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Abstract—The mentioned natural laboratory is an active landslide in Doren (Vorarlberg, Western Austria). This landslide,
located in the foreland Molasse zone, was already sketched in
historical maps from the 19th century. In recent years, there have
been two major events in 2006 and 2007, resp., and ongoing
movement since then. These events triggered the demand for
regular geodetic monitoring of the landslide. The monitoring
activities comprise multi-temporal data sets from both terrestrial
(TLS) and airborne laser scanning (ALS), regular geodetic
measurements with a tacheometer and a UAV campaign based
on a high-resolution medium-frame camera (80 megapixel). The
tacheometric monitoring was carried out subdiurnally with an
automatic total station on a fixed platform for several years
until 2010 and has been continued in epochs of two to three
months since then. TLS data sets have been recorded every
year from 2008 to 2013, the last two with a full-waveform
instrument (RIEGL VZ-400). The UAV campaign was performed
synchronously with the last TLS campaign. ALS data sets were
recorded in 2003, 2006, 2007 (two times) and 2011.
One focus of this paper is the comparison of movement rates
calculated from tacheometry and TLS in homologous areas.
Those from TLS were calculated with a range flow approach.
The high resolution digital terrain models derived from laser
scanning data are used as input for a range flow algorithm, which
estimates dense 3D motion vectors over the entire landslide area.
The estimated motion vectors represent deformations and surface
changes at different parts of the landslide that occurred between
two data acquisition campaigns. Furthermore, we compare the
resolution and accuracy of TLS vs. the point clouds from image
matching of the UAV images. This comparison is accompanied
by a discussion on acquisition methods beyond accuracy and
measurement time.

I. I NTRODUCTION
In mountainous environment one of the numerous natural
hazards is the effect of mass movements, more specifically the
danger of landslides. Depending on the size, the recurrence
interval and the area influenced, severity of the danger may
range from the negligible level to very dangerous. In Bregenzerwald (Vorarlberg, Western Austria) there is a landslide that
has already been indicated on the maps of the First and Second

Military Surveys of the Habsburg Empire [1]. In the vicinity
there are numerous other mass movements of various size,
but this one, the Doren landslide (named after the locality)
endangers also built-up property. The activity of the landslide
seems to be varying during the decades, recently producing
considerable rock volumes to move.
Because of its endangering nature, the landslide has been
monitored in the last decade using various techniques. Tacheometric measurements have been carried out regularly using
geodetic prisms fixed to the ground at several points of
rim and main body of the landslide. The monitoring using
laser scanning techniques is dating back to 2003, in the first
years (2003–2007) a series of airborne laser scanning (ALS)
measurements were carried out serving a multitemporal set of
surface data. From 2008 on a series of terrestrial laser scanning
(TLS) campaigns were carried out almost regularly once a year
by the Institute of Photogrammetry and Remote Sensing (IPF,
now part of the Department of Geodesy and Geoinformation)
of the Vienna University of Technology, supported by the
Austrian Academy of Sciences (ÖAW).
The main scarp of the landslide is well observable during the
whole year if there is no snow cover. However, large parts of
the moving mass, especially the toe are covered by vegetation
of various density. The vegetation often hampers the laser
scanning of the surface of the moving material. Therefore
step-by-step improvements were sought in the acquisition
technology and concerning the acquisition geometry.
Since the toe of the landslide tends to have active periods
of faster development, in some years the data acquisition
is also hampered by the washed-away base points of the
previous years or by the growing vegetation. In this setting,
the application of the same geometry of acquisition cannot
be ensured, the coverage varies from year to year, therefore
combined techniques are needed for the evaluation of the laser
scanned data, especially for the long term monitoring. Finally,
in 2013 a UAV (unmanned aerial vehicle) campaign using

a high-resolution medium-frame camera (80 megapixel) has
also been carried out parallel to the laser scanning campaign
in order to evaluate the achievable accuracy and richness in
detail of this upcoming technology.
Our aim in this paper is to summarize the previous results and contrast them to the combined results of the 2013
campaign. The manuscript is organized as follows: Section II
describes the data sets captured for the 3D monitoring of
the landslide. The methodology for processing and evaluating
these data is given in in Section III, and the results are
presented and discussed in the subsequent section. Section V
gives an outlook and the conclusions.
II. DATA S ETS
A. Airborne Laser Scanning

The first ALS campaign in our study area was performed
in 2003. Triggered by major events on the landslide, three
campaigns followed in 2006, in March and in December 2007
[2], [3]. Digital terrain models stemming from this campaign
are shown in Figure 1. The last ALS campaign covering
the whole slope was carried out in 2011. The lower part of
the landslide was additionally captured in an ALS campaign
in 2009. All ALS campaigns were done on behalf of LVA
Feldkirch.
B. Terrestrial Laser Scanning
From Autumn 2008 to Spring 2013, six TLS measurement
campaigns have taken place at the Doren landslide in an
annual frequency. The TLS time series reflects to some extent
the technological developments in this field during the last
years: While the first campaign was equipped with a RIEGL
LPM-321 laser profiling device (max. range 6, 000 m, max.
PRR 1 kHz, 3 targets per pulse), in the campaigns of 2009
to 2011, a RIEGL LMS-Z420i scanner was used, capable of
operating with max. 24 kHz at a maximal range of 800 m
and delivering a single target per pulse. The last two campaigns in Autumn 2012 and Spring 2013 were performed
with a RIEGL VZ-400 instrument, capable of a scanning
with 100 kHz in the long-range mode (300 kHz in the highspeed mode), with which distances up to 1 km were measured.
See [4] for the detailed specifications of the instruments. The
VZ-400 additionally enables for extracting multiple targets
per pulse using online-waveform processing. This technique
allows for further determination of a calibrated reflectance
and other attributes [5]. This technique was evaluated against
the “classical” full-waveform analysis of the digitized echo
waveform using Gaussian decomposition [6] in a scan of a
densely vegetated area at the toe of the slope, see Section IV.
Figure 2 shows the point cloud captured in 2013.
C. Tacheometric Monitoring

Fig. 1. Shaded digital terrain models (DTMs) from airborne laser scanning
(ALS) 2003 and March 2007 [2].

The network for geodetic monitoring by tacheometry in
Doren consists of (a) a concrete pillar for mounting the
instrument, placed near the rim of the landslide (next to
point 85 in Figure 3); (b) of geodetic prisms located in nonmoving areas for orientation, and additional reference points
of the official geodetic network for establishing the attitude
reference; (c) of a set of up to 25 geodetic prisms placed
at representative positions at the landslide; see the numbered
points in Figure 3. Because of the slope’s movement, some of
these prisms were destroyed and/or had to be replaced during
the monitoring period.
The tacheometric monitoring was originally conducted by
the surveying company ERATOS (Rupert Zischinsky, www.
eratos.at) in a fully automatic manner. Each prism on the
slope was measured every two hours during daytime. The
automatic monitoring ended in Spring 2010, and has been
continued by the local surveying authority (LVA Feldkirch)
since then in a temporal frequency of some weeks or months.
From March 2010 to April 2013, 21 geodetic measurement
campaigns have taken place, resulting in 3D coordinates in the

III. M ETHODOLOGY
A. TLS Data Processing

Fig. 2. Perspective view of the TLS point cloud captured in the 2013
campaign, displayed in the software RiSCAN PRO [4], colour coded by the
reflectance (green: < −15 dB, black: −15 dB, white: 0 dB). View towards
the North. The coloured circles indicate the scan positions.

national mapping frame (Gauß-Krüger M28 in MGI datum)
with sub-centimeter accuracy. As an output, movement rates
were calculated and plotted for each prism and epoch. Figure 3
shows the movements and velocities between different epochs
(March 25, 2010 to October 22, 2012).

D. UAV data
In April 2013, simultaneously to TLS and tacheometric
data acquisition, an image-based measurement campaign was
realized based on a multirotor UAV, built and operated by
the company von-oben e.U. (www.von-oben.at). Due to its
optimized construction, this UAV enables carrying a maximum
payload of up to 10 kg. Hence, among various measurement
instruments such as laser scanning systems, it may be equipped
with a medium-frame camera system. The camera system used
for this campaign comprises an Alpa 12 TC frame, a Schneider
Kreuznach Apo-Helvetar XL 60 mm 1 : 5.6 lense and a Phase
One IQ 180 Digi Back supporting 80 megapixel. See Figure 4
for an example of a UAV image taken in this campaign.
At an average flight height of 50 m above ground level
(due to the structure of the landslide, the flight height varies
significantly), an image resolution of approx. 4 mm per pixel
could be achieved. Altogether, 237 images at two different
flight altitudes (w.r.t. elevation) were taken using an exposure
time of 1/500 sec and an aperture value of 5.6. In addition, a
course referencing information for the individual images was
provided by onboard sensors (GPS, INS), which was used as
estimation for the initial bundle block configuration, which is
shown in Figure 5.

The TLS datasets of 2008 to 2012 were co-registered with
the help of retroreflective targets. An absolute georeference
was established by determining the coordinates of these targets
in the national mapping coordinate system with RTK-GPS
measurements and applying an overdetermined 3D similarity
transformation to the point clouds. Some scan stations, especially at the lower part of the landslide and on the opposite
side, exhibit bad visibility to the targets and sometimes also
bad GPS signal quality because of vegetation. The registration
of these scans was therefore improved using an ICP algorithm
[7].
The absolute georeference of the 2013 dataset was established by scanning the geodetic prisms of tacheometric
monitoring from a scan station at the concrete pillar. In
this scan, also additional retroreflective targets, placed at the
landslide and rotatable around their centres, were scanned in
detail for co-registration of the other scans and for absolute
georeferencing of the UAV images.
The strategy of using the geodetic prisms for absolute
georeferencing was not performed in the previous years since
the tacheometric monitoring relied on local coordinates until
October 2012. National coordinates of the previous measuring
epochs have been available retrospectively.
From the georeferenced point clouds, digital terrain models
in sub-meter resolution were derived in a hierarchic-robust filter strategy using the software packages OPALS and SCOP++
[8], [9]. For processing the 2013 data set, a 3D vegetation
filter based on a coarse digital terrain model (DTM) estimation
and subsequent 3D filtering of vegetation points was applied.
Subsequently, the terrain was triangulated using the approach
described in [10] using Poisson surfaces.
B. Dense Motion Estimation
For a detailed study on dynamics of the landslide, dense
motion vectors are estimated over the landslide area from the
multi-temporal ALS and TLS datasets. A motion estimation
method based on range images known as Range flow [11], [12]
is used for computing dense 3D motion vectors. An application
of range flow for studying landslide motion is presented in [2].
Here, we continue this work flow for motion estimation over
the landslide area. The three unknown motion parameters are
estimated by minimizing the height differences between two
temporal 2.5D surface models of the landslide area. Range
flow constraint is applied locally due to large variations in the
motion pattern of different parts of the landslide.
C. Structure-from-motion-based DTM generation
Based on the 237 images taken by the UAV, a 3D triangulation mesh was generated. For this, we used VisualSFM (http://
homes.cs.washington.edu/ccwu/vsfm/), a GUI-based software
package comprising an aerotriangulation module to determine
the exterior orientation, an interactive determination of a similarity transformation matrix for georeferencing and a dense
matching module. Finally, the surface was determined by a 3D

Fig. 3. Movement of the geodetic prisms as observed in the tacheometric monitoring from March 2010 to October 2012. The lines’ lengths are exaggerated
by a factor of 25. The line widths correspond to the 3D movement velocities between two measurement epochs. The xy components are shown in the lower
left image; the images at the top depict the movements’ xz (left) and yz components (right). The lower right image shows the relative distances of the prisms
to their original position over time. Coordinates: Gauß-Krüger M28 (MGI datum); elevation given as orthometric height above Adria level. Orthophoto: LVA
Feldkirch, accessed on August 14, 2013.

triangulation approach [10]. Feature point extraction is based
on the SIFT descriptor [13]. Those points have a 2D location
in the image and a 128-dimensional vector, which is build up
by the surrounding pixel (grayscale) values. By taking into
account that the lightning condition, the distance and the rotation will change when the scene is recorded from a different
viewing position, many points are filtered that don’t satisfy
these criteria. With the extracted feature points in an image
A, it is possible to find/compare feature points in an image B

via a similarity measurement. This step is called matching and
is performed for every possible combination. The extraction
as well as the matching step is performed by VisualSFM in
a parallelized way by using the GPU for these computations,
which reduces the calculation time significantly. It is possible
that some errors are still remaining after the matching step. As
the calculation of the relative orientation of two views only
requires 8 image points for a linear solution, every additional
measurement leads to an overdetermined equation system for

Fig. 4. Left: Example of a UAV image, scaled down to 15% of the original resolution. Right: Detail of the upper image in full resolution (pixel size 4 mm).
The position of the upper image is indicated in Figure 9 (red box).

the solution. By applying a robust estimation technique such
as the well-known RANSAC algorithm (Random Sample Consensus, see [14]), it is possible to estimate a best solution for
the orientation parameters. Additionally, possible remaining
outliers can be detected by an epipolar constraint where a
possible corresponding point is restricted to a line or band in
a different view according to the relative orientation of these
two images [15].
After the computation of the initial solution of the exterior
orientation was performed, every observation is embedded into
a bundle adjustment. The goal is to derive the statistically optimal parameter set via a least-squares approach. The internal
camera parameters (i.e. focal length and principal point) are
considered for every image. Those parameters as well as one
radial distortion parameter of the images are also determined
in the bundle adjustment.

Fig. 5. Constellation of the bundle block set up by the UAV images
(view towards the North) as computed using VisualSFM (http://homes.cs.
washington.edu/∼ccwu/vsfm/).

For georeferencing, control points were measured using
VisualSFM in order to apply the transformation for the whole
block. A re-computation (in form of the aforementioned bundle adjustment) of the orientation elements is not performed.

Instead, an overdetermined similarity transformation (least
squares) is applied.
For dense matching, PMVS2 (http://www.di.ens.fr/pmvs/)
was applied. Hence, as many corresponding points among
overlapping images as possible were determined. We split the
whole image block into small parts/blocks (up to 9 images)
and processed the data. Finally, the resulting 40 million mesh
vertices were used as input to a 3D triangulation [10] and the
RGB values of the initial mesh were projected onto the final
one. The final mesh consists of 20 million triangles with an
average edge length of 5 cm.
IV. R ESULTS AND D ISCUSSION
A. Comparison of Motion Estimation by Tacheometry and
Range Flow
Figure 6 shows the three components of the motion in
the landslide area. Motion vectors over parts of the landslide
covered by vegetation resulting in sparse ground coverage have
been masked out. It is essential to point out that the motion
shown in Figure 6 reflects the surface changes occurring due
to underlying geomorphic processes in the area. Therefore, the
computed motion is not necessarily the motion of the landslide
mass but an apparent motion reflecting the changes due to
geomorphic processes and anthropogenic influence. Figure 6
shows that some parts of the landslide are still active and show
movements > 3 m between TLS campaigns of 2012 and 2013.
At the scarp of the landslide there is also material loss as
visible in Figure 6.
Figure 8 shows a comparison of the results from dense
motion estimation and point based geodetic measurements is
performed. This comparison is not intended to be interpreted
as a validation of the motion estimation results but rather to
examine the causes resulting in the observed differences. Some
of the points in comparison to Figure 3 are missing due to
missing data for the specific epochs. The point-based measurements are performed using geodetic prisms placed mostly

Fig. 6. Dense 3D motion vectors from 2012–2013. Z is the change in elevation, Y is North-South and X is East-West motion.

on a steel rod or occasionally on a tree trunk (Figure 7). This
peculiar placement of the targets results in a shift between the
ground surface and the actual position of the observed target
point. The steel rods and the tree trunks lean over time which
introduces a bias in the observations of points. Figure 8 shows
that the results from range flow and tacheometry correspond
well in magnitude and the direction of motion. However, still
the difference especially for point 22 is substantial. A more
detailed explanation for this difference can be found in [2].

Fig. 7. Geodetic prisms of LVA Feldkirch (cf. [2], [16]).

B. ALS vs. UAV
In comparison to terrestrial data acquisition—considering
both TLS and tacheometry—airborne sensors benefit from
the homogeneity of the achievable point distribution. This is
due to their regular, and comprehensive distribution of “view
points”. The maximum achievable resolution of airborne (i.e.
manned and unmanned platforms) sensors is correlated to the
minimum flight height above ground level. Hence, UAV based
technologies excel ALS with respect to the model resolution
by a factor of 10. However, ALS campaigns allow for fast
and hence efficient data acquisition of huge sites with squarekilometer extension within minutes, while the maximum area
to be captured by multicopter-UAVs is restricted to approx.
a square-km per day. Figure 10 shows a shaded relief of the
ALS-derived DTM from 2007 (1 m grid resolution) and the
UAV-derived DTM from 2013 (5 cm edge length). A UAV

Fig. 8. Motion vectors from range flow and tacheometry in X,Y (East-West,
North-South) direction at the location of the Geodetic prisms.

image of this area is shown in Figure 4 (rotated counterclockwise), and it is marked in Figure 9 as red box. As seen
in Figure 10, the main slope and structure of the steep area
is discernible within the ALS data as well, whereas the small,
geomorphologically relevant structures especially at the toe of
the wall (valleys and rims) are not.
C. Single-return in comparison to Online-Waveform and FullWaveform TLS
Two evaluate the performance of multi-target TLS in general and of full-waveform TLS especially, two point clouds

Fig. 10. Hillshade of a part of the ALS-derived DTM from 2007 (1 m
resolution; left) vs. the corresponding DTM-part derived from UAV image
matching (5 cm resolution; right).

first tree rows, the full-waveform scan delivers a significantly
higher point density than the single-return scan. This value
decreases rapidly with growing distance because of the tree
stems shadowing totally the scanner’s instantaneous field of
view.

The comparison, depicted in Figure 11, shows that in the

-33725

5260800

5260825
-33800

5260775

5260825

5260850

5260875

5260900

5260925

5260950

5260975
-33725

5260975

-33750

5260950

5260950
-33750

-33725

5260925

5260925
5260900
5260875
5260825

5260800

5260850
-33775

5260775

0
17
33
50
Scan Position

5260775

Point Density (m^-2)

0
17
33
50
Scan Position
-33800

-33750

Point Density Map

Point Density (m^-2)

Coordinates: Gauß-Krüger M28 (MGI)
Orthophoto: Landesamt für Vermessung und Geoinformation Feldkirch,
accessed on August 13, 2013

retrieved from the opposite side of the landslide were analysed
concerning their point density in a forested area at the toe
of the slope. The frist point cloud, stemming from the 2011
campaign, was recorded with a single-return scanner, while
in case of the second, a scanner capable of online-waveform
processing was used. Additionally, also the full waveform of
each return signal was recorded. The scan positions were very
close to each other and the angular point density was adjusted
to 0.027◦ both horizontally and vertically so that the calculated
point densities are comparable.
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Fig. 9. RGB orthophoto and DTM hillshade of the upper part of the landslide,
derived from UAV image matching. DTM resolution is 5 cm. The detail in
the red frame is further highlighted in Figure 10.
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Fig. 11. Point density of a single-return scan in 2011 of a forested area (left)
and of a full-waveform scan in 2012 (right), recorded from approx. the same
scan position and in the same angular resolution.

This effect is also visible in the perspective views of the fullwaveform scan shown in Figure 12. However, as is visible by
comparing the top and the bottom image in this figure, the
advantage of using a multi-return system is obvious: First, a
single-return system would only deliver the green and yellow
points. Second, since only the last echo per shot may belong to
the terrain, this information is valuable for separating terrain
from off-terrain points during DTM generation.
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Fig. 13. Return counts of the online waveform processing (left) and
of Gaussian Decomposition (right) of the 2012 full-waveform scan. Both
methods deliver quite comparable results; the overall return count of online
waveform processing is around 1.9% higher. The higher numbers for Gaussian
Decomposition in case of four or more echoes might indicate though that this
algorithm is able to detect weak echoes more often than the online algorithm.

Fig. 12. Illustrating the potential of a full-waveform scanner by the echo
distribution of the scan in 2012 from Figure 11 (perspective view towards
the North-East). Green: single echoes, yellow: first of multiple echoes, cyan:
intermediate echoes, blue: last echoes, red: scan position. The top image shows
all echoes whereas the bottom image only shows the single and first echoes.
The latter image corresponds to the result of a single-target scanner. Especially
in the lower part, the superior coverage by full-waveform scanning is clearly
visible.

The online-waveform point cloud was further analysed in
comparison to the results of Gaussian Decomposition of the
stored echo waveforms [6]. Both the total number of points and
the distribution of echoes per laser pulse were quite similar, as
shown in Figure 13. Concerning ranging, a median difference
of 5 mm was found for laser pulses where both approaches
delivered single echoes.
V. O UTLOOK AND C ONCLUSION
In this paper, different techniques for 3D monitoring of an
active landslide were presented and evaluated. These techniques, namely airborne and terrestrial laser scanning, tacheometric monitoring using geodetic prisms and digital imaging
with a UAV, differ significantly in their properties concerning
landslide monitoring in several senses. While tacheometric
monitoring delivers 3D coordinates with high sub-centimetre
accuracy of distinct signalized points, these points have to
be selected and stabilized carefully for long-term monitoring,
demanding for expert knowledge in this task.

ALS produces 3D point clouds in a quite homogeneous spatial resolution, now typically in the range of several decimetres
point distance. From an economic viewpoint, ALS campaigns
are only feasible once a year or even less frequently. Both UAV
campaigns and TLS campaigns are cheaper; especially in open
terrain, DTM resolution by UAV image matching may exceed
the resolution reetrieved in ALS by a factor of 10. While
the spatial resolution of TLS data is rather inhomogeneous,
TLS exhibits less problems in areas with vegetation. However,
dense forest does not allow a very deep penetration by the
laser ray in case of TLS, which is due to the laser ray being
close to tangential to the ground. Therefore, tree stems shadow
the scanner’s instantaneous field of view. For comparison, in
ALS the laser beam direction is close to perpendicular to the
ground, allowing for good penetration even in forested areas.
The absolute georeference is a core issue for both TLS and
UAV imaging, especially when comparing multitemporal data
sets for motion estimation. This fact and recent developments
for motion estimation from gridded data lead to the conclusion that simultaneous use of tacheometry and/or RTK-GPS
together with TLS and/or UAV imaging is beneficial for both
sides: While the first two help to retrieve an exact absolute
georeference, the last two may either prove or disprove the
representativity of one signalized point’s movement for the
movement of a larger area.
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