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Abstract In the present study, UAV-based monitoring
of the Gallenzerkogel landslide (Ybbs, Lower Austria)
was carried out by three flight missions. High-resolution
digital elevation models (DEMs), orthophotos, and den-
sity point clouds were generated from UAV-based aerial
photos via structure-from-motion (SfM). According to
ground control points (GCPs), an average of 4 cm root
mean square error (RMSE) was found for all models. In
addition, light detection and ranging (LIDAR) data from
2009, representing the prefailure topography, was uti-
lized as a digital terrain model (DTM) and digital sur-
face model (DSM). First, the DEM of difference (DoD)
between the first UAV flight data and the LIDAR-DTM
was determined and according to the generated DoD
deformation map, an elevation difference of between —

6.6 and 2 m was found. Over the landslide area, a total of
4380.1 m® of slope material had been eroded, while
297.4 m® of the material had accumulated within the
most active part of the slope. In addition, 688.3 m® of the
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total eroded material had belonged to the road destroyed
by the landslide. Because of the vegetation surrounding
the landslide areca, the Multiscale Model-to-Model
Cloud Comparison (M3C2) algorithm was then applied
to compare the first and second UAV flight data. After
eliminating both the distance uncertainty values of
higher than 15 cm and the nonsignificant changes, the
M3C2 distance obtained was between —2.5 and 2.5 m.
Moreover, the high-resolution orthophoto generated by
the third flight allowed visual monitoring of the ongoing
control/stabilization work in the area.

Keywords Landslide monitoring - M3C2 - DoD - SfM -
UAV

Introduction

The understanding of landslides and their mechanisms
is crucial for the reduction of landslide hazards, for
human safety and for protection of civil infrastructures
because “...the reduction of landslide hazard not only
depends on spatio-temporal information about frequen-
cy and distribution of landslides, and of their predispos-
ing and triggering factors, but also on the quantification
and understanding of landslide kinematics and the un-
derlying mechanical processes” (Stumpf 2013). For this
reason, the monitoring of landslides is considered a
powerful weapon in the hands of geologist and engi-
neers for the assessment and control of the stability of a
slope and for the prediction of its future evolution. As a
result, landslide monitoring has stimulated
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manufacturers to design suitable new instruments and
service providers for the development of new system
architectures (Mazzanti and Pezzetti 2013).

The monitoring of a landslide is defined as the peri-
odical data acquisition and analysis of a series of obser-
vations over time in order to extract information on
spatial and temporal changes of relevant parameters
within a landslide area (Stumpf 2013). At present, the
monitoring of a landslide is not only scientifically use-
ful, but also beneficial for the assessment of landslide
hazards and risk (Wieczorek and Snyder 2009). In order
to observe the evolution of the landslide by analyzing
the kinematics of the movement, very often the mea-
surement of the superficial displacements (i.¢., deforma-
tion mapping or monitoring of a landslide) is carried out
(Gili et al. 2000). However, a large variety of geomor-
phological, geological, geomechanical, and geotechni-
cal conditions affect the identification of the most suit-
able parameters and of the best instrumental solutions
(Mazzanti and Pezzetti 2013). Thus, over the past
20 years, different technologies and techniques have
been used in landslide science, ranging from inexpen-
sive short-term solutions to costlier long-term monitor-
ing programs. The aim is to achieve better knowledge of
earth phenomena, to reduce landslide risk, and to im-
prove disaster mitigation and preparedness capability
(Savvaidis 2003; Mazzanti 2012; Mazzanti and Pezzetti
2013; Eker and Aydin 2014; Scaioni 2015). These
technologies/techniques can be classified as follows:
(1) ground-based geodetic techniques, e.g., electronic
theodolites, electronic distance measurement, dual-
frequency instruments, three-dimensional positioning
systems, automatic levels, digital levels, zenith angle
methods, and total station instruments; (2) satellite-
based geodetic techniques, e.g., global positioning sys-
tems (GPS) and real-time kinematics (RTK) GPS); (3)
geotechnical techniques, e.g., extensometers, inclinom-
eters, piezometers, strain meters, pressure cells, geo-
phones, tilt meters, and crack meters; and (4) remote
sensing techniques, e.g., high-resolution optical satellite
imagery, satellite interferometric synthetic-aperture ra-
dar (InSAR), ground-based InSAR, airborne and terres-
trial laser scanners, unmanned aerial vehicles (UAVS),
aerial photographs, and terrestrial photogrammetry
(Savvaidis 2003).

Lately, among the techniques mentioned above, geo-
detic techniques, and in particular GPS, are commonly
being used with high accuracy for monitoring ground
motion (Briickl et al. 2006). However, geodetic
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techniques can require access to a field with dangerous
topography, and thus could be unsafe for the operator. In
addition, these techniques may be time consuming and
costly due to their dependency on the huge spatiotem-
poral information density of larger-sized case areas
(Dewitte et al. 2008). In addition, because these tech-
niques largely employ point-based instruments of mea-
surement, the density of points is also relatively low
(Abellan et al. 2010). In order to remove these limita-
tions, remote sensing techniques are used as alternative
and/or complementary methods of gathering informa-
tion about the distribution and kinematics of landslides
as well as their conditioning factors. However, since
remote sensing technologies are not designed specifical-
ly for landslide observation, they require adaptation and
validation in order to exploit their capabilities for such
research and operational applications (Stumpf 2013).
Orbital and suborbital-based remote sensing systems
are the primary platforms for observation of the Earth
(Zhou and Zang 2007; Xiang and Tian 2011). However,
small UAVs continue progressively to gain importance
in remote sensing applications in scientific and practical
areas as an alternative remote sensing platform (Wallace
et al. 2012; Nebiker et al. 2008) and/or a new photo-
grammetric measurement tool (Eisenbeiss 2009) be-
cause detailed topographic surveys are the key to and a
prerequisite for many studies in Earth science (Hackney
and Clayton 2015). This technology is commonly re-
ferred to as a drone, unmanned/uninhabited air/aerial
vehicle (UAV), or remotely piloted aircraft (RPA)
(Ambrosia et al. 2003; Watts et al. 2012). As the names
suggest, this technology employs a powered aerial ve-
hicle without a human operator inside (Dunford et al.
2009; Bendea et al. 2008). The term “UAV,” which is
more common in the literature, covers all vehicles flying
in the air with no person on board having the capability
of controlling the aircraft (Eisenbeiss 2004). In general,
two types of mini-UAVs are currently available:
multicopters and fixed-wing UAVs (Anders et al.
2013). Due to their ability to achieve very high resolu-
tion in acquired images, low-altitude mini-UAVs are
used to carry lightweight instruments such as consumer
digital cameras or combinations of imaging systems
covering the visible (e.g., webcams) to the thermal
spectrum (e.g., temperature or moisture sensors) with
multi- or hyperspectral sampling (e.g., hyperspectral
cameras), miniature radar, passive microwave radiome-
ters, and light detection and ranging (LIDAR) sensors
(Sugiura et al. 2007; Everaerts 2008; Colomina and
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Molina 2014). Multicopters are more suitable for carry-
ing various payloads due to the increased number of
rotors, resulting in the possibility of installing more
advanced sensing systems (Anders et al. 2013).

Recently, the number of scientific studies on UAV-
based remote sensing of landslides has increased
(Niethammer et al. 2009; Carvajal et al. 2011; Lucieer
etal. 2014; Peterman 2015; Turner et al. 2015; Vrublova
et al. 2015; Lindner et al. 2016; Tanteri et al. 2017;
Mateos et al. 2017; Peternal et al. 2017). The current
literature shows that UAV-based landslide monitoring is
a viable method (Turner et al. 2015). The combination
of UAV-based aerial photos and structure from motion
(StM) software provides an efficient, low-cost, and rap-
id framework for the remote sensing and monitoring of
dynamic natural environments (Clapuyt et al. 2016). In
landslide assessment studies, a time series of high-
resolution images is used to create digital elevation
models (DEMs) and orthophotos by applying SfM tech-
niques. The SfM is a photogrammetric method for cre-
ating 3D (three-dimensional) models of a feature or
topography from overlapping 2D photos taken from
many locations and orientations in order to reconstruct
the photographed scene (Shervais 2015). Although StM
has existed in various forms since 1979 (Ullman 1979),
it only began to be commonly applied in the early 2000s
(Snavely et al. 2008). The SfM process starts by acquir-
ing photographs with sufficient overlap (e.g., 80-90%)
from multiple positions and/or angles (Lucieer et al.
2014).

A variety of technique for quantifying topographic
changes (i.e., elevation and/or volumetric change) be-
tween successive topographic surveys can be used in
landslide investigation and monitoring. This involves
the possibility of acquiring 3D information of the terrain
generated from different data sources such as airborne
laser scanning (ALS), aerial stereo-photographs, UAV-
based digital images, etc. with high accuracy and high
spatial resolution (Jabodeyoff et al. 2012). These tech-
niques are referred to as distance measurement
techniques/methods and can be classified as follows:
(1) DEM of difference (DoD), (2) direct cloud-to-
cloud comparison with closest point technique, and (3)
cloud-to-mesh (or model) comparison (Lague et al.
2013). The DoD, one of the most straightforward
methods, involves the subtraction of an earlier elevation
model from a later elevation model (Hsieh et al. 2016).
This subtraction is made on a pixel-by-pixel basis,
which provides measured values of vertical distance

(Lague et al. 2013). One of the latest methods used for
direct point cloud comparison is the Multiscale Model-
to-Model Cloud Comparison (M3C2), introduced by
Lague et al. (2013). The M3C2 algorithm works as a
plug-in under CloudCompare 3D processing software.
This algorithm can also be used for landslide monitoring
(Warrick et al. 2017).

In the present study, the Gallenzerkogel landslide
(Ybbs, Lower Austria) was monitored using UAV data
as well as LIDAR data. Three UAV flights were carried
out, and the SfM algorithm was applied to create high-
resolution DEMs, orthophotos, and point clouds. The
DoD and M3C2 algorithm were used to analyze land-
slide behavior.

Material and methods
Study area and available datasets

Gallenzerkogel landslide, located in the municipality of
Hollenstein (Ybbs, Lower Austria), was selected as the
study area (Fig. 1). The upper left coordinates are —
117,839.42, 295,545.08, and the bottom right coordi-
nates are — 117,421.13, 295,284.58 in MGI Austria GK
M31. The landslide area, covering 7.46 ha, is located
between 760 m and 495 m a.s.l., and slope gradients
reaching up to 70% can be seen. Former events in the
area have also been reported (Schweigl 2014). The
oldest known documented event was in 1899, with
7500 m> of displacement. Furthermore, in 2014, it was
reactivated with a total of ca. 2000 m® of displacement
(Hubl et al. 2016). In the present study, 2009 LIDAR
data representing the prefailure topography (1 m of
resolution) were obtained as both a digital surface model
(DSM) and a digital terrain model (DTM) (Fig. 2).

UAV-based image acquisition

The main steps of the workflow of the UAV-based
image acquisition can be categorized as follows: (1)
off-site preparation, (2) on-site preparation and image
acquisition, and (3) postprocessing (Lindner et al.
2016). Off-site preparation included several prerequi-
sites that had to be determined before moving on-site,
such as weather conditions and topography of the area
of interest. The optimal weather conditions for UAV-
based surveying of a landslide are a cloudy sky, but with
no rain, as it has a negative impact on UAV electronics
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and on the quality of images, and no wind, as it has a
negative impact on the precision of the global naviga-
tion satellite system (GNSS) route and the sharpness of
the image. The topography of the area of interest was
assessed roughly by using Google Earth in order to
determine the highest and lowest points as well as the
average slope because these are important for generating
the GNSS route for automatic flights. A regular flight
with all the necessary information will result in a suc-
cessful survey with regard to the quality of the images
and with adequately overlapped rates (>90% forward
overlapping and > 70 side overlapping).

The on-site preparation and image acquisition stage
included the flights and field work. The ground control
points (GCPs) required for image processing were sur-
veyed with subcentimeter accuracy (less than 5 mm) by
using Real-Time Kinematic-Global Positioning System
(RTK-GPS). The GCPs are shown in Table 1. Each GCP
is clearly visible in the acquired photograph (Fig. 3).
This GCP information is necessary for image rectifica-
tion and image geocoding.

For the UAV-based aerial survey of Gallenzerkogel
landslide, three flight missions were carried out
(Table 1). The UAV system used for the present study
(Fig. 4), a rotary-wing mini-octocopter (i.e., multicopter
UAV), the ARF MikroKopter OktoXL having the di-
mensions of 73 x 73 x 50 cm and weighing about 4.9 kg
(including camera and batteries), was also used by
Lindner et al. (2016). The UAV was equipped with
GNSS, which records spatial positions at 1-s intervals
for the X and Y positioning onto an SD card, and a
barometer, which determines the height above ground
level (AGL). These spatial positions were required for
the subsequent processing steps. The flight control soft-
ware MikroKopterTool was used to create a raster of
GNSS waypoints in the air, followed by the UAV with
user-controlled velocity and AGL height.

Table 1 Some key figures of flight missions

All flight missions were automatically controlled by
the defined GNSS waypoint raster, and manual inter-
vention was required only for starting and landing the
multicopter. Flight duration depended on the battery
package and thus lasted no longer than 15 min for all
missions in order to avoid a crash. The mean altitude of
the flight missions was set to less than 60 m AGL. A
Canon EOS 650D DSLR camera with a resolution of 18
megapixels was carried by the UAV to take all images.
In order to acquire a sufficient number of images for
photogrammetric analysis, the camera was adjusted to
be triggered automatically at a constant time interval of
2 s, independent of its position and orientation in the
space. Some key figures of the flight missions are in
given in Table 1.

Postprocessing included the georeferencing of all
obtained images with the GNSS log from the
multicopter and also by means of the GCPs using
Agisoft Photoscan. For each flight mission, point
clouds, DEMs, and orthophotos were generated to use
for further analysis in GIS software (ESRI ArcGIS) and
cloud processing software (CloudCompare) in order to
evaluate the landslide event.

Point cloud, DEM, and orthophoto generation

In the present study, the SfM algorithm was applied to
generate point clouds, DEMs, and orthophotos, using
Agisoft Photoscan Professional version 1.1.6. This pro-
cedure is included in the postprocessing stage of the
UAV aerial survey. The workflow of the SfM algorithm
in Photoscan is described as (1) image preparation, (2)
image matching and bundle block adjustment, (3) dense
geometry reconstruction and inclusion of GCPs, and (4)
texture mapping and export of DEMs and orthophotos
(Lucieer et al. 2014). In the image preparation step, the
GPS information registered on board the multicopter

Date Number Number Average Focal 1SO Shutter GSD Area Number
of flight of images flight length speed (cm/px) covered of GCP
height (mm) (Ha)
(m AGL)
21.04.2015 3 396 40.69 20 200 1/400 0.896 6.10 9
04.11.2015 1 116 39.27 24 400 1/320 0.721 5.13 9
04.04.2016 1 94 4138 24 200 1/400 0.759 5.00 8
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Fig. 3 Depiction of GCP
surveyed with RTK-GPS, which
is well visible in UAV image

(i.e., photograph location from the UAV flight path) was
linked to all UAV images obtained using the time setting
of'the digital camera. In this way, UAV-GPS coordinates
were written to the corresponding JPEG-EXIF headers.
This process is also called “geotagging.” Following the
importation of the selected geotagged UAV images in
Photoscan, image alignment was carried out based on
GPS information stored in the JPEG-EXIF headers.
Photoscan automatically positions the images and
matches features within the UAV images that overlap.
Bundle block adjustment was then carried out and out-
liers were deleted from the sparse point cloud to avoid
reconstruction errors. In the dense geometry reconstruc-
tion and inclusion of the GCPs stage, a dense 3D geom-
etry was built using a “height field” as well as other
parameters defined in Photoscan. The GPS markers (i.e.,
field-measured GPS coordinates of the GCPs) were then
defined in order to recalculate and fine-tune the bundle
adjustment with the estimated accuracy. Markers were
used to optimize camera positions and orientation data.

Fig. 4 MikroKopter OktoXL
UAV (left) and remote controller
and ground control set (right)
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Based on the updated bundle adjustment, the dense 3D
geometry was recomputed to obtain better model recon-
struction results. Following recomputation of the dense
3D geometry based on the markers, texture mapping of
the 3D model was carried out based on the original UAV
images. After the texture mapping, DEMs (in GeoTiff)
and orthophoto mosaics were exported for analysis via
GIS software. As a part of the bundle adjustment and
model generation process, the accuracy of all 3D models
was assessed based on the XYZ residuals for the GCPs
that were calculated by Agisoft. In addition, Agisoft
allows the users to export point clouds generated for
analysis in other cloud processing software.

UAV-based monitoring of Gallenzerkogel landslide

In the present study, the DoD was applied by subtracting
the DEM obtained from the first flight of the UAV from
the LIDAR-DEM because the LIDAR-DEM,
representing the prefailure topography, was obtained as
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both a DTM and a DSM. Here, before the DoD was
applied, the UAV-DSM obtained from the first UAV
flight was resampled as 1 m, because the LIDAR-
DEM had a 1 m resolution. Following the resampling,
in order to validate the alignment of these two DSMs
(LIDAR and UAV), the root mean square error (RMSE)
was calculated by using 770 points located over places
without vegetation cover outside the active landslide
area. Lower value indicates good agreement between
two datasets. A similar comparison approach had been
employed in several related studies in the literature
(Lucieer et al. 2014; Immerzeel et al. 2014; Turner
etal. 2015). In addition to the vertical difference obtain-
ed by the DoD application, volumetric changes were
taken from the difference map in a way similar to that
employed by Turner et al. (2015).

In this study, cloud-to-cloud distance computation
between the first and second UAV flights was carried
out using the M3C2 plug-in of CloudCompare 3D pro-
cessing software in order to monitor landslide activity
during the period following the first UAV flight. This
comparison was made because of the density of the
vegetation surrounding the landslide area. However,
because of the ongoing landslide control/stabilization
work over the landslide area, the third UAV flight was
not used to monitor landslide activity. The M3C2 algo-
rithm (see Lague et al. 2013 for detailed explanation)
enables the detection of changes in complex topography
directly on point clouds, without meshing or gridding
(Esposito et al. 2017). The required parameters in com-
puting the distance between two point clouds by using
the M3C2 algorithm include (1) definition of the refer-
ence cloud and comparison cloud; (2) definition of the
core points; (3) definition of the normal scale (D), the
projection scale (d), and the cylinder depth; and (4)
definition of the registration error (Esposito et al.
2017). To this aim, the first UAV flight was set as the
reference and the second UAV flight was set as the
compared cloud. For the cloud-to-cloud comparison,
point clouds generated by Agisoft PhotoScan were
exported as a text file (.txt). The parameters D and d
were chosen based on the suggestions reported by
Lague et al. (2013). The normal-scale parameter was
set as the fixed value of 5 m for this study, being
specifically more than 25 times greater than the average
roughness (0.17 m) because no corresponding elements
could be identified between surveys. The projection
scale was set at 2 m as it would be suitable for point
distance computation with the average point density of

5.2 pts./m?. This is more than the minimum of four
points requested by the M3C2 algorithm (Esposito
et al. 2017). The cylinder depth was set at 2 m for the
points representing the vegetation. Both clouds were
subsampled at 50-cm minimum point spacing, and the
first UAV flight data (i.e., the reference cloud) was used
for the core points. In addition, the registration error
(reg) was calculated by using Eq. 1 (Esposito et al.
2017).

reg =\ (RMSEpy)? + (RMSE o)’ m

where RMSE is the root mean square error of the models
calculated from the GCPs used in Agisoft Photoscan. In
this study, the registration error was calculated as
0.063 m. The outputs of the M3C2 algorithm are the
distance to the closest corresponding point, significant
change, and distance uncertainty. The distance uncer-
tainty is the 95% level of detection (LODg;sq,) and was
calculated by the M3C2 algorithm using Eq. 2
(Borradaile 2003).

o1(d)’ n o3 (d)’
np np

LODysy, = +1.96 + reg (2)

where d is the projection scale and o1(d)* and o»(d)* are
the local roughness of the point clouds 7; and n,. In this
study, distance uncertainty values of higher than 15 cm
and nonsignificant changes were removed and the re-
maining points were used to obtain the landslide
deformations.

Results and discussion
Results of UAV flights and SfM processing

In the present study, three flight missions with a UAV
(ARF MikroKopter OktoXL) were carried out over the
landslide area. There was an interval of 197 days be-
tween the first and second UAV flights, and 152 days
between the second and third UAV flights used to take
the images. The standards of the camera used for this
study (Canon EOS 650D DSLR with resolution of 18
megapixels) were sufficient for data acquisition in day-
light. Same system was also used successfully by
Lindner et al. (2016). All images had a ground sampling
distance (GSD) of less than of 1 cm. All UAV flights
lasted about 10 min, and all field work covering the
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entire on-site preparation and image acquisition step of
the UAV-based image acquisition was completed in less
than 2 h except for the driving time to the study area.
This duration is quite short when compared to tradition-
al field surveys. All orthophotos generated using
Agisoft Photoscan are given in Fig. 5. All DEMs and
orthophotos were produced at a resolution of 10 cm, and
all models were generated with an average of 4 cm
RMSE according to the GCPs. The RMSE values for
data from the first, second, and third flights were 0.06,
0.02, and 0.04 m, respectively. These values are com-
parable with Turner et al. (2015) and Lindner et al.
(2016). In total, 396 images for the first UAV flight
mission, 116 images for second, and 94 images for
third were taken to generate the models. As the
highest number of images were taken during the first
flight, the best-quality orthophotos were obtained.
The decrease in the number of overlapping images
resulted from the decrease in the number of images
taken by the latter two flights, as the vegetation den-
sity around the slide area (i.e., the most active part of
the slope), generated models having more noise.
However, even though there was some noise, all data

First Flight Data
21.04.2015

Second Flight Data
04.11.2015

Third Flight Data
04.04.2016

could be used for the monitoring of the landslide
because one of the outputs obtained by the SfM
algorithm was a high-density point cloud. All point
clouds generated had more than ten million points,
resulting in a point density of more than 150 pts./m?.

Results of monitoring of Gallenzerkogel landslide

The UAV-based DSMs, orthophotos, point clouds,
and LIDAR-DEMs (obtained as DTMs and DSMs)
were used for the monitoring of the Gallenzerkogel
landslide. The LIDAR-DEM (resolution of 1 m)
from 2009 represented the prelandslide topography.
The monitoring of the landslide was first carried
out by applying DoD. Before applying DoD, the
RMSE of LIDAR-DEM and first UAV-DEM was
calculated by using 770 points located over places
outside the active landslide area without vegetation
cover. The RMSE value was determined as 0.2 m.
The elevation distribution of selected points is
depicted as a graph in Fig. 6. According to this
graph, the UAV-DSM data is quite compatible with
the LIDAR-DTM data. The pixels having values in

B I Most active part of the slope

%

Fig. 5 Orthophotos (10 cm) generated from UAV images of Gallenzerkogel landslide
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Fig. 6 Elevation distribution
graph of selected points from
outside of the landslide
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705

700

695

690

the range of +0.2 m were eliminated from the
deformation map obtained by DoD. First, in order
to observe the change in vegetation between the
LIDAR-DSM and the first UAV-DSM data, the
differences that were reclassified as less than —
15 m (selected depending on field observations)
were obtained by the DoD method (Fig. 7). This
map shows both the trees that were destroyed by
the landslide and the trees that were removed due

1. __ 1 Road Destroyed

[ ]Road

[ Trees Removed

Deformation (m)
. 20

— 6,6

100

200 300 400 500 600 700 800

—UAV —LIDAR

to the landslide in the area. In addition, in order to
obtain landslide deformations, the DoD was ap-
plied by subtracting the first UAV-DSM from the
LIDAR-DTM. Because the UAV-DSM data includ-
ed vegetation cover, the differences of greater than
2 m were eliminated. According to the deforma-
tion map, the difference was between —6.6 and
2 m (Fig. 7). Over the landslide area, a total of
4380.1 m> of the slope material was eroded, while

Most active part of the slope |

Fig. 7 Landslide deformations mapped between first UAV and 2009 LIDAR. This map is combination of difference of UAV-DSM and

LIDAR-DSM and difference of UAV-DSM and LIDAR-DTM
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297.4 m® of the material had accumulated within
the most active part of the slope. In addition,
688.3 m> of the total eroded material had belonged
to the road destroyed by the landslide.

In the present study, in order to monitor landslide
activity during the period following the first UAV flight,
a cloud-to-cloud comparison was carried out using the
M3C2 algorithm. The cloud-to-cloud comparison of the
first and second UAV flight data was applied because
when the UAV meshes were generated, the vegetation
surrounding the landslide area caused more noise. The
outputs of the M3C2 algorithm are given in Fig. 8. The
colors in the legend of Fig. 8 represent the attributes for

g
Il Significant Change
Non-significant Change

15.0cm

-2.5m

each piece of information (significant change at the top,
distance uncertainty in the middle, and M3C2 distance
at the bottom). The M3C2 distance, after eliminating
both the distance uncertainty values of higher than
15 cm and the nonsignificant changes, was determined
as —2.5-2.5 m. Related uncertainty values ranged from
12.3 to 15 cm, with a mean value of 13.4 cm and a
standard deviation of 7.4 mm (Fig. 8).

In the present study, neither DoD nor M3C2 methods
could be used with the third flight data to monitor
landslide activity. This was due to the landslide
control/stabilization work, which had markedly in-
creased following the date of the second flight, and the

Count

0.124 0.128 0.132 0.136 0.14 0.144 0.148
distance uncertainty

Gauss: mean = 0.287777 / std.dev. = 0.389131 [327 classes]

Count

-2.4 -1.6 0.8 0 0.8 1.6 24
M3C2 distance

Fig. 8 Outputs of cloud-to-cloud comparison (M3C2) of first and second UAV flights. Significant change (top), distance uncertainty

(middle), and M3C2 distance (bottom)
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resulting excavation and replacement of the earth mate-
rial in the study area. Thus, the landslide control/
stabilization work had considerably changed the topog-
raphy data between the second and third flights. How-
ever, the high-resolution orthophotos enabled the visual
monitoring of the control/stabilization work in the area
(Fig. 9).

Conclusions

In this study, a case application of UAV-based photo-
grammetry was carried out for the Gallenzerkogel
(Lower Austria) landslide, via three flights conducted
after the landslide event and LIDAR data representing
the prefailure topography. The presence of the LIDAR
data of the area enabled the LIDAR and UAV data to be
combined in the study. A standard digital camera was
used to collect RGB (true color) images for all UAV
flights. The SfM was used to obtain DEMs,
orthophotos, and point clouds from hundreds of over-
lapping images. All SfM outputs were successfully used
for the monitoring of the landslide. The UAV-DEMs and
orthophotos show great potential for analysis of land-
slide behavior.

One of the important advantages of UAVs is that they
can be utilized at almost any moment in time. This
means that using UAVs is a flexible, quick, and effective
method for the acquisition of multitemporal data. In the

% Early warning system =

Fig. 9 Landslide control works made over Gallenzerkogel landslide (orthophoto of the third UAV flight)

study, for the three flights over Gallenzerkogel land-
slide, taking images via UAV over an area of about
5 ha took 10 min. Another advantage of UAV-based
photogrammetric measurement is the completeness of
the data. All monitoring was made for the landslide as a
whole, not just for random points of interest. In addition,
UAVs provide a level of detail that could not be obtained
by traditional methods. All images had GSD values of
less than 1 c¢cm, while the DEMs and orthophotos pro-
vided high resolutions (i.e., in centimeters) and the point
clouds had very high densities (i.e., higher than 150 pts./
m?). For all flights, only nine GCPs could be surveyed
in the field work. Conducting surveys of GCPs in the
field was a challenging task and in most cases, up to half
of the time spent in the UAV missions was due to GCP
placement. Moreover, this task can be more challenging
in hazardous areas such as landslides. In addition, man-
ual placement of GCPs on the images during the exterior
orientation process in Agisoft Photoscan Professional
may introduce a further source of error.

In this study, both DoD and M3C2 were used for
analysis of landslide deformations. According to DoD, a
total of 4380.1 m> of the slope material was eroded,
while 297.4 m® of the material had accumulated within
the most active part of the slope. In addition, 688.3 m® of
the total eroded material had belonged to the road
destroyed by the landslide. The M3C2 algorithm proved
to be suitable and satisfactorily accomplished accurate
change detection results when compared to the most
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common DoD. The M3C2 algorithm, a modern meth-
odology for change detection analysis, enabled the de-
tection of changes in complex topography directly on
point clouds, without meshing or gridding. Because the
vegetation surrounding the landslide area caused more
noise in generating meshes, the M3C2 algorithm was
used as cloud to cloud comparison. The outputs of
M3C2 algorithm are distance uncertainty and nonsig-
nificant change between two series of data. Only defor-
mations caused by landslide activity could map by
eliminating both the distance uncertainty values and
the nonsignificant changes. Since the landslide control/
stabilization work had considerably changed the topog-
raphy data between the second and third flights, neither
DoD nor M3C2 methods could be used with the third
flight data. But ongoing control/stabilization works
were able to be monitored with high-resolution
orthophotos.
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