Nat. Hazards Earth Syst. Sci., 9, 192928 2009 y -K
www.nat-hazards-earth-syst-sci.net/9/1921/2009/ Natural Hazards
© Author(s) 2009. This work is distributed under and_ Earth
the Creative Commons Attribution 3.0 License. System Sciences

Assessing the capability of terrestrial laser scanning for monitoring
slow moving landslides

A. Prokop and H. Panholzer

Institute of Mountain Risk Engineering, Department of Civil Engineering and Natural Hazards, University of Natural
Resources and Applied Life Sciences, Peter Jordanstrasse 82, 1190 Wien, Austria

Received: 1 December 2008 — Revised: 6 August 2009 — Accepted: 15 October 2009 — Published: 19 November 2009

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

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

ning exist: auto-regressive process (Lindenberger, 1993),
mathematical morphology (Kilian et al., 1996), method of
smallest squares robust interpolation (Pfeifer et al., 1998),
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as a filtering criterion (Axelsson, 2000; Vosselmann, 2000;moving landslides (movement rated0 cm per investigated
Vosselmann and Maas, 2001), gridding procedures determinperiod). Accuracy limitations in the creation of DEMs and
ing a grid-DEM in a data pyramid by hierarchically includ- interpretation of TLS data concerning movement patterns of
ing elevation values based on gradients (Wack and Wimmenandslides are discussed and case examples are presented.
2002; Sithole and Vosselmann, 2003). However, data filter-The results are evaluated against tachymetry measurements
ing always means a loss of data and sometimes of informa¢a reliable alternative surveying method) and a comparative
tion. The quality of the DEM created depends on the methodstudy is given. A point to point comparison of TLS data for
applied and the structure of the landscape (Hamrah et almass movement analyses has already been investigated by
2006). Oppikofer et al. (2008) and is therefore not the subject of
The relevance of such DEMs concerning the analysis ofthis paper.
mass movement processes was investigated for airborne laser
data (Schulz, 2007; Scheidl et al., 2008). For the terres-
trial approach an investigation of automated filtering meth-2
ods concerning the accuracy of DEMs created and the in- o et " . . .
; The test site, “Galierm” landslide (Fig. 1), is located north-
terpretation of mass movement processes has yet to be com-

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

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

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

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

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

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

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

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

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

The “Galierm” landslide

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

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

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

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

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

An investigation of the accuracy of TLS data and applied
post processing steps for DEM creation is needed for slow
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Fig. 1. The test site Galiern{A) Location of the test site (cut of the Austrian Map 1:500 000 distort®))Picture of the test sitdC) Map
of test site location(D) Point cloud of the test area.

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

to create orthophotos.

Riegl LMS Z420i

The whole test area was scanned by TLS using a point

resolution of 3cm at a distance of 100m. The chosen reso- R2nge/good reflecting targets 1000m
lution was slightly lower than the ideal point spacing of 86% Range/bad reflecting targets 350m

u ghtly i ieal p pacing 9 Wavelength 1.5m

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

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

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

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

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

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

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

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

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

big radius
small radius

big radius
small radius

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

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

6.
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procedure was applied and can be seen in Fig. 2a: (a)
Creation of inverse distance weighting (IDW) surfaces
using 4 iteration steps, (b) Creation of a minimum sur-
face followed by dilation (up-lift) of the minimum sur-
face, (c) All points remaining under both surfaces are
used for creation of the DEM. When creating the IDW
and minimum surfaces the operator needs to defined a
radius on the x,y plane as a basis for calculation to filter
points on the height-axis. Differences in surface cre-
ation depending on the defined radius and the method
applied can be seen in Fig. 2b and c. An example of a
detail of the point cloud (tree including its measurement
shadow) is shown for the two cases.

. Interpolation and creation of DEMs: After using differ-

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

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

5 Analyses and calculation of slope movement patterns

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

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

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

2.

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

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

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

. 30 significant points on structures were measured

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

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

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

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

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

[—-0.05-0.05

tors are of great interest, the sizes and directions (trend oos;o:
and plunge) of vectors can be compared. After locating moe2®
the same points (e.g. stones and rocks) the change o o
their position between two monitoring activities is de-
scribed by displacement vectors. If the direction of the o
vectors were constant the sizes of those vectors were i
then compared to the tachymetry measurement to vali- Qg
date the quality of laser data. The determination of di- ‘gsg*
rection deviations was excluded from this work, since .
the displacement direction of the landslide was obvi- Fieyreeston v 2007 R e
ously not known in advance. For analysing landslide
movement patterns knowing the directions of move-
ments is a crucial factor. Ensuing future work will focus
on accuracy determination of variable displacement di-
rections as mentioned by Abellan et al. (2009).

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

6 Results and discussion

0510 20 30 40
O — —

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

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

Registration TLS 8 40

tie points points points 8 16

Registration TLS 10 50

ICP-algorithm planes planes 4 14

Reflector coordinates 30 150

TLS/tachymetry points points 9 17

Tachymetry point to TLS surface 20 100

manual filter/no vegetation points points 23 51

Tachymetry point to TLS surface 10 50

autom. filter/no vegetation points points 37 63

Tachymetry point to TLS surface 20 100

manual filter/vegetation points points 51 88

Tachymetry point to TLS surface 10 50

autom. filter/vegetation points points 127 1875

displacement vectors 20 80

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

displacement vectors 10 40

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

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

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

utive orthophotos.

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

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

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

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

0510 20 30 40
I . N

7 Conclusions

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

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

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

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

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

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

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

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

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

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

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

m.eth(.)dology,. including gtandard GIS t(_aols for filtering ap- Hsiao, K. H., Yu, M. F., Liu, J. K., and Tseng, Y. H.: Change De-
plications, it is not possible to determine movement rates tgction of Landslide Terrains Using Ground -based Lidar Data,
<50 mm per investigated period. However, if the point den-  proceedings of 2003 Annual Symposium of the Society of Chi-
sity (the basis for DEM creation) is analysed, reliable con- nese Association of Geographic Information, 2003.
clusions can be made regarding slope movement patterns anngensand, H.: Methodological aspects in terrestrial laser-scanning
erosion and deposition of material. technology, Proceedings of the 3rd IAG Symposium of Geodesy
for Geotechnical and Structural Engineering and 12th FIG Sym-
posium on Deformation Measurements, 22—-24 May, Baden,
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