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ABSTRACT:

The paper describes some experiences carried oubriitoring of two rock faces in Italian Prealpsoider to detect changes due to
rock detachments. Since the forecasting of possibtéfall events is the main aim of this resear@hrestrial laser scanning
application was investigated for high precisionodefation monitoring in this context. Firstly, prebis concerning the data
acquisition and the reduction of georeferencingrsriare analyzed by comparing results obtained fidferent approaches. A
method including the use of a removable steel pitbaconstrain the 3D shifts of the instrumentderence system, and of ICP
surface matching algorithm to solve for rotatioasethe best results. Secondly, some techniqudttéoing vegetation from point-
clouds of cliffs are presented and discussed hErese are mainly based on 3D spatial filters. The of an infrared camera
integrated to terrestrial laser scanner is alsp@sed. Finally, results on the comparison of nteliporal laser scans are presented,
showing somehow the proposed pipeline can be ssfutigsapplied to detect small rock detachmentshef size of a few cube

centimetres.

1. INTRODUTION

The problem of preventing or reducing damages dffedls is a
challenging task, due to the very large number essible
scenarios with the local morphology of the sitevidimg an
additional degree of freedom. Due to this compiexéeveral
competences are needed to address at the bestdsettiat
have to be used in an integrated manner (Aressa., 2009). In
the scenario of technologies that can help to aehikis aim,
terrestrial laser scanningTLS) techniques have already proven
the capability to provide useful data for geometniadeling of
rock cliffs (Alba et al, 2005) and for the geomorphological
analysis (Roncella and Forlani, 2005; Abellénh al, 2006).
Today the interest of researchers is focusing enatbplication
of TLS for monitoring with a twofold objective.

The first one concerns the understanding of ongoiitigmetric
deformations that can be a presignal of futuraifas. This task
is really harsh, due to the need of measuring aégphents that

example by adopting Least Squares 3-D surface matching
(Acka, 2007 for theoretical and implementation atfe
Monserrat and Crosetto, 2008 for an applicatioratwslides),
or other locally adaptive method to compare DSMgi(Bl
Surface Models). In addition, vegetation can growshe cliffs,
introducing so that noise in observations and preng from
using the regions covered by bushes.

Secondly, boulders can fall down during observagémochs,
resulting in significant changes on the surfacése &valuation
of the amount and the spatial distribution of detaents is not
only a prerequisite for the deformation analysis dry-product
of it, but it's a task that yields an important #mahal
information, very useful to evaluate the real magte of
rockfall process in a given area.

The measurement of the quantity of rocks detachmd & cliff
is a problem othange detectioand will be the main subject of
this paper. This application of TLS is expectedbt® really
effective and to give an important contribute te@ tturrent

in many cases are lower than the uncertainty of TLSpractise. On the other hand, rock face deformationitoring is
observations. In recent years, differenéa-based deformation a still open issue requiring further studies atoteécal and
measurementechniques have been applied to exploit the dataperational level.

redundancy achievable by laser scanning, in ordémprove
the precision (Lindenbergh and Pfeifer, 2005; Sitere 2006).
On the other hand, such methods require regulfacas to be
interpolated by analytical functions, at leastatal level, and
unfortunately this assumption rarely holds whenlidgawith
rock cliffs.

Besides the problem of the required accuracy in @eqaisition
and modelling, varying from few cm to 0.1 mm acdogdto the
size and the geological nature of the site, somtbdu concerns
have to be tackled. Deformation might regard afiresiportion
of a slope or a limited region only. The former uiq to
establish a stable ground reference system (GR®etbeld
between different epochs, calling for the integmatiof high
precision geodetic techniques; alternatively, a marison with
external stable areas is needed, but this solutgrally does
not guarantee enough accuracy. The latter mighdobeed for
by considering relative displacements between dleg®ns, for
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In sections 2 and 3 some aspects concerning dgtasdmon

and how to cope with georeferencing errors areepttesl by
comparing results obtained from different approachén

section 4 some techniques that can be applied eimoving

vegetation from point-clouds are presented ancudised, being
this problem relevant when dealing with rock clifdl topics

of the paper are referred to two cliffs located the same
mountain-side in the Italian Prealps. Results olethifiom the
application of the proposed techniques to both casdies are
addressed in section 5.

2.DATA ACQUISITION
2.1 Test sites

Test sites are located on the same mountainsitteiprovince
of Lecco, northern Italy. The rock faces were choi® their
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geomorphological characteristics and for the prayinto a
county road, as can be seen in Fig. 1. They arstitoted by
limestone (“Calcare di Esino”) characteristic of thtalian
Prealps. In particular the rock face “B” presentsoek with
many fractures and the effect of water, ice andnthé shock
brought many small rock falls in the last years. @osely, the
rock face “A” presents a good and compact rock tidan’t
result in recent rockfall events.

The rock face “A” (Fig. 2) features a morphologwtlis typical
in the considered area. For this reason, it wasameo evaluate
the georeferencing problems in standard operaticoraditions.
The mean distance from which scanning can be peedris
large (160 m) and the placement of ground contwihts
(GCPs) on the rock face surface was not possibletduits
inaccessibility. The rock face covers a verticalaanf extension
75 m in width and 30 m in height, resulting in aeliof-sight
from the scanner stand point w.r.t. the orthogsuoaiace that is
rotated up to 40 deg in both horizontal and verrtid@ctions.
The rock face “B” is located in the inferior part tife same
mountainside (see figures 1 and 2). It was seldatéuvestigate
the problem of vegetation filtering from scans. Tioek face
“B” is smaller than “A” and presents an extensioh2%x15 m.
Laser scans were acquired from a mean distance5oml
During this research 4 measurement campaigns éocliff “A”
and 3 for the cliff “B” were carried out between tmenths of
November 2007 and March 2008.

Figure 1.- Location of the rock faces (“A” and “Bbn the
slopes of Mount Sasso di San Defendente in
Italian Prealps.

Figure 2.- Images of rock faces “A” (at top) and “[dt

bottom) where the red squares are the GCPs and th

green circles are the independent check points.

2.2 Geodetic measurements

Geodetic measurements with a total station Leicas@gems
TCA 2003 (Leica, 2009) were performed at each olasienvy
epoch with a twofold aim.

The first one was to find the coordinates of GCPkeaised in
the georeferencing process (only for cliff “B”). TH8CPs
consisted in square targets (side 5 cm) made ofleta steel
plates covered by retro-reflective film, which é&ognizable by
both total station and TLS. Targets have been tljréized on
the rock surface.

The second aim was the validation of TLS monitoring
measurements. Some benchmarks (IChependent check
pointy were glued in the rock and during each geodetic
measurement session a high-precision micro-prismimstalled
on them. Two more benchmarks outside of the cléfenplaced
for azimuth orientation. While on the test site ‘B3th types of
targets (GCP and IChP) were placed, on the test&itenly
GCPs outside of the cliff were used.

The stand-points setup for total station and TLStada
acquisitions were materialized by a steel removaiilar, that
could be installed on a plate and hooked up by ecige
mechanical system. The plate was sunk into a ctaptsth of
50x50x25 cm. The installation sequence of the piashown
in Figure 3. When it was removed after the end athe
measurement session, the basement could be coietden
into the ground in order to reduce the environmlentpact of
the monitoring equipment and to allow its use asparks and
protected areas. The adopted pillar allowed therlasanner
repositioning on the same precise position at ¢iasd, and the
TLS orientation was carried out by a mounting beack he
georeferencing accuracy achieved by adopting GCPdjrect
georeferencing (Lichti and Gordon, 2004) and by both at the
same time, will be compared and discussed in restian 3.

2.3 TLS data acquisition

The TLS data acquisition of the surface of rockefad” was
carried out using only one stand-point (station )100
Conversely, the rock face “B”, for its specific stwe, has
been surveyed from two different stand-points (208 300).

the &

Figure 3.- Main steps of the installation of the STilstand-

€ point.
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Use of the pillar enabled the coordinates of staoidits to be
always fixed to the same position . To validate thypothesis,
geodetic measurements were repeated at each efjeehse of
a redundant scheme and the short distances invaliesed to
obtain high precisions in 3D point determinatioegghe right-
most columns in table 1). The relative displacesértween
consecutive epochs resulted in absolute valuehess1lmm for
all stand-points. In some cases, especiallyzirdirection,
displacements slightly larger than the correspomditandard
deviations were found. These are probably due &dlsrrors in
the repositioning of micro-prisms.

The laser scanning survey has been carried out tiyexof-

flight instrument Riegl LMS-Z420i. Technical infortian

about it can be directly retrieved from the vendebsite.

In all measurement sessions the same scanning gt@r@nand
acquisition windows were adopted (see table 2)order to
improve the precision, each scan was acquired ialtfscan”

mode, i.e. it was repeated 4 times.

Epoch Stand | Ax dy Az Oy a;
point |[[mm] |[mm] [[mm] [[mm] |[mm]
Nov 07 100 - - - | +0.5 0.1
= | Dec07 100 04| -03d -02 +0p =001
i Feb08 | 100 | 0.6 03 -04 07 0|1
5| _Mar 08 100 | -0.7] 0.0] 05 04 =01
Mean 100 | -0.3] 0.0 0.0 065 =+0Q1
Dec 07 | 200 - - - | +0.6] +0.1
300 - - - | +0.6] +0.1
Febog8 | 200 | -0.8] 0.1| -0.2] 0.8 =+0.1
i 300 | -02| 0.0| 0.2] 0.6 #0.1
&=| Mar0o8 | 200 | -0.8] 0.0| -0.2] 03 =+0.1
) 300 | -0.4] -0.2] 06| +0.5 =+0.1
Mean 200 -0.8 0.0 -0.2| 0.5 0.1
300 | -0.3] -0.1] 04| +0.5 =+0.1

Table 1.- Relative displacements of all TLS staniavso

between consecutive measurement epochs. The
right-most columns show the standard deviations of

single-epoch measurements.

Scan 100 200 300
Scanning time [min] 74 42 43

# total measured points 19.99M | 13.26M| 13.74M
Angular Horiz. 0.012 0.038 0.039
resolutions [deg] | Vert. 0.012 0.038 0.039
Mean grid Min 0.03 0.01 0.01
resolution [m] Max. 0.04 0.02 0.02
Acquisition Min. 135 9 9
range [m] Max. 202 23 26
Field-of-View Horiz. | 50.565 94.86 99.639
[deg] Vert. 14232 | 52.326| 54.211
Laser beam Min. 0.034 0.002 0.002
spot-size [m] Max. 0.051 0.006 0.007

Table 2.- Parameters setup for scanning on the Rigg-
Z420i.

3. LASER SCAN GEOREFERENCING

For any monitoring operation the choice and madiegton of
a stable reference system is fundamental. Here a G&S
materialized by using the steel pillars and the GAme first
concept was to exploit the direct georeferencingeadh TLS
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stand-point, based on its repositioning on the apill
Unfortunately, the docking system of TLS on théapifailed to
fix the horizontal rotation of thastrumental reference system
(IRS), despite it was designed for this purposenTdwmne other
approaches have been tried and discussed in {beviiod).

The method adopted to compare the different scansva
epochst; andt;,; is the same presented in Alba al. (2006).
This consists in comparing a triangulated surfasevdd from
the point-cloud taken at epoghwith single points of the scan
at epochty;. This method allows to compute only the
displacements in the direction orthogonal to thefase at
epocht;.

3.1 Rock face “A”

In order to evaluate the quality of the repositi@piduring the
first epoch of measurement two different scans veaygtured
from the same stand-point. These were used toatalithe best
georeferencing methods to adopt hereafter.

An overview of results obtained from different cignfations is
shown in table 3, whilst figure 4 reports some Blddormations
maps computed by applying different parameter sets.

3.1.1 Direct georeferencing (method A) The docking
system permits the direct georeferencing of the TrSthe
pillar. However, this solution presented a largeorrin the
horizontal rotation between IRS and GRS, as alreadgribed
at the beginning of this section. The rotation erscestimate in
+0.1deg.

3.1.2 Georeferencing by GCP (method B). Scans have
been georeferenced by using 5 GCPs. For the implitystb
reach the rock face, targets were not positioned, dnut in the
nearby of the stand-point.

In the same way as we verified in other monitoriests, with
this method the required precision cannot be aellieglthough
the estimated transformation presents low residaal<GCPs
(standard deviation £2 mm).

In order to improve the precision of georeferendiygGCPs,
other algorithms to define the position of the &rgentre were
tested (Alba et al, 2008). However, no significant
improvements were observed.

3.1.3 IRS centre constrained and independent
determination of rotations (methods C and D). This method
would like to overcome the limitation of method i\ fixing the
horizontal rotation. To do this, the rotation natof the roto-
translation is calculated independently by using &QRethod
C) or by registering both point-clouds with an ICRerative
Closest Point Besl and McKay, 1992)surface matching
algorithm (method D).

In case of method C, results are similar to thodeiemed
without the rigid constraint on shifts. In casenoéthod D, a
pre-alignement based on GCPs was carried out, ded the
ICP algorithm was applied. This method allowed tarply
improve the relative precision of scan registrati@and a
RMSE=16 mm was obtained.

3.2 Rock face “B”

In the cliff “B”, the alignment and georeferencin§ the two
scans were both simpler tasks. Thank to the pdisgitd put
the targets directly on the rock face, the shonigeaand the
good overlap between the two adjacent scans, athode
described in Sec. 3.1 permitted to obtain goodltgsbarring
the direct georeferencing (method A).
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Method A

MethodC

Figure 4.- Deformation maps evaluated by usindecint
georeferencing methods applied to the cliff “A”.
Method A B C D
# points 701k 704k 709k 703K
Mean [mm] 253 83 77 1
Std.dev. [mm] +110 +71 +79 +16
RMSE [mm] 275 109 110 16

Table 3.- Discrepancies along the orthogonal dwacto the
surface obtained from the application of different
georeferencing methods to the cliff “A”

For these grounds, the method requiring less ictiera
(method 3) was chosen. The test on the scans adqairthe
same epoch (Dec 07) gave the following result: meén
displacements 0.2 mm=+9.2 mm, RMSE=9.2 mm. In Fig. 5 a
2-D map showing point displacements between pdoues
captured on the cliff “B” is reported. The evaluated
deformations are not statistically significant.

4. VEGETATION FILTERING

A recurrent problem occurring in rock slopes analys due to
the presence of vegetated areas which preventthésition of
the bare cliff surface. In literature the problerfvegetation
filtering is widely afforded omairborne laser scanningALS)

data for Digital Terrain Model (DTM) reconstruction

102

Figure 5.- Deformation map evaluated by using m&t@ on
the cliff “B”.

In this field, different methods have been propoded
removing the off-ground points. The principal difface
between ALS and TLS is the possibility to measure dach
impulse different echoes of the laser return. Tads obviously
helps to identify the vegetation, especially tré@sly the latest
generation of TLSs can carry out this task (see thg Riegl
VZ-400). The instrument used for this test doesfeature this
option, likewise all instruments adopted so far. B other
hand, the effectiveness of filtering data by usnglti-echoes
on terrestrial lasers is to be practically provéecause it
depends on the size of laser spot and on that lesho the
vegetation mass.

Here the interest was focused on t8® spatial filtering
techniques which exploit the redundancy in the poioud.
These will be described (Subsec. 4.1) and apptiethta of the
test site “B” (Subsec. 4.2). Secondly, the possiide of an
infrared camera combined to the laser scanningidataalysed
(Subsec. 4.3).

Unfortunately, the unavailability of multi-echo datesults in
the fact that where the vegetation is recognizetifdtered, the
real rock surface cannot be reconstructed, butdhesponding
areas are only labelled as no-data regions.

4.1 3D spatial filters

4.1.1 Octree filter. This filter (Kilianet al, 1996) is based
on the reorganization of each point-cloud asoatree data
structure. The whole volume enclosing the pointidlois
splitted into many small parallelepipeds, whose $izselected
by the operator. Inside each elementary volume, pgbimt
showing the minimum value for one of the 3 coortisa
(usually2) is selected. indeed, the effectiveness of thithote
is based on the fact thedirection is roughly orthogonal to the
rock surface. The quality of the filtering is fuiwet of the cell
size: the bigger is the cell volume, the bettehésprobability to
have a point on the rock, but with a low-pass rittg effect
which is in a detriment of the model resolution.

4.1.2 lterative filtering . This filter fits an interpolating
surface to the data and accepts individual poimtaccordance
with their distance to the surface (Axelsson, 200%)e filter
generates a 2.5-D (DEM - Digital Elevation Modelrface
from the unorganized raw point-clow&l To do this task, in a
given region ofS a reference plang is adopted, where a lattice
made up of square cells is established. If theirmalgpoint-
cloud would feature a more complex shape, manyreete
planes will be adopted. The whole point-clo&lis then
projected ontor; if more than one point belongs to the same
raster cell of sizé\, only the point withz,,, is selected, where
the z axis is the orthogonal direction tg. After this initial
stage, a sub-s& of the full datase$is selected. A regular grid
DEM is derived fromS’. Now S is compared to the DEM
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surface and points closer than a threshdlg,( are kept. Then

process is repeated iteratively by reducing at estep the size

of both parameter& andd,. until the vegetation is completely
removed.

4.2 Application to rock faces

The problem of the vegetation filtering on rockdads more
complex than usually it is with ALS data. Firstshes on a cliff
grow in a direction that is quite parallel to tledthe face itself,
not orthogonal likewise trees on a flat terrainisTimakes really
difficult their automatic recognition. On the otheand, also the
kind of vegetation growing on cliffs might influem¢he result
of filtering; e.g. turf grass is hardly distinguéie from the
background.

The problem of vegetation has been found only ent#st site
“B”, where however it is really relevant. There batiethods in
subsection 4.1 were applied.

The first stage of filtering, common to all methpdsnsisted in
averaging the raw data captured in the “multiscantality. By

fixing a threshold on the standard deviation of tueges to be
averaged, many areas with vegetation are filtergdIo figure

6 an image before and after the resampling byesttold of 1.5
cm is shown, where it is evident that this operatian filter a
large part of the vegetation on the cliff.

Then the resampled dataset was filtered by bothhaodst
described in subsections 4.1 and 4.2.

The octree filterenabled to remove the vegetation only if large

size cells were adopted, with consequent drop ditiap
resolution. Theiterative methodenabled to remove the most
vegetation but to preserve a dense point-cloudwbaaks of
this method is that it is not capable to take affstvegetation

from overhang and nook which are on the cliff, and

consequently they are removed as well. For thisarat is
essential a manual check of the eliminated posee Fig. 7).

Figure 6.- Intensity images of the point-cloud lné rock face
“B” before (at top) and after (at bottom) the
resampling of “multiscan” data.

4.3 Integration of infrared imagery

Because of the morphological complexity of a rockefait is
very difficult to obtain satisfactory results widemi-automated
spatial filters like those described in subsectbh. For this
reason, a new automatic system able to identifyvdgetation
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has been designed. The use of a high resoluan infrared
cameraallows to recognize the vegetation with high aacyr
Figure 8 shows an image with IR channel at wavele80 nm
(red parts are mainly plants containing chlorophefl a cliff,
very similar to that at issue, captured by a hypergal camera
HySpex.

TLS integrating an infrared camera is probably b#épao
resolve the problem with easy and to provide amurate fully
automatic filtering.

Figure 7.- Filtering data biterative methodthe dark green
areas represent the point filtered out after thet fi
step, the light green areas the ones after thendeco
step, while the yellow ellipses represents manual
error editings.

Figure 8.- Image showing an artificial RGB imagehwied
channel at 730nm (red parts are mainly plants
containing chlorophyll).

5. CHANGE DETECTION RESULTS

In order to check out possible deformations andirtd areas
where rock detachments occurred, the laser scden tat
different epochs were compared. At each epoch ahee data
acquisition and processing pipeline (see sectigr3, 2) were
applied. The method for the pairwise comparisosazins that
has been addressed at Sec. 3 was used.

The cliff “A” didn’t show marks of deformation oockfalls like

it can be seen in figure 9 (at top), which shows fhll
displacements between the first and last epochse Th
displacements are normally distributed on the erginface and
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the 95% of points are included in a range of 2 evhijch
corresponds to the precision of the adopted TL8 {able 4).
Displacements found here are not statisticallyigant.

In the rock face “B” a little change has been obsérin each
epoch. In figure 9 (at bottom) only the negativepthcements
(corresponding to rock losses and not to grown tetige)
larger than 2 cm are represented in order notaw fignificant
displacements only. The red rectangles show someszof
rock fall; some of these were also validated byphesence of
the corresponding rock fragments on the adjaceadt.rim other
areas the comparison between the data highlightidstr o
possible rockfalls, but these could be due to thenge in
volume of the vegetation that had not been proféttyed out.
These areas can be identified by looking at the ofggositive
errors. By comparing the data there are clear admis®f new
cavities that were not present on the cliff durthg first scan.
These are significant in size, with an estimateptideip to a
few centimetres.

Epoch Nov 07 | Dec 07 Feb 08
Epoch {1 Dec 07 Feb 08 Mar 08
# points 702k 705k 704k

< Mean [mm] -1 -1 0

E Std.dev. [mm] 11 11 11

© RMSE [mm] 11 11 11

. # points - 179K 175K

@ Mean [mm] - 0 3

E Std.dev. [mm] - 9 10

© RMSE [mm] - 9 10

Table 4.- Monitoring results on rock faces “A” atild” at
each epoch, in term of displacements in normal
direction to the rock surface.

Figure 9.- Deformation map between the first and kst
epochs of the full rock face “A” (at top) and “B"t(a
bottom); in the case of cliff “B”, only the negative
significant displacements larger than 2 cm are
shown.

6. CONCLUSIONS

The presented methodology has been allowed usctms&uct
with high precision the shape of the cliff in orderdentify and
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assess the areas and the extent of the detachotentsed even
for small collapses of rock (a few cube centimgtres

In this paper two particular aspect have been aedlythe
problem of scan georeferencing and the filteringyejetation.
In particular, the former has been tackled by titegrated use
of a physical constraint to the shifts of the instental

reference system and of an ICP algorithm to solvedtations
(or alternatively the only use of GCPs in case o$hert

acquisition distance). The problem of vegetatidtering has
been addressed by two methods which have gively fgaod

results but that have been rather laborious to pdugied. For

this reason, a new method based on infrared imagegrated
to a TLS instrument has been proposed.
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