mains subjective, and rather impractical for
repetitive observations or the inspection of
large areas. An increasing number of stud-
ies therefore targeted the development of auto-
mated techniques to extract relevant features
from imagery (Graham et al., 2010; Martha et
al., 2010; Stumpf and Kerle, 2011). Although
the detection and extraction of linear features is
a fundamental operation in digital image pro-
cessing (Quackenbush, 2004; Mendonca and
Campilho, 2006; Papari and Petkov, 2011), rel-
atively few studies have explored the applica-
tion of automatic approaches for the mapping
of geomorphologically relevant linear features
(Baruch and Filin, 2011; Shruthi et al., 2011).

Considering the increasingly widespread
availability of subdecimetre resolution images
from UAVs and other airborne platforms, this
study targeted the development of a semi-
automatic image analysis technique to support
geomorphologists in the detection, mapping
and characterization of landslide surface fis-
sures from VHR aerial images. In this context,
the term "semi-automatic" expresses that the
technique requires user input to be adapted
for different image types and environmental
settings. The developed method is based on
a combination of Gaussian directional filters,
mathematical morphology and objectoriented
image analysis (OOA) and was tested on a set
of multitemporal VHR images acquired at the
Super-Sauze landslide (southeast French Alps).
The obtained results were compared to manual
mappings carried out by experts combining
image interpretation and field surveys.

2 Types of surface fissure ob-
served on landslides

Detailed observations of landslide surface fis-
sures were provided by Krauskopf et al. (1939)
who adapted analogies from structural geol-
ogy for their interpretation and distinguished
between strike-slip structures, normal faults,
graben structures and compression structures.
In addition, Ter-Stephanian (1946) noticed the
mechanical significance of surface fissures and
elaborated a classification scheme relating fis-
sure morphology and location within the land-
slide mass to corresponding mechanical pro-
cesses. This included a first-order differenti-
ation between upper extension, side friction,
central compression, and lower creep-on cracks.
Although some authors used similar classifi-
cation schemes (Bombard, 1968), the adopted
terminology varies among different authors
and affected lithologies (Fleming and Johnson,
1989; Cruden and Varnes, 1996; Fleming et al.,
1999; Walter et al., 2009), and the terms crack
and fissure are often used synonymously to
refer to a variety of surface discontinuities.
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Here, fissure is adopted as a generic term
for open fractures on the topographic surface
of a natural slope. At first instance, transversal,
longitudinal and diagonal fissures are distin-
guished according to their main orientation
axes relative to the dip of the slope. This termi-
nology can be used ad hoc to classify fissures
solely based on geometric properties observed
in the field or in an image. A more refined
mechanical classification such as provided in
Ter-Stephanian (1946) will generally require
considerations of the fissure patterns, the in-
volved material and the local geometry of the
slip surface. The term crack is used in this
manuscript when referring to genetic processes
described within classical fracture mechanics
(Anderson, 2005). It should be noted that the
term crack is also often adopted to refer to
shrinking-swelling induced fractures (Malet et
al., 2003) which are not the objective of this
study.

Classical fracture mechanics postulates ten-
sile opening, sliding and tearing as the three
basic modes for crack propagation (Fig. 1a).
The concept has been developed for brittle ma-
terial but is also adopted to explain fracturing
of plastic materials at high deformation rates
(Schulson and Duval, 2009). Surface fissures
may develop from a combination of all three
modes, whereas in practice, considering the rel-
atively low tensile fracture toughness of most
geomaterials (Backers, 2004; Ke et al., 2008;
Schulson and Duval, 2009), tensile fracturing
can be expected to dominate the formation
of fissures at the free surfaces of a landslide.
However, interpreting tension cracks as a di-
rect indicator for a purely tensile stress regime
may often fall too short. In fact, tensile frac-
turing may also result from relaxation of ten-
sile stresses that originate from deformation
induced by shearing and compression as well
(Wang and Shrive, 1995). A mechanical inter-
pretation and classification of the fissures must
therefore consider the fissure pattern, material
and landslide geometry.

Fig. 1b-d illustrates three typical fissure
patterns that are frequently used as geoindi-
cators of specific deformation processes in the
above-cited studies. One commonly observed
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example for such patterns is the formation of
en-echelon fissure arrays (Fig. 1c), often also
termed Riedel shears (Riedel, 1929). They ac-
commodate tensile stress and shear stress typ-
ically resulting from shear in the bounding
zone of blocks moving with different displace-
ment rates. Certain patterns such as arrays of
transversal fissures (Fig. 1b) are typically asso-
ciated with tension in the steeper upper slopes,
whereas fissures resulting from compression
and lateral extension (Fig. 1d) are more typi-
cally associated with gentler slopes in the tran-
sit and accumulation zones of landsides (Sow-
ers and Royster, 1978). For landslides with a
complex geometry, the position of those fis-
sure patterns may however deviate consider-
ably from this simple scheme (Niethammer et
al., 2011a).

3 Study site and data

The Super-Sauze mudslide is an active slow-
moving landslide located in the Barcelonnette
Basin in the Southern French Alps (Fig. 2)
that developed in weathered black marls in
the 1960s, and features highly variable dis-
placement rates (from 0.01 to 0.40 m day!)
controlled by the local hydrological conditions
(Malet et al., 2005a). The landslide measures
950 m from the main scarp to the toe, and is
up to 150 m wide. The moving mass has a clay-
rich matrix containing up to 30% coarse gravel
as well as larger boulders and blocks (Malet
et al., 2005a). The surface displays the signs
of deformation in the form of ridges, bulges,
lobes and fissures but also markers of surface
erosion such as rills and small gullies. Unlike
surrounding stable areas the landslide surface
is largely bare and only at a few locations, espe-
cially at its toe, cushion plants form small veg-
etation patches. Fissure widths of 0.01-0.40 m,
lengths of more than 1.0 m and depths of up
to 1.5 m (Espinosa, 2009) can be observed in
the field (Fig. 4b). During the last 15 years,
the landslide has been investigated through
numerous monitoring campaigns including in-
situ geophysical measurements, terrestrial and
airborne LiDAR (light detection and ranging)
and the acquisition of VHR optical imagery.
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Fig. 1. Generic types of surface fissures and their typical spatial occurrence within a landslide mass. (a) Modes of fracture
propagation: mode I (opening), mode II (sliding) and mode III (tearing). (b) Fissures developing predominately in mode

I and resulting from tensile stress. (c) Fissures developing predominately in mode I and resulting from shear stress. (d)

Fissures developing predominantly in mode I resulting from compressive stress and lateral expansion. (e) Division of a

landslide mass (Sowers and Royster, 1978).

Fig. 2. Oblique view of the Super-Sauze landslide combining a hillshade image derived from an airborne LiDAR DTM (July
2009) and a UAV image (October 2008). (a) Main scarp (hashed black line), transport and accumulation zone (black outline),
and area of interest for the multi-temporal analysis (white square). UAV image subsets show (b) compression ridges, (c)

longitudinal fissures, (d) diagonal fissures at the boundary of the active part, and (e) and transversal fissures.
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Fig. 3. Subsets of orthophotographs (see location in the white bounding box in Fig. 2a) acquired at five different dates with details

of the acquisition systems and image ground resolutions.

In the VHR airborne optical images, the fis-
sures can be recognized as dark curvilinear
structures (Fig. 2c-e) as soon as their width
approaches one pixel in size. Previous studies
(Malet, 2003; Niethammer et al., 2011a; Walter
et al., 2012) already discussed relationships be-
tween the observed fissure patterns (Fig. 2c-e)
and strain resulting from a spatially hetero-
geneous displacement field and interactions
between moving mass and the stable bedrock.
However, a full reconstruction of the complex
bedrock geometry that may allow for a more
detailed characterisation of the underlying de-
formation mechanisms has been conducted
only recently (Travelletti and Malet, 2012).
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3.1 Airborne acquisitions of VHR
optical imagery at the Super-
Sauze landslide

Between April 2007 and October 2009, diverse
imaging systems and airborne platforms were
used to acquire VHR images of the landslide
at five different dates (Fig. 3). In July 2008,
October 2008, and October 2009, a low-cost
UAV system equipped with compact camera
was operated at flight heights between 100 and
250 m yielding images of the surface with a
ground resolution between 0.03 and 0.10 m.
The individual images were corrected for barrel
lens distortion, rectified according to ground
control points (GCPs) measured with differ-
ential GPS (DGPS), and finally merged into
one large orthomosaic. Further details on the
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image acquisition and processing were pro-
vided by Niethammer et al. (2010, 2011b) who
quantified the residual positional error (x-y)
for the October 2008 images with 0.5+£0.57 m
within the boundaries of the sliding area. The
UAYV images for July 2008 and October 2009
are expected to provide better positional accu-
racies because they were orthorectified using
elevation models that were generated from a
photogrammetric analysis of the images.

During the two airborne LiDAR surveys
in May 2007 and July 2009 (see Section 3.2),
two orthomosaics of optical images with full
coverage of the landslide were recorded using
medium format cameras (Fig. 3) mounted on,
respectively an airplane and a helicopter. The
surveys used fully integrated systems for di-
rect georeferencing and orthorectification with
LiDAR surface models (see Section 3.2), which
in general provide sub-decimetre positional ac-
curacy in the x-y plane (Vallet, 2007).

For the study presented here, additionally
60 homologous tie points on stable areas were
manually selected in the available images and
showed a mean relative alignment error of
0.76+0.82 m among the different acquisitions.
Further details on the adopted camera sys-
tems and the resolutions of the images result-
ing from the five surveys are summarized in
Fig. 3. The figure also illustrates the consid-
erable radiometric differences among the five
images originating from illumination changes,
seasonal variations and the distinct character-
istics of the sensors. The scenes for May 2007,
October 2008 and October 2009 were acquired
under cloudy conditions with diffuse sky radi-
ation and consequently show a more homoge-
nous illumination of the surface. The scenes
for July 2008 and July 2009 in contrast were
recorded under sunny sky yielding strong con-
trast and many cast shadows. The latter are
more prominent in the image for July 2008
which was recorded in the morning hours, at
a relatively low sun angle. Although available
methods for absolute and relative radiometric
correction can be employed for the radiometric
alignment of satellite images (Hong and Zhang,
2008; Vicente-Serrano et al., 2008), to the best
of our knowledge, no approach exists to accu-

rately align the radiometry of sub-decimetre
images from different sensors, with substantial
changes in illumination, a complex topography
and changing surface characteristics. Initial test
using histogram-matching, linear-regression
(Schott et al., 1988) and iteratively re-weighted
regression (Canty and Nielsen, 2008) did not
provide satisfactory results. Consequently, no
radiometric normalization was performed and
the image analysis technique was designed and
tested with radiometric diverse imagery.

In order to calibrate adjustable parameters
of the detection algorithm to the targeted fis-
sures and the variable scene characteristics, the
processing was first tested on a subset of the
terrain covering 14,000 m? in the central part
of the landslide (Figs. 2a and 3). This section
was characterized by different fissure patterns
and recorded during all surveys (including July
2008 and October 2009 which did not yield full
coverage of the surface). Subsequently, the
developed workflow was applied on the full
scenes for a comprehensive mapping and anal-
ysis of the fissure distribution. Corresponding
results for the full extent of the Super-Sauze
landslide and their mechanical significance are
discussed in Section 5.2.

3.2 LiDAR DTM

Two airborne LiDAR surveys were conducted
in May 2007 and July 2009, respectively. The
first survey used a Riegl LMS-Q560 laser scan-
ner mounted on an airplane flying 600 m above
the ground and resulted in a mean point den-
sity of 0.9 pts m~2 after vegetation filtering.
The residual 3D positional error of the ground
points was quantified as 0.12 m. The second
survey was conducted with a Riegl Q240i laser
scanner mounted on a helicopter and after veg-
etation filtering resulted in a mean point cloud
density of 3.2 pts m~2. The residual 3D posi-
tional error of the ground points was 0.07 m.
Continuous surface rasters with a pixel size
of 0.5 m were interpolated from the respective
point clouds using Delaunay triangulation. The
resulting surface was then adopted for the ex-
traction of the principal hydrological drainage
lines.
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Fig. 4. Images of surface fissures. (a) Subset (see extent in Fig. 3) of the UAV image from October 2008 showing typical fissure patterns

and (I-IV) grey-value profiles (green channel) approximated with Gaussian curves. (b) Field photograph taken in October 2009.

3.3 Reference datasets: expert maps
of surface fissures

Reference mappings of the fissure characteris-
tics (type and distribution) were elaborated by
an expert geomorphologist familiar with the
study site. The fissures were first identified
on-site during a field survey carried out in Oc-
tober 2009 at the same time as the acquisition
of the UAV images. The position of the fissures
was mapped using a dGPS survey and terres-
trial photographs. Then image interpretation
rules were defined to identify and digitize the
fissures on the images as polyline vectors using
a 2D view and at a scale of 1:250. The image in-
terpretation rules were then applied to the four
other images in order to elaborate an expert
tissure map for each date. The resulting five
maps were adopted as a reference to assess the
performance of the semi-automatic method.
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4 Image processing methods

While first generic edge detection operators
were already proposed in the 1980s (Marr and
Hildreth, 1980; Canny, 1986), the extraction of
linear features from imagery remains a chal-
lenging task in many disciplines such as medi-
cal research (Mendonca and Campilho, 2006),
earth science (Shao et al., 2011; Shruthi et
al., 2011) or signal processing (Lampert and
O’Keefe, 2011). For our focus, the specific chal-
lenges posed for an automation of fissure de-
tection can be summarized as follows:

e The approach should be scalable to ap-
ply for variable fissure sizes and image
resolutions, and as insensitive as possible
to variable radiometric image characteris-
tics;
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e The technique should not respond to
edges but enable the detection of dark
curvilinear structures that may be ori-
ented at any direction. Classical tech-
niques such as Sobel operator and the
Canny detectors (Gonzélez and Woods,
2008) have been designed specifically for
edge detection and are not directly appli-
cable;

e The complex micro-topography, the pres-
ence of rock blocks and gravels as well as
small patches of vegetation yield highly
textured images. Consequently, the ap-
proach should enable us to smooth out
spurious signals from the noisy back-
ground while still retaining small par-
tially disconnected linear features of in-
terest. Contextual scene information
should be taken into account to resolve
ambiguities of the local features.

Considering these challenges, a process-
ing workflow including three main stages
was developed. Firstly, a set of scalable
Gaussian filters is applied to detect fis-
sure candidates and suppress responses
at edges. Secondly, a set of morpholog-
ical filters is used to close small gaps
along the extracted candidates. Thirdly,
an object-oriented procedure is followed
to eliminate some of the false positives
exploiting higher-level scene information
with contextual rules.

4.1 Stage 1: extraction of fissure
candidates using a Gaussian
matched filtering algorithm

A particularly well-studied example for the
detection of dark curvilinear structures is the
extraction of dark blood vessels in photographs
of the human retina. Based on the observation
that the cross-profiles of the vessels resembles a
Gaussian distribution, Chaudhuri et al. (1989)
proposed the use of a matched filter (MF) that
is essentially a Gaussian convolution kernel
subtracted by its own mean value. As illus-
trated in Fig. 4a, the cross-sections of surface
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Fig. 5. Illustration of the principles of the Gaussian filtering for
(a-c and f-h) a simplified 1-D case, (d and i) a 3D visualization of
2D filters and (e and j) the filter responses for the image subset in

Fig. 4a. See text for details.

fissures can be approximated with a Gaussian
distribution and an MF scaled to the size of the
tissure will give a peak response when cross-
ing the fissure at an angle of approximately
90°. Because the MF still yields errors such as
false detections at step edges (Fig. 5a, c) nu-
merous extensions (Hoover et al., 2000; Sofka
and Stewart, 2006) and alternative approaches
(Mendonca and Campilho, 2006; Soares et al.,
2006) have been developed. Recently, Zhang et
al. (2010) proposed modification to the original
MF filtering approach integrating a first order
derivative of a Gaussian function (FDOG) to
locally adapt the thresholds separating dark
lines from non-target features. Compared to
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other state-of-the-art algorithms their approach
provided competitive accuracies while being a
computationally efficient and hence easier to
apply on the large images resulting from VHR
remote sensing.

For this study, a similar approach was im-
plemented in ENVI-IDL 4.8 (ITT Visual Infor-
mation Solutions). The algorithm and its pa-
rameterization are detailed below.

The MF is a two dimensional kernel de-
fined in the x-direction by an inverted Gaus-
sian profile (Fig. 5b), and in the y-direction by
replicates of the same profile (Fig. 5d). It may
be denoted as:

MF =g(x;y;0) = —

for|x| < 3c,|y| < L/2

where ¢ denotes the standard deviation of the
Gaussian functions and relates to the width of
the targeted feature. To centre the kernel on
zero, it is subtracted by its own mean m. The
extent of the kernel in the x-direction is typi-
cally constrained to 3¢, whereas L defines the
extent of the kernel in the y-direction and can
be related to the length of the fissures. Because
the matched filter still yields false responses at
dark and bright step edges (Fig. 5c) Zhang et
al. (2010) proposed to use the response of the
FDOG to locally adjust the thresholds which
are applied to classify the MF response into
fissure and non-fissure structures. In analogy
to Eq. (1), the first order derivative filter may
be denoted as:

FDOG = ¢'(x;y;0) = —
for|x| < 3c,|y| < L/2

Fig. 5f illustrates that the FDOG responds
with a single peak to edges but with a zero
crossing at the centre of the idealized fissure.
A simple mean filter can be applied to broaden
the zero crossing into a plateau covering the
whole width of the fissure (Fig. 5f). Subtracting
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the smoothed FDOG response from the MF re-
sponse will attenuate the signal at edges while
at the position of the fissure the full response
is retained (Fig. 5h).

Since the orientation of the fissures is a
priori unknown, multiple rotated versions of
the Gaussian filters are applied to the image
and for each pixel only the maximum response
value is retained. This corresponds to finding
the angle 0ax(xy) which maximizes the filter
response at a given position in the image I,
using;:

Omaxry) = arg max (1) © MFy)  (3)

for0<6;, |yl <m

where ® denotes the convolution operator and
6 the orientation of the MF.

The calculation of the maximum response
image R can then be obtained with:

Riey) = [T ® MFomare)| >0 @)

where all negative response values are auto-
matically set to zero and only values greater
than zero are retained. The FDOG filter is
rotated according to the determined 6, (x,)
and the corresponding response image D can
be derived by:

D(xy) = |I(xy) @ FDOGg max(xy) @ m| (5)

where M denotes the above-mentioned mean
filter used to broaden the zero crossing to the
width of the fissures.

While Zhang et al. (2010) used a very broad
mean filter with a fixed size, we suggest to use
a kernel size that matches the width of the
Gaussian kernel (60) and is thereby related to
the width of the targeted features (Fig. 5a, f).
In contrast to early studies where the FDOG re-
sponse was used to locally adapt the threshold
(Zhang et al., 2010) the final response image R
is obtained by subtracting the FDOG from the
GMF response using:

Rixy) = Rxy) = Ct* Dy (6)
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where Ct denotes a user defined trade off pa-
rameter to adjust the sensitivity of the detection
with typical range of values between 3 and 4.
A threshold T is defined by:

T = pug+ 20 (7)
where i is the mean of the response image R
and o% is the respective standard deviation.
A binary fissure candidate map Fy) is ob-
tained by applying the threshold T on the re-
sponse image R using:

Rixy) 2 Tixy) * Fonap =1 ®)

R(x,y) < T(x,y) : qup =0

The thresholding after subtraction of the FDOG
response was found to provide a generally
more robust attenuation of undesired edge re-
sponses than the technique previously applied
by Zhang et al. (2010).

In summary, the user needs to specify four
simple parameters, namely (1) the scale of the
filter kernels in terms of o, (2) the length L of
the kernel, (3) the constant Ct of the threshold-
ing sensitivity and (4) the number of orienta-
tions ny at which the filters are calculated. In
this study, ng was kept constant at 36 for all
experiments, whereas, if computational time
becomes an issue, the angular resolution may
be reduced to 12 steps without major losses of
accuracy. To determine ¢ a tool was created,
which allows drawing profiles on the image
and automatically estimates the fitting Gaus-
sian function (Fig. 4). Cross-profiles of the
smallest fissures visible in the image with the
coarsest resolution (0.1 m pixelfl) were best
fitted by Gaussian curves with ¢ ~ 0.6. To
ensure a homogenous scale of the detected
features among all images, the kernel can be
scaled by changing ¢ relative to the image
resolution. If, for instance, the image reso-
lution is increased to 0.08 m pixel !, a value of
o ~ 0.75 yields a kernel with the same physical
size (Table 1). The same applies to the filter
length L which was estimated at 1 m corre-
sponding to the typical minimum length of the
fissures. Resampling of the images can thereby
be avoided. In our experience, ¢ establishes the

lower bound for the width of the targeted fea-
tures, whereas the filters still remain sensitive
to features which are up to 5 times larger. For
the choice of ¢ it is also helpful to note that the
discrete kernel cannot represent FDOG func-
tions with ¢ < 0.5.

To assess the sensitivity of the parameters
and to determine a suitable threshold param-
eter Ct, a sensitivity analysis was carried out
on a subset of the October 2008 image. Based
on a visual assessment, values of L = 1 m and
o = 0.75 were found suitable for the detection
of the fine fissure structures. The preliminary
analysis also showed that increasing the pa-
rameters L and o directs the detection towards
more elongated and broader features, whereas
in general the sensitivity of those parameters
is rather low compared to the influence of the
threshold Ct. Values of Ct = {0.0, 1.0, 2.0, 3.0,
and 4.0} were tested and based on a visual as-
sessment of the outputs, a value of Ct = 3 was
established for an optimal trade-off between
detection rate and the amount of false posi-
tives. The final parameter set is summarized
in Table 1.

Table 1
Parameter set of the Gaussian filters scaled according to the respective image resolution.

Image date May 2007 July 2008 October 2008 July 2009 October 2009

Pixel size [m] 0.10 0.10 0.08 0.05 0.05
o [pixel] 0.60 0.60 0.75 120 120
L [pixel] 10 10 12 20 20
Ny 36 36 36 36 36
Ct 3.0 3.0 3.0 3.0 3.0

4.2 Stage 2: connection of broken
lines using structuring elements

The highly textured surface of the landslide
constitutes a noisy background that affects the
detection especially at section where the fis-
sures are very thin or partially occluded. While
a human operator can easily interpolate bro-
ken lines through perceptual grouping (Met-
zger, 1975), this needs special attention for a
semi-automated mapping technique.

To close small gaps between broken line seg-
ments of the detected candidates, a hit-or-miss
transform algorithm (Serra, 1982) was used.
The transform assigns a value of 1 to each pixel
whose local neighbourhood fulfils the criteria
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Fig. 6. Strategy used to connect broken line segments.

(a) Working principle of the hit- and miss transform, (b)

hit structures, (c) miss structures and (d) respective rotations used for the plausible pixel neighbourhoods.

defined by hit-and-miss structures (Fig. 6a),
also known as structuring elements. They
were defined to address all plausible 3-by-3
neighbourhoods representing small gaps in
the detection starting from four prototype hit-
structures shown in Fig. 6b. The respec-
tive miss-structures (Fig. 6c) are typically de-
rived by simply inverting the prototype hit-
structures, and both elements were rotated
(Fig. 6d) to test for a total number of 24 possi-
ble neighbourhood arrangements. Exceptional
cases were thereby the structuring elements
for closing directly diagonal gaps, where an
extended neighbourhood was used for the hit-
and-miss structures (Fig. 6b, c) to prevent con-
nections of lines running parallel to each other.

The connectivity of the line segments was
also particularly important for the subsequent
object-oriented post-processing, where objects
constitute from pixels groups connected in a
Von Neumann neighbourhood (four adjacent
pixels at each side), and small isolated objects
could be disregarded as noise.

4.3 Stage 3: object-oriented analysis
for false positive removal

Due to visually similar objects, such as linear
erosion features (rills and small gullies) and
elongated shadows induced by the microtopog-
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raphy, the fissure candidates resulting from the
described filtering routine may still comprise
numerous false positive detections. While a
human interpreter can differentiate most of the
false positives assessing the geospatial context
of the scene, the efficient use of such informa-
tion with automated systems is a challenge for
object-oriented image analysis.

To exploit the contextual scene information
for an automatized refinement of the extracted
fissure candidate maps, an object-oriented rou-
tine that integrates spatial reasoning into an
explicit form was elaborated and implemented
using eCognition 8.64 (Trimble, 2011). The
routine included the following steps:

1. The ratio of shadow around the detec-
tions is evaluated and candidates with
a ratio of shadow pixels in their small-
est enclosing circle above 33% are re-
garded as false detections induced by
shadings of the micro-topography. This
ratio threshold was determined empiri-
cally through visual inspection of the can-
didate fissures, and selected to capture
elongated false detections with one side
lying fully in shaded zones. The thresh-
old for shadow can thereby be adjusted
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according to the illumination conditions
and the dynamic range of the image (Ta-
ble 2).

. Further false detections may result from
vegetation which typically shows a lower
reflectance in the green and red channel
compared to the blue. The blue ratio in
the sum of all channels is consequently
typically below one third for vegetated
areas. The suitable value varies slightly
with the illumination conditions and the
season, and Otsu’s method (Otsu, 1979)
was employed to automatically adapt to
such changes. Through an iterative test-
ing of all possible values, Otsu’s method
determines threshold value that maxi-
mizes variance between two classes in
an image. Hence, constraining the search
space to all pixels with a ratio blue be-
low 33%, the algorithm was used to de-
termine the thresholds that maximize the
contrast between vegetation and the back-
ground (Fig. 7). Fissure candidates cov-
ered by the resulting vegetation class,
or having a relative border length larger
than 0.15, were subsequently removed.

. Another class of frequent false detections
resulted from linear objects such as rills,
gullies and nearly vertical steps at the
landslide flanks, which may locally ob-
tain similar characteristics as the targeted
fissures. To test for the presence of larger
linear features and evaluate their rela-
tionship with fissure candidates, a strat-
egy to suppress additional false positives
was required. For the mapping of the
larger linear elements, two sources were
adopted. First drainage lines were ex-
tracted from the LIDAR DTMs using hy-
drological standard tools (Tarboton et
al., 1991) and enlarged with a surround-
ing buffer of 0.5 m. A second approach
was to repeat the Gaussian filtering with
the parameter set indicated in Table 1,
but with a two times increased scale ¢
and a five times coarser image resolu-

Table
were

tion (resampled with bilinear interpola-
tion). This is equivalent to a search with
a 10 times larger scale providing a suf-
ficiently large scale difference to assure
that none of the detected linear features
would correspond to fissures. The linear
objects extracted with both approaches
were virtually overlaid with the fissure
candidates, and the difference of the ori-
entations of their respective centre lines
was adopted as criteria to evaluate if the
fissure candidate was in fact part of a
larger linear object or constitutes an inde-
pendent structure (Fig. 8). Image-based
measurements of the angular offset of the
fissured indicated a minimum offset of
about £13°. Considering that the lowest
effective friction angle values measured
for the landslide material are &/ = 26°
(Malet et al., 2005b), the thresholds are
consistent with the orientation of a’/2
that the Coulomb criterion predicts for
the orientation of shear fissures at the
landslide boundary (Tchalenko, 1970).

A last filtering step was implemented by
removing all candidates with length not
longer than 0.4 m and an area smaller
than 0.1 m?. Finally, all fissure candi-
dates falling in areas with a fissure class
density lower than 1% in a surrounding
neighbourhood of 10 m? were considered
as noise and also removed.

2 displays that most adopted thresholds
kept the same among all the images and

only the classification rule for the shadow areas
was adapted in order to compensate radiomet-
ric differences in the input images.

Table 2
Summary

of the thresholds adopted in the object-oriented post-processing routine. See

text for details.

Feature

Thresholds

Shadow
Shadow

Vegetation

Relative
Minimu:
Minimu:
Minimu:
Minimu:

Red<100%*, 40**
<033
Ratio blue <0.33 4+ Otsu

ratio

border to vegetation <0.15

m angular difference >13°

m length (clean up) >04 m

m area (clean up) >0.1 m?

m fissure density (clean up) >1%10 m~2

* For M
** For Ju

ay 2007, July 2008 and October 2008.
ly 2009 and October 2009.
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Fig. 7. Illustration of the automatic threshold detection for the intermediate mapping of vegetation. (a) Subset of the
October 2008 image at the toe of the landslide. (b) Ratio blue. (c) Initial thresholding at ratio blue b 0.33 to obtain vegetation
candidates (yellow). (d) Histogram of the vegetation candidates with the automatically selected threshold. (e) Final map of

the vegetation (green).

removed

h . "*!‘
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Fig. 8. Illustration of the object-oriented post-processing routine. (a) Fissure candidates that overlapped with linear
structures. (b) Linear structure detected at a ten times greater filter scale. The fissure candidates aligned with the linear

structures at angles below +13° were removed.
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Fig. 9. Example of comparison of the obtained fissure maps with the expert mapping for October 2010 (fissures in red). (a) Area

with relatively high agreement of the mapped fissure patterns. (b) Area with relatively high rate of false negatives and false

positives. The scale of the representations corresponds approximately to the scale used for the expert mapping (1:250).

5 Results and discussion

51 Comparison with multi tempo-
ral manual mappings

The primary output of the developed process-
ing routine is a map of the detected fissures
represented by polygons. Applying a Delau-
nay triangulation that extracts the skeleton of
those polygons (Trimble, 2011), a 2D line rep-
resentation, which enables a more immediate
comparison with expert mappings, can be ob-
tained.

Fig. 9 displays an example of comparison
between an expert map and the result of the
semi-automatic detection. A first visual as-
sessment of the obtained maps suggested bet-
ter agreement of the fissure patterns in areas
with high contrast and low texture (Fig. 9a),
whereas false positives and false negatives con-
centrated in sections with low contrast and
increased surface texture (Fig. 9b).

For a quantitative assessment of the map-
ping accuracy, the obtained results were com-
pared with the expert mappings in the cen-
tral part of the landslide (Fig. 9c) at all five

dates. While several accuracy measures for
geographic line datasets have been already pro-
posed, there is still no consensus about one
generally applicable technique and the metrics
should be selected according to the problem at
hand (Ariza-Lopez and Mozas-Calvache, 2012).
Here, we focus on three crucial aspects of the
map accuracy that may have direct implica-
tions for their further use, namely the size of
the affected (e.g. fissured) area, the length and
density of the fissures, and their orientation.

5.1.1 Size of the fissured area

Tveite and Langaas (1999) suggested an ac-
curacy measure for line datasets based on re-
peated buffering and overlay operations of de-
tected and reference line datasets. A similar
strategy was adopted in this study by repeat-
edly calculating true positive and false posi-
tives rates from two raster data representing
the detections and the expert mapping at in-
creasingly coarser resolutions. The raster data
were calculated at 10 cm steps for resolutions
between 0.1 and 1.0 m, and each pixel was as-
signed as fissured or non-fissured area accord-
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ing to the presence or absence of a fissure in the
detections and the reference map, respectively.
The resulting receiver operating characteristics
(ROC) plots are presented (Fig. 10). The analy-
sis showed a correspondence with the expert
maps at true positive rates typically above 40%
and up to 65%. The false positive rates were
below 5% except for the scenes recorded with
full sunlight where false positive rates up to
9% could be observed (Fig. 10).

5.1.2 Fissure length and density

Hydrological models that integrate the influ-
ence of surface fissures on infiltration and pref-
erential flow have demonstrated that the frac-
tion of fissures per unit area is an important
parameter with considerable influence on the
modelled water storage (Malet et al., 2005a;
Krzeminska et al., 2011). Such models are typi-
cally generated at slope scale with grid resolu-
tions below 10 m. To assess the accuracy of the

extracted maps with respect to this potential
application, the fissure density was calculated
as the line length in circular sliding windows
with diameters between 2 and 10 m, and com-
pared among automated detection and expert
mappings.

The regression plots in Fig. 11 illustrate
the correlation of the fissure density estimates
with a 5 m circular sliding window yielding co-
efficient of determination (R?) typically above
0.5. The regression analysis further indicated
generally higher densities resulting from the
semi-automatic detection originating from false
positive detections but also from a stronger gen-
eralization of the fissure line drawings within
the expert mapping. Exceptions from this gen-
eral trend are the results obtained from the
image of July 2008 which was recorded at a
low sun incidence angle leading to a relatively
low RZ, = 0.36. The bar plots in Fig. 11 display
generally higher R? values at increasing resolu-
tions of the density raster. This is a well-known

e 2714 ke S

© /’ //’ ,//
[0)] O.- ,/’ T ,/, T ///
© 7 L L
231 ./~ [e100cm| |- |
= ° 77 [ Pad .
i) ] o s i P
g =3 e 1 18
g o ° ,,// ; } //,/ g /’//
= e '] g i

S 10cm || . 1

L 37 N L
o] @D Vay 2007 || - 2 July 2008 || - @ October 2008
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
False positive rate False positive rate False positive rate

Qo 211 ~

© | ’/’ | ///
o S v .
‘@‘ /,/ ‘ ,’/
o © @ 7 . A
:"E e ' ’/’ : /’/
(%} ® . ® ’
g8 =] ¢ 1
o © . 4
= s v
 « ’/’ /,’

o ’ T ’

a N s
ol ~ < July 2009 | | - @ October 2009
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

False positive rate

False positive rate

Fig. 10. Receiver operating characteristics (ROC) plots for the fissured area at different map resolutions. The sky conditions for the

five different dates are indicated.
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effect of spatial aggregation on correlation
statistics (Gotway and Young, 2002) but also
reflects the contrast between stronger discrep-
ancies of local details and a better correspon-
dence of the global fissure pattern pictured in
the respective maps. The highest correlation
was observed among the mappings for May
2007 with R, == 0.88 indicating that the lower
resolution of the corresponding input image
was not an important factor for the accuracy of
the detection.

5.1.3 Fissure orientation

As outlined in the Introduction section, dif-
ferent fissure patterns may signal respective
mechanical processes, and statistics of the prin-
cipal fracture orientation often allow us to es-
timate the directions of the principal stresses
(Pollard and Fletcher, 2005). The fissure orienta-
tions were quantified as a third factor to assess
the accuracy of the extracted maps using rose
diagrams frequently employed for the analysis
and interpretation of two dimensional orien-
tation data (Jammalamadaka and SenGupta,
2001). Rose diagrams with a bin width of 10°
were computed on a 10 m regular grid for the
semi-automatic detections and the expert map-
pings at all five dates. Considering the length
and direction of each bin expressed as a re-
spective vector the preferred fissure orientation
within a grid cell can be calculated by sum-
ming the vectors over all bins. Taking into
account all cells containing fissures in both the
expert map and the semi-automatic detection,
the mean absolute error (MAE) of the mean
orientations provides a quantitative measure
for the orientation accuracy.

The rose diagrams plots and error statistics
in Fig. 12 depict MAE values between 9.7°
and 22.5° for the five dates. The detections
on the three scenes recorded under cloudy sky
resulted in MAE not larger than 10.7°, whereas
the error rate clearly exceeded 20° with the
scenes of July 2008 and 2009 recorded with
full sunlight at the surface. The lower orienta-
tion accuracies are largely consistent with the
relatively low accuracies in terms of area (see
Section 5.1.1) and density (see Section 5.1.2)
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resulting from the detection at the latter two
dates.

5.2 Fissure patterns as
geoindicators
processes

possible
of deformation

For a comprehensive interpretation of the de-
tected fissure patterns at the scale of the entire
slope, the scenes of May 2007, October 2008
and July 2009 offering a full coverage of the
landslide, have been analysed. However, con-
sidering the relatively low detection accuracy
on the sunlit images of July 2009, the interpre-
tation was focused essentially on the scenes
of 2007 and 2008 spanning also over a period
with displacement rates significantly above the
average annual rates (Travelletti, 2011).

Comparing the detection results of May
2007 (Fig. 13a) and October 2008 (Fig. 13b),
a significant increase in the abundance of fis-
sures could be noted for the entire landslide.
This can be attributed to a phase of strongly in-
creased displacement rates (up to 3.5 m day~?)
in early June 2008 (Travelletti, 2011) preceding
the UAV survey in October 2008. However, in
October 2008, the displacement rates already
consolidated again at average rates between
0.01 and 0.03 m day~!, most of the fissures
induced in June were preserved and evolved
at the surface until October. This view is sup-
ported by the results obtained for the test area
with the five scenes (Figs. 10 and 11) picturing
rather a transient evolution than a complete
reorganization of the fissure patterns. Despite
partially strong disagreement in the absolute
measured fissure density, both expert maps
and semi-automatic mapping showed an in-
crease in fissure density after May 2007, with
higher values in October 2008 (Fig. 11) than
directly after the peak displacement in spring.
Pluviometric records for the area in 2008 show
the relatively dry summer season with a cumu-
lative rainfall of 110 mm for the month of July,
August and September, suggesting that the in-
creased fissure density in October is partially
caused by an increased brittleness of the upper
soil layer that dried out during summer.
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Fig. 12. Rose diagram plots with mean orientation (red line) and error statistics for the mean fissure orientation per

10 m grid cell for the test area at the five different dates. For visualization, the rose diagrams where plotted over a

hillshade of the landslide surface and the scatterplot angles were centred at 90°.
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Fig. 13. Pseudo 3D view showing the landslide dynamics inferred from the fissure patterns detected in the aerial images of (a) May 2007

and (b) October 2008. (c, d, and e) Close up views for October 2008 showing inferred landslide dynamics and stress vectors. The results

are overlaid on a hillshade model of the topography of the stable bedrock proposed by Travelletti and Malet (2012).

Besides the general increase in the amount
of fissures, it is intriguing to observe that at sev-
eral local plots, similar fissure patterns can be
observed at approximately the same positions
through time (Figs. 12 and 13a,b), despite maxi-
mal displacements of up to 55 m between Octo-
ber 2008 and October 2009 (Niethammer et al.,
2011a). This indicates the recurrent continuous
in-situ formation where the fissures provide
a close representation of the local strain field,
similar as observed for the evolution of glacier
crevasses (Harper et al., 1998).

122

Previous studies (Malet, 2003; Niethammer
et al.,, 2011a; Walter et al., 2012) already ob-
served close relationships between the occur-
rence of fissures and the geometry of the stable
bedrock at the Super-Sauze landslide. They
also noted a general contrast between higher
water content and rather ductile behaviour in
the lower subsurface (< 1 m) and typically
lower water content of the topsoil yielding
more brittle behaviour at the surface. The sur-
face fissures can therefore be understood as
the response to stresses induced in the top-
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soil through coupling with ductile strain in
the deeper subsurface. A similar model was al-
ready described by Fleming and Johnson (1989)
and adopted as a basis to qualitatively estimate
the patterns of flow and stresses from a joint-
interpretation (Fig. 13) of the detected fissure
patterns and a geometrical model of the stable
bedrock (Travelletti and Malet, 2012).
Considering the bedrock geometry and a
formation of the open fissures normal to the
direction of the least compressive stress (Pol-
lard and Fletcher, 2005), three different flow
field patterns leading to the fissure formation
at the Super-Sauze landslide can be suggested.
First, lateral shear at external and internal land-
slide boundaries aligned with the general flow
field leads to the formation of diagonal shear
fissure arrays (Fig. 13e). Second, longitudi-
nal compressive and tensile strain related to
abrupt changes in the slope of the sliding sur-
face induces tensile stresses at the surface that
results in transversal fissure arrays (Fig. 13c).
Third, divergence of the flow field over topo-
graphic ridges and at the outlets of confining
topographic channels induces lateral extension
and tensile stresses resulting in longitudinal
tissure arrays (Fig. 13d). At several locations,
those processes overlap and lead to the forma-
tion of mixed structures such as a radial fissure
patterns displayed in Figs. 4 and 13c, resulting
from lateral shear and longitudinal strain, and
from a divergent stress field, respectively.

5.3 Accuracy and related uses

Deformation patterns at the surface of land-
slides are important indicators for the mechan-
ical processes, whereas the elaboration of de-
tailed maps of such features remains a challeng-
ing and time-consuming task. While Sowers
and Royster (1978) still argued that aerial pho-
tographs do not reach sufficient resolution for
such mappings, modern digital sensors and
new aerial platforms such as UAVs today pro-
vide the necessary level of detail. Furthermore,
this study demonstrated the possible use of a
semi-automatic image processing chain for the
extraction of surface fissure maps.

The accuracy of the method was assessed
by comparisons with expert maps and demon-
strated heterogeneous areal accuracies with
true positive rates of up to 65% and false posi-
tive rates generally below 10%. In addition, the
orientation accuracy showed a variable quality
of the resulting maps with mean deviations
between 9.7° and 22.5°. The fissure densities
derived from both maps have significant cor-
relations (R? = 0.36-0.78), whereas the semi-
automatic detections yield typically higher es-
timates. Interestingly, this difference is more
pronounced with the images of 2009 (Fig. 10)
reflecting the contrast between increased semi-
automatic detection rates at higher resolutions
and the fixed scale of the expert mapping. Con-
trariwise, the best agreement among detection
and expert maps was measured for the scene
of May 2007 showing that the lower resolu-
tion does not necessarily yield lower accuracies.
Generally, lower accuracies were observed for
the scenes recorded with full sunlight at the
surface in July 2008 and 2009, and the worst re-
sults were obtained for July 2008 when images
were recorded at a relatively low sun incidence
angle. Since the direct sunlight induces shad-
ing that affects the local contrast and global
image normalization methods cannot alleviate
this problem, image acquisition with diffuse
skylight appears to be the generally better op-
tion.

In the initial stage of the processing chain,
a low-level linear feature detector is used. Sim-
ilar techniques yield competitive results in
medical image analysis (Zhang et al., 2010),
whereas the accuracies achieved with aerial im-
ages in this study are still significantly lower.
This must be attributed to the generally higher
complexity of outdoor scenes and at the mo-
ment still requires additional steps and param-
eters to take the contextual scene information
into account. The use of an OOA heuristic-
based post-processing technique proved useful
for the removal of false positives and helped
to objectify the image analysis by transferring
expert knowledge in an explicit form. The
analysis still relies on a number of fixed thresh-
olds which may hinder an easy transfer of

123



Stumpf et al., 2013. Published in Geomorphology 186, 12-27

the entire processing chain to a different ge-
ographic area. This concerns especially pa-
rameters that require knowledge of the local
processes (e.g. minimum fissure length and
effective friction angle), while thresholds that
can be determined directly from the image (e.g.
shadows and vegetation) may be adjusted more
effortlessly.

The development of surface fissures pre-
cedes and accompanies especially slow- and
very slow-moving landslides (Cruden and
Varnes, 1996) making the developed technique
particularly applicable to such types of land-
slides and to potentially unstable slopes. How-
ever, the spatial resolution of the acquired im-
ages must at least match, or should ideally ex-
ceed, the width of the targeted fissures, and the
vegetation must be sufficiently sparse to permit
direct view on the bare ground. The results
of this study demonstrate that if those require-
ments are met, the obtained fissure maps can
already provide sufficient accuracy to infer the
landslide dynamics and mechanical processes
at the slope scale (see Section 5.2). Density
maps from both semi-automatic and expert
mappings show a strong spatial and temporal
variability of the fissure abundance pointing
toward important local and temporal contrasts
in the infiltration capacity which may need con-
siderations in the design of hydro-mechanical
models. An analysis of the evolution and me-
chanics of individual fissures will however re-
quire higher temporal resolution and terrestrial
cameras have recently been installed at the sur-
face of the landslide to record imagery for fur-
ther research in this direction. It would also
be desirable to test the developed technique
for the investigation of other landslides with
different characteristics in order to validate a
more general applicability of the approach and
the mechanical interpretation of the observed
fissure dynamics.

The OOA heuristics already considers
multi-scale information to some degree (see
Section 4.3), whereas for further methodolog-
ical improvements an explicit integration of
an automatic scale selection technique at the
low-level filtering stage appears as a promis-
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ing approach to further reduce heuristics and
tuneable parameters (Stumpf et al., 2012). The
first and second stages of the proposed method
are generic for the detection of dark linear fea-
tures, and could in principle also be applied
to detect other geomorphological and geologi-
cal structures with similar characteristics. The
proposed technique might be of interest for the
mapping of gullies (Shruthi et al., 2011), geolog-
ical lineaments (Mallast et al., 2011), ice-glacier
crevasses (Vaughan, 1993) or tectonically in-
duced fractures (Allmendinger and Gonzélez,
2010), sufficiently larger to be depicted in sub-
metre satellite images.

Considering the intrinsic disagreement in
expert mappings of linear features, especially
in the inter- and extrapolation of lines (Sander
et al., 1997), further studies should also include
an assessment of the uncertainties of reference
maps since their quality can strongly bias the
evaluation of different alternative approaches
(Lampert et al., submitted for publication).

6 Conclusions

This study developed an image processing
chain to extract surface fissures from heteroge-
neous sets of VHR aerial images and tested the
approach with a challenging multi-temporal
set of images recorded at the Super-Sauze land-
slide for five different dates. The first two
stages of the developed workflow combine fam-
ilies of Gaussian matched filters and morpho-
logical filters, and are followed by an object-
oriented analysis to reduce the amount of false
positive detection using contextual information
and auxiliary topographic information. The
detection results can be represented in raster
maps or optional by centre skeleton lines.
Under homogenous illumination condi-
tions a comparison of the results with expert
mapping demonstrated detection rates of up
to 65% and orientation errors below 10°. Con-
trary, the technique is relatively sensitive to
shading effects at full sunlight and prone to
errors especially at low sun incidence angle. A
joint-interpretation of obtained fissure maps
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and of a 3D geometrical model of the stable
bedrock demonstrated their complementary
use for a better understanding of the geomor-
phological and geomechanical processes, such
that the detected fissure pattern may be used
for first approximation for mechanical pro-
cesses in the recent deformation history of a
slope. Possible directions for further research
are the reduction of tuneable parameters and
a more immediate exploitation of multi-scale
information, as well as an adaption of the tech-
nique to other linear features with geomorpho-
logical and geological relevance.
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Joint analysis of the Super-Sauze (French Alps)
mudslide by nanoseismic monitoring and
UAV-based remote sensing

M. WALTER?} U. NIETHAMMER?, S. RoTHMUND?, M. JoswiG”

Institute for Geophysics, University of Stuttgart, Germany

Abstract

Marco Walter, Uwe Niethammer, Sabrina Rothmund and Manfred Joswig report on how the study of land-
slide dynamics at locations like the Super-Sauze mudslide in the French Alps have benefited from emerging
methods such as nanoseismic monitoring and unmanned aerial vehicle remote sensing by resolving surface

fractures and mudslide-bedrock interaction.

Introduction

Due to global climate change and the fact that
mountain areas will become inhabited at a pro-
gressive rate, landslides pose a huge threat to
the environment, the infrastructure and the
people living in the vicinity of affected ar-
eas. In inhabited regions landslides can cause
enormous economic damage and unfortunately
human losses as well. Slope instabilities are
caused by the non-linear interaction of geologi-
cal, hydrological, morphological, and soil me-
chanical processes on many scales in time and
space. Models for the prediction of landslides
are very vulnerable because the influencing
parameters are still incompletely or unsatisfac-
torily observed. Therefore the observation of
landslides by multiple disciplines is the chal-
lenge of recent studies. Integrated analysis
should reveal further insights into the process
interactions and the complex behaviour of land-
slides.

Our research is highly motivated by newly
improved measuring techniques that can re-
solve specific landslide parameters at higher
resolution, and in repeat observations. We can
determine landslide dynamics using nanoseis-
mic monitoring (Joswig, 2008) and UAV-based
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Figure 1 Location of Super-Sauze and upward view of the
mudslide and its source area. Picture was taken in summer of

2006.

(unmanned aerial vehicle) high-resolution re-
mote sensing (Niethammer et al., 2009). With
the former, one can resolve fracture processes
in the shallow subsurface (Walter and Joswig,
2008; Walter and Joswig, 2009). The latter
technique is especially suited for mapping the
corresponding photo-lineaments at the slope’s
surface. Our geophysical investigations were
carried out at the Super-Sauze, French Alps
mudslide (Figure 1) and the Heumoes, Aus-
trian Alps slope. They are part of the research
project ‘Coupling of flow and deformation pro-
cesses for modelling the movement of natural
slopes” (www.grosshang.de).

*Corresponding author: marco.walter@geophys.uni-stuttgart.de
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Applying geophysical methods like active
seismics, ground penetrating radar, and geo-
electrical mapping and sounding, Grandjean
et al. (2007) inferred dynamic processes and
static properties for the mudslide in Super-
Sauze. Single fracture processes during the
movement of landslides consisting of hard rock
(fragments) have been seismically monitored
in the Alps (e.g., Briickl and Mertl, 2006; Spill-
mann et al., 2007) and in Norway (Roth et
al., 2005). Fracturing within creeping land-
slides consisting of weak sediments radiates
signals of much smaller energy; it has first
been observed, to our knowledge, by Walter
and Joswig (2008) applying the nanoseismic
monitoring method.

Here we describe how the seismic moni-

toring of the slope’s subsurface is combined
with the UAV-based remote sensing of the sur-
face. By remotely sensing the active slope, its
dimensions and surface structures can be char-
acterized (Niethammer et al., 2009). Aerial im-
ages taken by satellites or airplanes have spa-
tial resolutions of metres to decimetres. They
can be used for landslide detection and to de-
termine deformations on a large scale (Henry
et al.,, 2002). UAV-based remote sensing is
suited to map surface structures with high
spatio-temporal resolution, e.g., fissure pat-
terns on landslides with centimetre resolution
and monthly overflight. In particular, it is pos-
sible to detect and analyze dislocation vectors
on landslides from these data (Niethammer et
al., 2009).
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Figure 2 Typical seismograms and sonograms of deformation processes caused by softrock-landslides, recorded with a 3c-seismometer:

Left: “fracture’ event, ML = -2.2 in ~ 120 m distance, recorded

at the Super-Sauze mudslide Right: fracture process of ML = -1.2 in

~ 100 m distance observed at the Heumoes slope. Modified after Walter and Joswig 2008, 2009.
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Observation of slope dynamics
by nanoseismic monitoring

Nanoseismic monitoring acts as a seismic ‘mi-
croscope’ to detect small impulsive signals in
the subsurface, and was first applied to map
sinkholes in Israel (Wust-Bloch and Joswig,
2006). We used the method to monitor fracture
processes at the Heumoes slope, Austria (Wal-
ter and Joswig, 2008). Like the Super-Sauze
mudslide, the Heumoes slope consists of weak
sediments. The existence of impulsive seis-
mic signals wasn’t expected due to the pre-
sumed lack of brittle material that could gen-
erate impulse fracture release. The increased
sensitivity available from nanoseismic monitor-
ing was needed to discover these local fracture
processes in sediments at all.

Data acquisition/data processing

In Super-Sauze, the seismic data was acquired
during a 10-day field campaign in July 2008
deploying four tripartite seismic mini arrays
on the mudslide (Figure 4). Each mini array,
so-called seismic navigating system (SNS) con-
sists of one three-component and three verti-
cal, short-period seismometers installed with
an aperture of 30-40 m. Data was recorded
in continuous mode with a sampling rate of
400 Hz. The observation period was limited to
10 days because nanoseismic monitoring resem-
bles more a campaign of refraction seismics,
than a permanent seismic network installation.
It achieves its superior sensitivity by not com-
promising in site selection (e.g., demands for
shelter, power, communications) or on cost of
increased vulnerability by extended array ca-
bling. The data set was processed using the
software HypoLine, an interactive, graphical
jack knife tool which displays the most plausi-
ble solution for low-SNR (signal to noise ratio)
signals, resolving the influence of individual
parameters on the event localization in real-
time (Joswig, 2008).
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Signal classification

From seismic data analysis, we could detect
different types of events caused by the dynam-
ics in the source area of the mudslide, and
within the slope itself. The signals vary in
duration, amplitude, frequency content, and
consequently in sonogram patterns (Walter and
Joswig, 2009). We could distinguish three prin-
cipal types of events: The ‘rockfall” events occur
in the source area of the mudslide while the
events of type ‘fracture” and type ‘scratch” are
caused within the mudslide body during its
deformation. The classification of the observed
signals is described in detail by Walter and
Joswig (2009). For the joint analysis of the mud-
slide dynamics in Super-Sauze by nanoseismic
monitoring and UAV-based remote sensing, we
focus on the characteristics and locations of the
‘fracture” and ‘scratch’ events.

Seismic signals caused by failure of the slope
material

We could detect 34 ‘fractures’, which show
clear phase onsets (Figure 2), allowing for their
localization by standard seismological proce-
dures. The duration of these events lies be-
tween 2-5 seconds, the maximum amplitude
varies between 40 and 200 nm/s (peak to peak)
and the frequency content is concentrated be-
tween 10-80 Hz. The signals had to be recorded
on at least 2 SNS for being localized, where the
distance range for reliable detection was within
some 200 m. The emergent onset, the lack of
higher frequencies above 80 Hz, and the signal
incoherency indicate intense scattering caused
by the high heterogeneity of slope material (Fig-
ure 2). Comparable signals have been observed
on the Heumoes slope, which consists of soft
rock material as well (Walter and Joswig, 2008).
The magnitudes of ‘fractures” at Super-Sauze
vary between -3.2 < ML < -1.3. This range is
about one magnitude lower than at Heumoes
slope (-2.2 < ML < -0.7) indicating a 10 times
lower ambient noise level in Super-Sauze.
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Figure 3 Typical waveforms and sonogram patterns of one ‘scratch’ sequence, recorded with a lc-station close to the source location (left)

and with a lc-station in a distance of ~ 25m (right). Modified after Walter and Joswig 2009.

The localized fractures are mainly clustered
in the middle part of the mudslide (Figure 4).
The cluster correlates with the part of the slope
showing the highest velocities at the surface.
The three events located in the south, outside
of the slope catchment, are probably generated
by material failure in the hard rock mass in
the source area of the mudslide (Figure 4). An-
other cluster of ‘fractures’ is located directly at
the boundary between the mudslide material
and one of the emerging in-situ crests in the
middle part of the slope. The estimated detec-
tion threshold for these events is ML = -2.6 for
a slant distance of about 140 m. The estimated
localization accuracy is about 10% of the epi-
central distance. As the source depth could not
be determined due to the sparse station distri-
bution, it is not possible to estimate at which
depth nor along which material interface the
source processes took place.

Furthermore, we recorded 44 signals show-
ing significant differences compared to the
‘fracture” impulses. They occur as sequences lie
barely above the ambient noise level and could
not be observed at Heumoes slope due to the
tenfold higher noise level there. These ‘scratch’
events haven’t been expected previously. Their
duration varies between 2-20 seconds, and the
small amplitudes were only recorded at one
single SNS. Compared to ‘fractures’, signal en-
ergy is prevailing at higher frequencies up to
150 Hz (Figure 3). Enormous attenuation ef-
fects can be seen within one single SNS with
decay of signal amplitude by a factor of thirty.
No distinct phase onsets could be identified,
thus we just estimated the source area close

seismometer station
® Jocalized 'fracture' events

quantity of 'scratch' sequences

© 0 e @ ¢ o
0 1 2 4 6 28

D outline of the mudslide

average movement velocity
(1996 - 2007)

|:] stable crest

[ ]<0.002 m/day

[ 10.002-001 m/day
[ ]0.01-0.03 m/day
[ > 003m/day

T
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Figure 4 Location of the installed seismometer stations (circles),

epicentres of the located 'fractures’ (red) and the quantity of

’scratch’” sequences recorded at each station (blue colour scale).

Underlayn is the map of the average movement velocities of the
mudslide (1996-2007).

135



Walter et al., 2009. Published in First Break 27, 75-82

to the station with highest amplitude. Figure 4
shows the quantity of these ‘scratch” events at
each station. Like the ‘fracture’ locations, most
of the ‘scratch” events occurred in the middle
part of the slope. The source area of 64% of
these events is estimated to be close to the sta-
tion S2E, at the boundary of the slope material
and one of the emerging in-situ crests.

UAV-based remote sensing of
the mudslide

The Super-Sauze mudslide was imaged in Oc-
tober 2008 using a self-designed quad-rotor
remote sensing platform. The achievable flight
height over ground is 20 m to 200 m, resulting
in ground resolutions between 1-8 cm per pixel.
This high resolution is essential to detect small
fissure patterns at the surface. Quad-rotor sys-
tems basically enable close-range photographs
of any desired area. Compared to conven-
tional helicopters, quad-rotor systems do not
require mechanical steering of the rotors and
are stabilized by inertial measurement sen-
sors (IMU). Especially in alpine terrain, like
at the mudslide in Super-Sauze, such robust
and reliable UAV-systems have considerable
advantages. Open source projects are available
to provide quad-rotor software and hardware
(UAVP, 2008; Mikrocopter, 2008).

Diameter 60 cm
Total weight 2100 g
Payload 50049 |
Flight time 12 min
Material costs 1000 €

Figure 5 Quad-rotor system for remote sensing and its main

characteristics. Here in use at the mudslide in Super-Sauze.
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The quad-rotor system and its main features
are illustrated in Figure 5.

Image acquisition/image processing

The installed compact camera suffers from op-
tical distortion in the wide-angle range (bar-
rel distortion). In a first processing step this
distortion of all acquired photographs was cor-
rected by a polynomial correction approach. In
a second step, plane image rectification was
applied to all images. The necessary ground
information was gained by 199 ground control
points (GCP) on the surface of the mudslide,
measured by a differential GPS system with
an accuracy of a few cm. This information
was also necessary for the further geocoding
of the pictures. In a third step, 59 rectified
photographs were combined to one high reso-
lution ortho-mosaic. Errors could be identified
by comparison of the visible GCP locations in
the photograph to the DGPS-measured loca-
tions, using a geographic information system
(GIS). Areas which still showed ineligible er-
rors in rectification were cut out manually be-
fore the final assembly of the rectified images
was performed. The uniformly coloured mo-
saic was gained by colour balance correction in
conjunction with an image-blending algorithm.

Displacement analysis

In May 2007 an aerial LIDAR scan of the Super-
Sauze mudslide was acquired, and on this basis
another DTM and orthophotograph were cre-
ated. The spatial resolution of the DTM data is
1.0 m, the resolution of the ortho-photograph
is about 0.25 m. The image analysis was car-
ried out by the comparison of the geocoded
ortho-photograph from 2007 and the geocoded
ortho-mosaic of our UAV-based campaign in
October 2008 (Niethammer et al., 2009).
Superficial displacement rates were identi-
fied directly, comparing the locations of rocks,
stones, and parts of vegetation patches between
the ortho-photograph from 2007 and our ac-
quired ortho-mosaic from 2008. These mea-
surements were performed manually within
a GIS. Hence, between May 2007 and October
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2008, displacements of 7.1 m - 55.4 m were de-
tected. The maximum deviation reaches 3.9 m,
the mean error can be quantified to be 0.5 m.

However, areas which were characterized
by extremely high displacement rates couldn’t
be compared, since no clear detectable features
were left on the surface. In some areas it is
likely that fine-grained sediments originating
from debris flows cover the main features. The
crown of the slope, the source area, is charac-
terized by enormous dynamics, e.g., rockfalls,
which cover these structures as well.

The identified displacement vectors were
converted to daily displacement rates and
compared to long-term displacement measure-
ments between 1996-2007, acquired by laser
scanning and DGPS measurements (Amitrano
et al., 2007, Figure 6).

The displacement rates of our studies are
up to ten times higher in the source area, and
in the remaining part of the landslide approx-
imately two times higher than the average
movement rates. This deviation might be ex-
plained by higher dynamics in recent years, but
the location of the strongest dynamics did not
change.

Analysis of fissure patterns

The spatial resolution of the acquired UAV-
based ortho-mosaic allows for detailed analysis
of fissure structures. The hard rock boundaries
of the Super-Sauze mudslide are very complex
caused by the diversified former topography,
comparable to badlands, consisting of buried
crests and gullies. As the dynamics of the
mudslide are high, the behaviour of the slope
can be compared to glaciers, with similar fis-
sure structures observed at the surface. Fissure
structures on glaciers have been thoroughly
investigated (Hambrey and Alean, 1994; Ham-
brey and Lawson, 2000; Wilhelm, 1975). In
our context, fissure patterns on glaciers can be
compared to the ones we observed at Super-
Sauze. From their spatio-temporal occurrences
one can learn about their development, and
consequently about the behaviour of the entire
mudslide.

displacement vectors
— 0.01 - 0.03 m/day
— (.03 - 0.05 m/day
— 0.05-0.10 m/day
D outline of the mudslide

average movement velocity
(1996 - 2007)

D stable crest

[ ]<0.002 m/day

[ 10.002-0.01 m/day
[ ]0.01-003 m/day
> 0.03 m/day

[ = s
0 25 50 75100 m

Figure 6 Displacement vectors (blue colours) between May
2007 - October 2008 plotted on top of the average movement
velocity map (1996-2007).

As shown in Figure 7, there are several
structures at the mudslide’s surface which dif-
fer in shape and orientation. The structures
could be identified as longitudinal fissures,
transversal fissures, shear fissures, and cross-
shaped fissures. The occurrence of those ten-
sion cracks depend on the bedrock topography,
as well as on the lateral hard rock boundary,
cavity, and extension in the longitudinal direc-
tion of movement, and changes in the decline
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Figure 7 Ortho-mosaic from pictures taken in October 2008 with locations of observed fissure patterns.
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of the slope (Wilhelm, 1975). Longitudinal fis-
sures mostly occur after a cavity in the lon-
gitudinal direction of the movement, where
an increased extension is initiated (Hambrey
and Alean, 1994); such structures are shown
in Figure 7d. The cavity of the stream can be
explained by a curved crest in this area hid-
den by the mudslide material today (Figure 8).
Transversal fissures often can be observed in
areas where changes in the decline of the slope
are present (Varnes, 1978; Hambrey and Alean,
1994; Wilhelm, 1975); comparable structures on
the mudslide are shown in Figure 7c. In this
particular case, the change of the decline of the
slope can be explained by the secondary scarp
in this area.

Marginal or shear fissures mostly occur at
the boundary area between solid rock margins
and the landslide material, resulting in a veloc-
ity transition (Wilhelm, 1975). These fissures
run in accordance with the shear-strain condi-
tions and start from the solid rock boundary
with an angle of 30°- 45°up the slope in the
direction of the sliding body (Wilhelm, 1975;
Hambrey and Alean, 1994, Figure 7a). Beside
these patterns we observed ‘cross-shaped” fis-
sures, which are probably caused by an un-
known combination of these dynamics (Figure
7b). Despite an apparent movement of the slid-
ing surface, fissures linger on the same place.
These cross-shaped fissures are obviously a re-
sult of tension changes caused by the change
of the bedrock-topography in form of in-situ
crests within the mudslide material (Figure 8).

Joint interpretation

The observation of mudslide subsurface dy-
namics by nanoseismic monitoring and the
mapping of fissure patterns at surface by UAV-
based remote sensing can be combined in a
joint interpretation that compensates for inher-
ent weaknesses of each method. In the given
tield lay out, nanoseismic monitoring cannot
precisely determine the depth of the seismi-
cally observed events. They could occur within
the mudslide, or along the mudslide bedrock

® localized 'fracture' events |

D framework
D outline of the mudslide

top of the in-situ crests

| . .
0 25 50 75 100m

Figure 8 Epicentres of the localized ‘fractures’, determined
displacement vectors (May 2007 - October 2008) and locations of
remarkable fissure patterns (see figure 7) mapped on an airborne

picture from 1956.

interface. Remote sensing maps fissures but
does not directly relate to the time history of
generating processes. By chance, one of our
seismometers dropped into a newly opened
fissure on 22 July 2008. In the few hours be-
fore, we had observed four ‘fracture’ events
close by, indicating recent fissure development.
We therefore assume that ‘fracture’ signals are
typically generated by fissure development in
the shallow subsurface. This assumption is
supported by observations of UAV-based re-
mote sensing where fissure patterns could be
observed for all cases where subsurface frac-
ture propagated to surface rupture. Only in
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the uppermost section, the continuous drop of
new material fills fissures shortly after open-
ing. The process of rockfalls can be observed
by ‘rockfall” or impact signals in nanoseismic
monitoring (Walter and Joswig, 2009).

More support of our hypothesis on source
processes comes from field and lab observa-
tions. Below a depth of some one metre,
the mudslide material is permanently water-
saturated, but above, water saturation varies
seasonally (Malet, 2003). For our observations
of impulsive stress relief and fissure patterns,
the material must deform in a brittle manner.
The mudslide material shows highest shear
strength in a range of 15-18% water saturation
(Malet, 2003). Once the snow melting period
took place, the surface material dries out in
summer, and the necessary material properties
can be observed.

Our observations at the Super-Sauze mud-
slide also support prior investigations suggest-
ing that the topography of the bedrock below
the mudslide material plays a key role regard-
ing the dynamic of the entire slope instability.
By nanoseismic monitoring, we could observe
numerous ‘scratch” sequences that are gener-
ated within the shallow subsurface. Their ener-
getic signature in the frequency-time domain
is completely different to the impulsive “frac-
ture” signals. The vast majority of ‘scratch’ is
bound to in-situ crests indicating scratching
and grinding of single rock particles within the
mudslide along the crests. Most sequences oc-
cur at emerging crests close to or above surface
where rock particles are embedded in a shear
resistant matrix of dried mud. Our hypothe-
sis is supported by UAV-based remote sensing
where several cross-shaped and shear fissures
indicating dynamics according to in-situ crests
are co-located to ‘scratch’ sites.

Conclusions

Applying the nanoseismic monitoring method
we observed different seismic signals caused
by the varying slope dynamics. Our prelimi-
nary hypothesis is that the ‘fracture” events are
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caused by impulsive fracture processes within
the unstable material. Similar signals have
been observed at Heumoes slope consisting
of weak sediments as well (Figure 2, Walter
and Joswig, 2008). By contrast, we assume that
the ‘scratch’ sequences are caused by ‘scratch-
ing” and “grinding’ of single rocks in the slope
material against the (emerging) in-situ crests
(Walter and Joswig, 2009). Both processes are
constrained by the uppermost metre where
mudslide material dries out in summer to con-
solidate with sufficient shear resistance. Our
ideas are supported by the existence of fissure
patterns at the surface which could be observed
by UAV-based remote sensing.

The joint observations by nanoseismic mon-
itoring and UAV-based remote sensing in 2008
indicate that the varying tempo-spatial dy-
namics of the mudslide in Super-Sauze match
the long-term observations. These dynamics
are controlled by the fixed topography of the
bedrock and the lateral hard rock boundaries
where gullies between the crests ‘canalize” the
sliding material (Malet, 2003). Different fissure
patterns at the surface are linked to abrupt
changes of in-situ crest orientation in the shal-
low subsurface (Figure 8). Fissure patterns
could be identified by comparison to glaciers
where similar dynamics take place.

The joint observations of the mudslide in
Super-Sauze indicate that the variations of
tempo-spatial dynamics in 2008 are similar to
the dynamics within the recent years. We can
support prior observations (Malet, 2003) that
the stable, buried in-situ crests at the bedrock
of the mudslide directly affect the behaviour of
the entire mudslide, and that gullies between
the crests ‘canalize’ the sliding material. Sev-
eral fissure patterns at the surface are linked to
an abrupt change of the in-situ crests’ orienta-
tion in the shallow subsurface (Figure 8).
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A.2. Entwickelte UAV-Systeme

A.2.1. Flugplattform

Im Rahmen der Forschungen wurden Quadrotor- und Oktokopter-Systeme entwickelt
(Abbildung und Abbildung . Die Quadrotor-Systeme sind mit vier Brushless-
Motoren (P, = 4 x 200 W) ausgestattet, der Achsabstand betrigt 600 mm (Abbil-
dung . Mit einem Eigengewicht von 2100 g kénnen die Quadrotor-Systeme ca. 500 g
Nutzlast tragen. Die Flugzeit betrdgt ca. 12 min. Die Rahmenkonstruktion wurde auf-
grund der geforderten Robustheit aus Aluminium gefertigt. Im Vergleich zu Kohlefaser-
Profilen besitzen Aluminium-Profile kein Sprodbruch-Verhalten. Das vergrofierte Abflug-
gewicht erweist sich zusétzlich vorteilhaft fiir einen stabilen Flugbetrieb bei Wind.

Fiir den Einsatz mehrerer Kameras (RGB, NIR und TIR) wurden Oktokopter-Proto-
typen entwickelt. Diese Systeme sind mit acht Motoren (P, = 8 x 200 W) ausgestattet.
Der maximale Achsabstand betrigt 1150 mm. Mit einem Eigengewicht von 3200 g kann
dieses System eine Nutzlast bis ca. 1500 g tragen. Die Flugzeit betragt ca. 12 min.

A.2.2. Steuerung (Flight-Ctrl)

Als Steuerungselektronik kommen Open-Source Module (Flight—Ctr]EL und die zugehorigen
Sensor-Komponenten) zum Einsatz (Abbildung . Die Steuerungsplatine wird bereits
SMD-vorbestiickt geliefert. Dennoch miissen bedrahtete Bauelemente und die komplet-
te Verkabelung angelotet werden. Damit das UAV-System die Gier-Ausrichtung halten
kann, ist der Einsatz eines Magnetkompasses noétig. Hierzu wird ein MK3Mag! einge-
setzt. Ein Navi-Ctrl'! Modul dient dazu, Positionsdaten auszuwerten, und entsprechende
Steuerungssignale an die Flight-Ctrl' weiterzugeben. Kombiniert mit einem MK-GPS!
bietet das Modul die Moglichkeit, die aktuelle Position zu halten und zum Startpunkt

zuriickzukehren oder Wegpunkte abzufliegen.

A.2.3. Fernsteuerung

Als Fernsteuerungsanlage kommt ein 35 MHz Handsender RobbeE] FX-18 zum Einsatz. Um
den gesamten Funktionsumfang der UAVs nutzen zu kénnen, ist ein Umbau der Steuerung

notwendig. Neben den beiden Steuerkniippeln (5, 8) wurden weitere Schalter (3, 4, 10, 11)
und einen Linearschieber (9) integriert (Abbildung [A.5]).

"http://www.mikrokopter.de
’http://www.robbe.de
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A.2. Entwickelte UAV-Systeme

Abbildung A.1.: Quadrotor-System, Befliegung der Super-Sauze Hangrutschung

Abbildung A.2.: Prototyp des entwickelten Oktokopter UAV-Systems
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A.2.3. Fernsteuerung

60 mm

[}
240 mm

Abbildung A.3.: Konstruktionszeichnung und Ubersicht zur Rahmenkonstruktion des

Quadrotor-Systems.
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A.2. Entwickelte UAV-Systeme

Abbildung A.4.: Steuerungselektronik: links Flight-Ctrl, rechts Navi-Ctrl und MK3Mag.
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Abbildung A.5.: Fernsteuerungsanlage und Belegung der einzelnen Funktionen.
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A.2.4. Kamera

A.2.4. Kamera

Zur Bilderfassung kommen handelsiibliche Kompaktkameras zum Einsatz. Bisher wurde
das Modell Prakticaf| luxmedia 8213 verwendet, da es eine brauchbare Bildqualitit und
manuelle Einstellungsmdglichkeiten zu einem giinstigen Preis bietet. Inzwischen kommt
auch ein Nachfolgemodell luxmedia 8403 zum Einsatz. Beide Modelle erlauben den Aus-
tausch des integrierten Infrarotfilters durch einen Sperr-Filter des visuellen Bereiches,
sodass Luftaufnahmen im Spektralbereich des NIR durchgefithrt werden kénnen. Eine
mechanische Auslosung per Servomotor erwies sich im Feldeinsatz als anfillig, die Kame-
ra wird daher elektronisch ausgelost (Abbildung [A.6)).

Abbildung A.6.: Modifizierte Kamera Praktica Luxmedia mit elektronischer Fern-
auslosung.

3http://www.praktica.de
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A.3. Photogrammetrische Verfahren und Berechnungen

A.3.1. 3D-Helmert-Transformation

Die 3D-Helmert Transformation wird nach folgender Form definiert:
Xq =T+ sRXg (A.1)

X, = Vektor im Ziel-Koordinatensystem (X, € R?)

T = Vektor der Translation (T € IR?)

s = Skalierunksfaktor (s € R)

R = 3 x 3 Rotationsmatrix

X, = Vektor im Ausgangs-Koordinatensystem (X € R?)

n = Anzahl von gegebenen 3D-Punktkorrespondenzen Xg <= X, (n € Z An > 3).
A = n x 3 Matrix der Ausgangs-Koordinatenvektoren Xg

B = n x 3 Matrix der Ziel-Koordinatenvektoren X,

E = n x n Einheitsmatrix, Diagonalelemente 1, sonst alle Elemente 0,
F = n x n Hilfsmatrix, alle Elemente 1

G = Hilfsvektor, alle Elemente 1, (G € R")

Eine Hilfsmatrix K wird anhand der folgenden Beziehung errechnet:

K-FE_.F (A2)
n

Die Matrix C kann nach folgender Gleichung berechnet werden:
C =B'KA (A.3)

C lisst sich mit Hilfe einer Singulérwertzerlegung in ein Matrizenprodukt aufspalten. Man
erhélt hieraus die Matrizen U, S und V:

C=USV! (A.4)

Mit den nachfolgenden Berechnungsvorschriften erhélt man die gesuchten Transformati-

onsparameter:
R =VU! (A.5)
t
_ Spur (B'KAR) (A.6)
Spur (A*KA)
1
T=—(B- sAR)' G (A7)
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A.3.2. Photogrammetrische Abbildungsgleichungen
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Abbildung A.7.: Koordinatensysteme des Bild- und Objektraums, modifiziert nach

] 2010).

Die zentral-perspektivischen Abbildungen vom Bildraum in den Objektraum (rdumlicher
Vorwiértsschnitt) und umgekehrt (raumlicher Riickwértsschnitt) werden im Folgenden ma-
thematisch durch Translation, Rotation und eine Skalierung beschrieben (Abbildung|A.7]).
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X Objektkoordinatenvektor (X € R?)

Xo Koordinaten des Projektionszentrums ¢ im Objektraum (Xg € R?)
c Projektionszentrum

x  Bildkoordinatenvektor (x € R3> Az, = 0)

xo Bildkoordinaten des Hauptpunktes (xo € R? A 2o, = f)

R 3 x 3 Rotationsmatrix

s Skalierungsfaktor (s € R)

Der rdumliche Vorwértsschnitt wird durch folgende Gleichung aufgestellt:
X = Xp + sR(x — x¢) (A.8)

In ausgeschriebener Form soll folgende Notation fiir den rdumlichen Vorwirtsschnitt gel-

X Xo 1 T2 T3 T — T
Y = Yo TS| ror rog ros Y—"%Y (A.9)
Z 2 31 T32 T33 —C

Die einzelnen Komponenten des raumlichen Vorwértsschnittes:

X = Xo+ s(ru(z — o) + r12(y — yo) — r13¢) (A.10)
Y =Yy + s(ra(x — o) + ra2(y — yo) — 723¢) (A.11)
Z = Zy+ s(rai(z — x0) + ra2(y — yo) — 733¢) (A.12)

Die Z-Komponente (Gl. (A.12)) ldsst sich nach s auflosen:

Z — 7
s = u (A.13)
r31(z — x0) + r32(y — Yo) — a3

Mit Gleichungen (A.10]), (A.11) und (A.13]) erhdlt man schliefllich die Gleichungen des

raumlichen Vorwartsschnittes:

ri1(z — xo) + r12(y — yo) — risc (A.14)

X =X 7 — 7
0+ 0)7“31(55—550 + 132(y — Yo) — T33C

ro1(x — o) + 122(y — Yo) — rasc (A.15)

Y=Y+ (Z—-Z
o+ ( O>7‘31(£l?—33o)+7”32(y—y0)—7"330
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Die Gleichung des rdumlichen Riickwértsschnittes berechnet sich aus Gl. (A.8)) zu:
|
s

Die Rotationsmatrix R ist orthogonal und kann durch einfaches Transponieren invertiert

werden. In ausgeschriebener Form erhélt man fiir den rdumlichen Riickwértsschnitt:

x Zo ] 1 To1 T31 X — Xy
y | =1 w | T S| T2 T2 T Y -V, (A.17)
& 13 T23 T33 Z — 2

Die einzelnen Komponenten des rdumlichen Riickwértsschnittes:

T =T+ é(rll(X — Xo) +ra(Y =Yy) +1r3:(Z — ZO)) (A.18)
y:y0+%(le(X—Xo)—i-’l“gz(Y—Yb)+7’32(Z—Z0)) (Alg)
0=c -+ é(’f’m(X — X(]) + 7’23<Y — YE)) + T’33(Z — Zo)) (AZO)

Die Z-Komponente aus Gleichung (A.20) wird nach 1 umgestellt:

1 —c
- = A.21
s ri3(X = Xo) + rosy-vo) + 133(Z — Zo) ( )

Mit Gleichungen (A.18]), (A.19) und (A.21)) erhdlt man schlieflich die Gleichungen des

raumlichen Riickwéartsschnittes:

TU(X - XO) + 7“21(Y - YE]) + 7”31(2 — ZO)
7’13(X - XO) + T23(Y - YE]) + 7’33(2 — ZO)

T =x9—cC (A.22)
r12(X — Xo) +122(Y = Yo) + 132(Z — Zp)

T’IS(X — XO) —+ 7"23(Y —_ }/0) + 7'33(2 N ZO) (A23)

Y=Y —C
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A.3.3. Projektive Entzerrung

Im Anhang wurden die Gleichungen des rdumlichen Vorwirtsschnittes hergeleitet:

Tll(CE — fEO) + 7“12(3/ - yO) — 3¢ (A24)

o+ ( 0)r31(x — x0) + T32(y — Yo) — T33C

Y = Yo+ (2 - z0) 2 — 7o) + raa(y — bo) — (A.25)
r31(z — x0) + 732(y — Yo) — 33

Weitere Vereinfachungen werden vorgenommen:

e Das Projektionszentrum c liege senkrecht iiber dem Ursprung des Objektraums
(Xo =0und Yy =0).

e Die abzulichtende Fliache im Objektraum sei eben, und liege ohne Verkippung im
Objektkoordinatensystem (Z = konstant). Weiterhin ist dann Z— 7, = k =konstant.

e Der Bildhauptpunkt liege in der Sensormitte (zo = 0 und yo = 0).

Die Gleichungen (A.14)) und (A.15) kénnen mit diesen Vereinfachungen in nachfolgender

Form dargestellt werden:

X :kmermy—msc (A.26)
31T + T30y — T33C

721 + T2y — T'23C
7317 + T32Y — T'33C

Y=k

(A.27)

Mit dem Ziel einer Reduktion der unbekannten Parameter sei k = 1, zusétzlich werden

die Gleichungen ([A.26]) und (A.27) durch —r33c dividiert:

e et iy
X = Ta e v (A.28)
31 T + 32 y _|_ 1

—7r33C —7r33C

1+ e+ iy
Y = 18 — (A.29)
g T2y ]

—7r33C —7r33C

Es werden nun folgende Substitutionen durchfiihrt:

13 11 T12
ap = —; a1 = ———; (3= ——— (A.30)
33 T33C r33C
T'23 21 T'22
bo=—; bi=—"—; bp=——"-; (A.31)
33 T33C T33C
731 32
Cl=——; (Cyg=——— (A.32)
T'33C T'33C
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Man erhélt die Projektionsgleichungen mit 8 unbekannten Parametern:

ag + a12; + agy;

Xi -
1 + oy + 1

(A.33)

bo + byz; + bay;
Y, — 0 + 017 + b2y (A.34)
1T + oy + 1

Eine Linearisierung des Gleichungssystems wird durch Multiplikation mit dem Nenner-

term (¢12; 4+ coy; + 1) vollzogen :

ag + a1 x; + agy; — Xz — clx,-XZ- — CQyZ'XZ‘ =0 (A35)
bo + bll’i + bei — Y; — ClﬂfiY;‘ + ngiY;‘ =0 (A36)

Das gefundene Gleichungssystem Ad = & ist mit acht Gleichungen und acht Unbekannten

anhand von vier 2D-Punkt-Korrespondenzen eindeutig 16sbar:

1 29 1 0 0 0 - Xy —yXy ag X1
00 0 1 mm yp —=nY1 —yhn ay Y,
I 29 yo 0 0 0 —m22Xy —10X a Xy
0O 0 0 1 «x —ToYo —1UYoY- b Y,
2 Y2 219 YaXo 0 _ 2 (A.37)
1 s Ys 0 0 0 —ZC3X3 —ngg bl X3
0 0 0 1 w3 y3 —a3Ys —ysY3 by Y3
1 g ya 0 0 0 —w4 Xy —muXy 1 Xy
0 0 0 1 x4 ys —wYs —yuYs Ca Y,
Ai—7 — d—A'F (A.38)

Im iiberbestimmten Fall kann eine Ausgleichslésung mit Hilfe einer Pseudoinversen A*
gefunden werden (Golub und Kahan| 1965):

Ai=7 = d~A"7F (A.39)
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A.3.4. Projektionsmatrix

Im Bereich der computergestiitzten 3D-Bildverarbeitung kommen zur interaktiven Bild-
darstellung homogenen Koordinaten zum Einsatz (Bloomenthal und Rokne, [1994)). Der
raumlicher Riickwértsschnitt (Abbildung vom Objektraum in den Bildraum) wird im Fol-
genden mit Hilfe von homogenen Koordinaten dargestellt. Eine rdumliche Abbildung wird
dann durch Multiplikation mit der Projektionsmatrix P vollzogen. Optische Fehler, und

Fehler der inneren Orientierung sollen im Folgenden vernachléssigt werden.

X
Y
U= Homogener Vektor im Objektkoordinatensystem. (A.40)
A
1
u x
u=\| v |=w| y Homogener Vektor im Bildkoordinatensystem. — (A.41)
w 1
—c 0 =z
K= 0 —c Die Parameter der inneren Orientierung. (A.42)
0 0 1
rll r21 r31
R'=] r12 r22 r32 Rotationsmatrix (Gleichung (A.3.2))). (A.43)
rl3 r23 r33
100 —X,
L=]1010 -Y Lage des Projektionszentrums im Objektraum. (A.44)
001 —Z4

Die Projektionsmatrix wird aus den obigen Matrizen mit folgender Rechenvorschrift kon-

struiert:

P11 P12 P13 Pua
P=KR 'L = P21 P22 P23 D24 (A-45)

P31 P32 P33 P34
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In ausgeschriebener Form erhélt man fiir P:

TOT13 — €11 ToTeg — Cro1 Torss — crar —Xo(zor1z — cr1) — Yo(zoras — cra1) — Zo(xorss — crs1)
P= yoriz—criz wyoras —craa  yorss —crse —Xo(yoris — criz) — Yo(yoras — crae) — Zo(yorss — cra2)

13 93 33 —113X0 — r23Yy — 13320

Der rdumliche Riickwértsschnitt wird nun mit Hilfe einer Matrixmultiplikation berechnet:

u=PU (A.46)

xo (r13(X — Xo) +ra3(Y = Yo) +733(Z — Zo)) — ¢ (r1n(X — Xo) +ro1(Y = Yo) +131(Z — Zo))
u= | yo(riz(X —Xo) +7r23(Y = Yo) +733(Z — Zp)) — c(r12(X — Xo) +r22(Y = Yo) +132(Z — Zo))
r13(X — Xo) + r23(Y — Yo) +133(Z — Zo)
Nach vollendeter Transformation miissen die Komponenten aus u durch w dividiert wer-
den. Man erhélt somit « und y im Bildkoordinatensystem. Ein Vergleich mit Gleichun-
gen und bestétigt dquivalente Gleichungen zur Berechnung des raumlichen

Riickwartsschnittes:

= 2 T CTH(X — Xo) + T21(Y — }/0) + T’31(Z — Z()) (A47)
w r13(X — Xo) +ro3(Y — Yo) +133(Z — Zp)
v r12(X — Xo) + oY = Yy) + 132(Z — Zp)
=~ —qyn—c A 48
y Yo Tlg(X — X()) + T23(Y — }/0) —+ 7’33(2 — Zg) ( )
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A.3.5. Differenzielle Entzerrung

L7
£ Z
LT T T 77777777
L7777 7777777

Abbildung A.8.: Parallelprojektion zur Luftbildentzerrung.

Die Texturinformation wird in einem ersten Schritt mit Hilfe der zum Luftbild zugehorigen
Projektionsmatrix (siehe Anhang|A.3.4) auf das zugrunde liegende 3D-Oberflichenmodell
projiziert. Die Projektion errechnet sich nach Gleichung (A.46|) zu:

X
x P11 P12 P13 Pi4
wil y | = | P21 P22 P23 P2 7 (A.49)
1 P31 P32 P33 P34 1

Mit den normierten Komponenten aus u erhélt man folgende Transformationsgleichungen:

= puX + p12Y + pi3Z + pua
P31 X + p32Y + p3sZ + paa
X Y A
y = P21 X + DooY + Pags + Poy (A.50)
P31 X + p32Y 4 p3sZ 4 paa

Die Farbwerte des 3D-Modells an der Stelle (X Y Z)" werden aus dem urspriinglichen
Bild an der Stelle (z y)* ermittelt. Anschlieflend wird die gewiinschte Entzerrung durch

einfache Parallelprojektion Z = 0 vollzogen. Man erhélt somit das entzerrtes Bild.
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A.3.6. Parametrisierbare Glattungsfilter

Abbildung A.9.: Beispiel Filterung einer 3D-Punktwolke. Links: 3D-Punktwolke mit
Rauschartefakten, rechts: gefiltertes Modell.

Bildverarbeitungsoperationen lassen sich in vielen Féllen allgemein durch eine zweidimen-
sionale diskrete Faltungsoperation aufstellen. Folgende Konvention wird zur Glattung von

dreidimensionalen gerasterten Punktwolken anhand eines fixen 3 x 3 Kerns K getroffen:

3 3

Hoy) =) ) zlw+i—2,y+j— 2k (A.51)

j=1 i=1

Wobei der funktionelle Faltungskern K mit den einzelnen Elementen k;; beliebig parame-

trisierbar ist:

ki k2 kg
K=1 ka Ky ko (A.52)
k31 k32 kss

Die Elemente des 3 x 3 Faltungskerns eines Rechteck-Mittelwert Glattungsfilters:

111
1
K=ol 111 (A.53)
111
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Der 3 x 3 Faltungskern eines Gaussfilters:

1 21
1
K=— A.54
16242 ( )
1 21
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