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ABSTRACT

In this paper we present the results of the coraparbetween two terrestrial laser scanners (TLS8)s@ete return system (Riegl
LMS-Z620) and an echo-digitizing system (Riegl V23%0employed for the survey of a dense forested, anethe italian Alps. The
site is actually undergoing a strong debate ambagdrthabitants and local government authoritiesiabiee exploitation of the area
as a huge quarry to produce building material. @ispute originates from the uncertainty about tigability of the underlying
mountain slope, which was interested in 1966 bgral$lide. The whole area was surveyed with thel&#ser scanners on February
2011 during the vegetation dormant period. A sligjfferent processing workflow was applied to tlodlected datasets: the VZ-400
scans were pre-filtered by exploiting the “calilechtrelative reflectance” readings and the mulgiearcapability provided by this
laser scanning system. Next, two different spdifrs were applied to both the resulting georefied 3D models, in order to
eliminate as much vegetation as possible: iterdtlter and a custom morphological filter, develdpley the authors. Achieved
results show that for both datasets, the iterativd the morphological filters perform quite welk feliminating the vegetation,
though some manual editing is still required sinegetation does not feature a prevalent growingction. Furthermore, the
comparison between the number of points left infihal DTMs shows that the VZ-400 provided a ondesrof magnitude denser

point cloud wrt. the LMS-2620. This demonstrateatth TLS with multi-target capability can potentigbrovide a more detailed

DTM even in presence of dense vegetation.

1. INTRODUCTION

Distinguishing vegetation characteristics in adsinial laser
scanner dataset is an interesting issue for envieotel
assessment. Most of the methods developed so far fo
discriminating between ground and off-ground poihte
been applied to datasets derived from airborne lesanner
(ALS), while minor interest has been shown towatks
application to terrestrial laser scanners (TLS)e Ehtraction
of an accurate digital terrain model (DTM), digisurface
model (DSM), as well as correct information on watgen
density and height, is a challenging task whichiscébr
consideration on some significant aspects. For pl@nin
densely vegetated areas the obstruction of the kesam is
particularly relevant, as well as the rapid drop pafint
density as the distance from the laser sensoradseee For
these reasons, different issues, with respect toS AL
applications, must be taken into account in theetigpment
of methods for the processing of TLS data acquiinethese
natural environments. An overview of ground filtegi
methods which have been applied to aerial lasemsrgpoint
clouds is presented in (Maas, 2010) and can belativin
three main groups: one based on mathematical mrgyo
one on progressive densification of a triangle hmemnd
another on linear prediction and hierarchic robust
interpolation. The first group derives from the Woof
(Haralick and Shapiro, 1992) which propose erososnd
dilation d filters in succession either for openidg— e or
closinge — d operations. The second group of filters is well
represented by Axelsson’s algorithm (Axelsson, 20&iked
on the progressive densification of a triangularsimeThe
initial triangle network is created using a setamfal minima

511

points over an area of user-defined size; poirdgtzen added
using a criteria on the new triangle slope. The ¢aeup is
based on the method proposed by (Kraus and Pf@id€x1)
where a surface model is defined using linear ptiedi and
hierarchic robust interpolation.

In recent years the Riegl company has developedvaine
of terrestrial laser scanners (VZ-series), basedpolsed
Time-Of-Flight (TOF) technology, providing some
interesting features which may help to solve thebfam of
generating reliable DTMs in forested areas. Indebdse
instruments provide real time echo digitization amtine
waveform processing, thus combining the advantaofes
analogue detection systems (immediate results wfihtioe
need for post-processing) with those of airborndnoec
digitizing systems (multi-target capability).

In this paper we present the results of the apjdicaof two
filters, related to the first and second class odthnds
mentioned above, for the removal of the vegetgi@sent in
the datasets acquired with two terrestrial lasansers in a
dense forested area, in the italian Alps. The eygaldaser
scanners are both based on pulsed TOF technolaghéy
adopt different measurement recording approachegdogue
discrete return (Riegl LMS-Z620) and echo-digitizing
caability (Riegl VZ-400).

2. STUDY SITE AND DATA ACQUISITION

In order to evaluate the potential of a full-wawefo(FWF)
system to provide higher quality DTMs with respeot
conventional single-echo TLS systems, we selectsedall
dense forested area in the italian Alps.
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The study site (Figure 1) is located on the slopethe
Brustolé mount, in front of the small town of Arger
(Vicenza, northern lItaly). This site is actuallydengoing a
strong debate among the inhabitants and local gavent
authorities about the exploitation of the area hsige quarry
to produce building material. The dispute origiset®m the
uncertainty about the instability of thenderlying mountain
slope, which was interested in 1966 by a landskdter this
event, the area has beeoontinuously monitored by

measuring the dynamics of terrain displacements. The

landslide covers approximately a surface of 600080with

an extent of around 400 m in vertical direction dnkim in

the horizontal direction, at the bottom of the sloglevation
ranges from 350 to 750 m a.s.l. The main slidindase is
located at a depth of 20 m at the top and at tltimoof the
landslide body, while it reaches a depth of 100 mmits
central part. The volume of material involved ie tevent of
1966 was estimated to be around 20-30 millions dfic
meters (Bitelli et al., 2009).

Veneto

Figure 2: View of the bottom side of the landslide.

In order to perform a 3D simulation of the morpluial
changes the site may undergo during the excavatche
quarry, on February 2011 the entire area was sad/ejth a
long-range TLS, the Riegl LMS-Z620. After a few wegk
still during the vegetation dormant period, a secsnrvey
was carried out with a full-waveform system, thedgR&éZ-
400. Due to time constraints and the limited openatl range
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of this laser scanner (max. 600 m), only the lopeat of the
landlside body could be surveyed, where coppice tagt

forest alternates with rocks and cliffs. The preseaf dense
vegetation, ranging from low understore to higlesreadded
complexity to the scan of the area as it covereliiphel strata
above the ground (Figure 2). Tables 1 and 2 sh@anthin

technical features of the LMS-2620 and of the VD-48ser
scanners, respectively, while table 3 reports sproperties
of the scans acquired with both instruments.

Table 1: Technical specifications of the Riegl LM&B520

Field of View 360° (H) x 80° (V)

for natural targets, p > 10 % up to 650 m
for natural targets, p > 80 % up to 2000 m
0.15 mrad

up to 11000 pts/sec @ low scanning rate
(oscillating mirror)

up to 8000 pts/sec @ high scanning rate
(rotating mirror)

near infrared

Max. Measurement range

Beam divergence

Measurement rate

Laser wavelength
Accuracy 10 mm

Repeatability 10 mm (single shot), 5 mm (averaged)

Table 2: Technical specifications of the Riegl V40

Field of View

Max. Measurement range
(Long range mode)

Beam divergence

360° (H) x 100° (V)

for natural targets, p =20 % up to 280 m
for natural targets, p = 80 % up to 600 m
0.3 mrad

42000 meas/sec (Long range mode)
Measurement rate 122000 meas/sec (High speed mode)

Max. number of targets Practically unlimited

per pulse

Laser wavelength near infrared
Accuracy 5 mm
Repeatability 3 mm

Table 3: Some properties of acquired laser scans

LMS-2620 VZ-400
# of scans 7 3
Average meas.
per scan 3400000 15300000
Max. range 900 m 350m
Average scan 0.5 mrad 0.5 mrad

resolution (025 cm @ 500 m)

3. SCAN REGISTRATION AND GEOREFERENCING

All acquired scans were georeferenced in the safesence
frame (WGS-84) using the so called “backsightingerua-
tion” procedure. Firstly each laser sensor was capi
centered over a point, whose coordinate were knoyw@GPS
static measurements, and levelled through the-touittual
axis compensator. Then the remaining degree-otitnee
(rotation about the vertical axis, Z) was fixeddrjenting the
instrument reference system (IRS) toward a knowmtpo
This last task was accomplished by scanning aredteative
backsighting target, whose position was surveyet watatic
GPS, as well. Next, this approximate registratiomsw
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furtherly refined by applying the Multi Station Adjtment
(MSA) procedure, a variant of the ICP (lterative @kss
Point) algorithm implemented in Riegl's RiscanPro
companion software. This algorithm performs an iahit
fitting of a set of planes in the point clouds dhdn tries to
align them by finding the best corresponding planes
Because of the very large number of measurementsradq
with the Riegl VZ-400, merging and managing togethath
full laser datasets revealed to be unfeasible. &fbes the
data analysis and comparison between the two sasemers
were restricted to a limited area of the landslisliown on
the right side of figure 2. To this aim a specifimcedure
was adopted to merge together the correspondingsstaa
first step the global registration was applied safsdy to
both datasets, then only the scans covering tleeteel area
were imported in a new RiscanPro project and fulgher
registered with the MSA plugin, in order to reduwsemuch
as possible residual misalignments. At the end to§ t
processing step we obtained a residual registratioor of
about 3 cm (10) between the 2620 and VZ-400 selected
scans. This value is higher than the accuracy eldiry
Riegl for both laser scanners (10 mm for the 2620 mmm
for the VZ-400). However it should be noted that 8tans
were aligned prior to filter the vegetation, whqsesence
may have therefore affected the fitting of planesl ahe
serach for correct correspondences between the sttaing
the MSA procedure.

4. WAVEFORM PROCESSING INTLS

Conventional terrestrial laser scanners based ofithe-Of-
Flight measurement principle characterize as andisgete
return systems (Ullrich and Pfennigbauer, 2011). &ach
emitted pulse, target detection and time-of-arriga@DA)
estimation of the returned pulse are performedes time
through analog devices. Regardless the various &Hhim
methods adopted, the resulting value of the TOAfiscted
by trigger walk, i.e. by the amplitude of the targgnal
detected by the receiver frontend. In presence olftipe
targets along the laser beam axis, analog estimator yield
significant range errors for the second and furtaegets or
completely fail to detect them, depending on thaperal
separation between consecutive target echoes esfect to
the emitted pulse width. In contrast to a discregturn
systems, in an echo-digitizing system returned afgrare
sampled at high rate and converted in a digitahfprior to
perform the target detection. All subsequent prsicgssteps
are executed in the digital domain on-line or instpo
processing. The latter approach is typically addpte
airborne LIiDAR systems where sample data are stored
specific high capacity data recorders (Ullrich dRelichert,
2005). Applying the full-waveform analysis (FWA) tbese
data enables to acquire additional information wispect to
conventional discrete return laser systems.

Beside range measurements, resulting from echo tigtec
and estimation of related TOA, backscattering prige of
the targets can be retrieved as well, such asrimitade of
echo signal, which provides an estimate of targktser
cross-section, and the pulse width, that represemteasure
of the backscatter profile of the target along ldmer beam.
As mentioned in (Ullrich and Pfennigbauer, 2011he
different approaches proposed so far to extractt#nget
backscattering properties from digitized returngphals can
be grouped into two main classes: deconvolutionedas
methods (Roncat et al., 2011) and procedures basdtieo
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modeling of digitized waveform with basic functions
(Wagner et al., 2006; Roncat et al., 2008). Aaneple of
the latter approach used for FWA is representedthzy
Gaussian decomposition. This method relies on the
assumption that the system response can be modélec
Gaussian function and that all the contributions tbé
backscattering targets are also Gaussian. Echatibetes
therefore performed by finding Gaussian pulses lie t
returned waveform. Such approach has been impleuent
RIANALYZE, the Riegl software dedicated to the FWA of
echo-digittizing systems.

In recent years the Riegl company has developedvaine
of terrestrial laser scanners (VZ-series) providindifferent
approach to FWA. In contrast to Airborne Laser $dam
(ALS) systems, where digitized echo signals areresto
during the flight for subsequent post-processiheg, lack of
computational power for real-time processing aredrtbed to
immediately analyze the received signals, has lezhlRio
implement an online waveform processing for the IWig-
products. Basically, upon echo pulse reception &lhig
accurate estimate of its amplitude and TOA is penéd in
real-time. Through hardware-oriented implementatiérithe
processing algorithm, a VZ-series laser scanneabige to
perform about 1.5 million range and amplitude meaxments
per second. As denoted in table 2, given a lasdsepu
repetition rate of 100 kHz (42000 measurementsspeond
in long range mode) and 300 kHz (125000 measuresmpatt
second in high speed mode), the Riegl VZ-400 lasanrser
can record 10 or 5 targets per laser shot, resedeiiDoneus
et al., 2009). Similarly to ALS-based echo-digitigisystems,
the Riegl's VZ-series instruments provide some dofut
and very interesting features with respect to threventional
analog discrete return-based terrestrial laser rezan as
briefly described in the following subsections.

4.1 Multi-target capability

As previously mentioned, thanks to the adoptionoofine
waveform processing, the VZ-400 laser scanner eaord
multiple echoes for each emitted laser pulse. Hewethe
capability to correctly discriminate two consecatiechoes is
determined by the laser's pulse width and the wvecei
bandwidth: for the Riegl's VZ-line laser scanntrs multi-
target resolution (MTR) distance is about 0.8 m.dEphlses
separated by shorter distances between scatteittnis the
same laser shot cannot be distinguished as thespamding
echo signals are overimposed. Consequently, the urezhs
range will be estimated somewhere in between thgets,
thus resulting in an erroneus point.

Since the processing of recorded waveform is peréorin
real time and given the limited computational power
available on TLS systems, the Gaussian decompositio
method cannot be applied. This fact limits the ivaltget
capability of VZ-series laser sensors and preventgtrieve
the width of detected echoes as additional infoionat
However, the online waveform processing allows éduce
the problem of too nearby targets by providing infation
about the “pulse shape figure”. This parameterasgmts a
measure of the deviation of the actual target's@uhape
from the expected (and undistorted) pulse shapeeé&mh
individual echo. In this way, in cases where taget closer
than the discrimination limit of 0.8 m, the puldeape figure
allows to determine whether the return echo origimérom a
single target or from at least two nearby targets.
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4.2 Calibrated amplitudereading

Beside geometrical information, the VZ-line additdn
delivers a calibrated amplitude information for leaarget
echo, which can be used to improve the object ifieastson.
The amplitude reading is defined as the ratio &f dictual
detected optical amplitude of the echo pulse vedsiisction
threshold (eq. 1). The ratio is stated in decilei).

Ag = 10Dog(Pe°“°J @

thr

where
A = calibrated amplitude [dB]
Rcho= echo signal power [W]
= power detection limit [W]

4.3 Calibrated reflectance reading

With the VZ-series of laser scanners, Riegl haséhiced
some measure of the laser radar cross-sectiondwdjorg a

reflectivity value for each target echo. The rdifléty value

gives the ratio of the actual optical amplitude susr the
optical amplitude of a diffuse white target locat#édhe same
range (it is furtherly assumed that the white taigdarger

than the laser footprint, 100% reflecting, flatdats surface
is orthogonal to the laser beam). The value isragaien in

dB (eq. 2).

Pra (R) =Ap(R) = Apwnie (Rr) )

where
R- =target T range [in
prel(Ry) = calibrated reflectance of target T at range R
Ayg 1 = calibrated amplitude of T at range R[dB]
Aus.white = amplitude of white target T at range R[dB]

White diffuse targets would have assigned abouBQwhile

black paper with a reflectance of 10% would givewb-10
dB. Reflectivity values above 0 dB indicate that thegét
returns an optical echo amplitude larger than thokea
diffuse white target, i.e., the target is (paripliretro-
reflecting. By assigning a brightness value to gaaint of a
point cloud according to the reflectivity, objectsth the
same reflectivity will have the same brightnessardtgss of
the distance to the scanner. Note that this appulidg to

single and first targets, not for the succeedingssdocated
along the laser beam axis. Indeed, except for singtl first
targets, the response of each subsequent tardst tie laser
beam is a combination of the respective laser ratdass
section and of the attenuation of the laser pulse @ the
preceding targets. Since this target-induced aditbom
cannot be retrieved from the amplitude of the beattsred
pulse, actually the -calibrated reflectance readiraye
representative of the backscattering propertiegust the
single or first targets acquired by a multi-echaitiiing

system. An example of calibrated amplitude andbcated
reflectance is shown in figures 3(a) and 3(b), @il small
portion of a VZ-400 scan coloured according to risgorded
multiple echoes is displayed in figure 4.
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(b)

Figure 3: Front view of the test area rendered mliog to the
calibrated amplitude (a) and the calibrated redlece (b).

Figure 4: Side view of a small portion of the laliks
surveyed with the Riegl VZ-400 laser scanner. Gregor
denotes single targets, yellow first targets, lighiue
intermediate targets and blue last targets.

5.VEGETATION FILTERING

The data collected in the same subarea of the Beusto

landslide with the Riegl LMS-Z620 and the VZ-400€eas
scanners were properly filtered in order to remasenuch as
possible the dense vegetation. The resulting DTMewhen
compared to assess the potential of a multi-targst system
with online waveform processing capability, such the
Riegl VZ-400, for better discriminate between vetietaand
terrain. A slight different processing workflow wagplied to
the collected datasets. Firstly, the VZ-400 scangedng the
area of interest, was pre-filtered by exploiting thulti-target
capability and the “calibrated relative reflectdhceadings
provided by this TLS. Out of the four types of eeko
recorded by the instrument, only single, first dast targets
were extracted from the original point cloud. Imediate
(“others”) targets were discarded as they were rfikety
originated by non-ground points. Then a subsedfiiéerting
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based on the calibrated reflectance was applisthtgle, first
and last echoes. Though the use of the calibratibectance
allowed to strongly reduce the number of pointsmeo
vegetation elements, like trunks, could not be detefy
removed as they showed reflectance values sinoildrdse of
ground points. An example of the results of thiadkiof
filtering is shown in figure 5, where the red pgimepresent
single and first targets filtered out by applyingeflectance
threshold of -6 dB. A lower threshold (-8 dB) was fegtthe
group of last echoes because the reflectance vaddies
vegetation elements resulted to be more similathed of
ground points. As discussed in previous sectids,ithdue to
the attenuation effect that preceding targets pedan the
emitted laser pulse, so that reflectance valuesrded for the
last echoes are not range independent and do hagllsic
represent the backscattering properties of corretipg
targets. For each class of echoes, the reflectimesholds
were determined empirically through the analysis tloé
reflectance distribution plot provided by RiscanBaoftware
and by checking the reflectance value of some pdiiearly
recognized as vegetation and ground) manually pickehe
3D view of the test area.

Figure 5: Example of vegetation filtering basedtos
calibrated reflectance.

After the pre-filtering of VZ-400 laser data, thanse
processing steps were applied to the datasetsedelbiy both
instruments. Two different spatial filters werertegpplied to
the corresponding 3D models, in order to elimiregemuch
vegetation as possible: an iterative filter (Axelss2000)
originally developed for the filtering of ALS datand a
custom morphological filter, developed by the awshor the
mapping and quantification of vegetation in fordstaeas
(Pirotti et al.,, 2011).

In the iterative the original point cloud S is fiysprojected

on a reference plang and then rasterized on a regular grid

by selecting the point with minimum laser elevati@axis
orthogonal to the plane). Next S is compared wite t
obtained DEM and only the points closer than aadist
threshold are preserved. This process is repetdeatively
by reducing at each step the size of both the ggidand the
threshold, until the vegetation is completely reethv

In the morphological filter three main group of aaeters
are derived from a dataset acquired with an echiizihg
system: spatial coordinates of measured points,litute
and ordinal number of return signal. These twouiest are
used in the first two steps of the algorithm inesrtb extraxt
candidate ground points from the original pointuclo A
threshold is applied to the amplitude data recondil the
laser measurements. Such threshold is determinéaieljrst
value of the last quartile of the cumulative dstition
function of the amplitude values. In a second stepustom

515

morphological filter (Haralick and Shapiro, 1992pmposed
by erosion (E) and dilation (D) operators, is apglito

maximum and minimum laser elevations falling inside
regular grid (eq. 3). By iteratively decreasing tell size C
of the grid, a set of DTMs are obtained until tlegetation is
almost completely removed. The conceptual workftfwhis

algorithm is shown in figure 6.

D, =max(z,) E,=min(z,) (3)

[E = (x, .0, 00

Space (XYZ) || Amplitude | | Return number I

"

]

[ PP gt

—— tndinid T False —p|
l->thresho|d :— e

'—i Ground candidaieilﬂ—TT"-'e

""""" H hreshold: “dictamce 1
1 "I Threshold: “distance :

from plane”

Terrain model

............................

Figure 6: Workflow of the morphological filter; PRI¢
denotes the point return number, while NoR the totahber
of returns.

Numerical results of the application of the iteratand of the
morphological filters for the vegetation removat gresented
in table 4, while the final filtered point clouderized from
the Riegl LMS-Z620 and VZ-400 laser scanners argvatio
figures 7a and 7b, respectively. Note that the nigake

values shown in table 4 were rounded to the most

significative digit for clarity sake.

Table 4: Results of the filtering of the Riegl LM26D and
Riegl VZ-400 datasets.

LMS-Z620 VZ-400
# of initial points 2500000 12200000
# of pomtls after multi- N/A 10750000
target filtering
# of points after
filtering based on N/A 6230000
calibrated reflectance
# of points left after 400000 3020000
iterative filtering
# of points left after 415000 3035000

morphological filter
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(b)

Figure 7: Point clouds resulting after the remafahe
vegetation through the morphologfétr. LMS-
2620 dataset (a), VZ-400 datasgt (b

5. CONCLUSIONS

Achieved results show that for both datasets, tdrative and
the morphological filters perform quite well foriralnating
the vegetation, though some manual editing is aijuired
since vegetation does not feature a prevalent gqE@wi
direction. Furthermore, the comparison betweenntin@ber
of the laser returns left in the final DTMs showattthe VZ-
400 provided a one order of magnitude denser pdonid
wrt. the LMS-Z620. This demonstrates that a TLSwaitulti-
target capability can potentially provide a moretaded
DTM even in presence of very dense vegetationnatheé
case of the Brustolé landslide area. The use otalibrated
reflectance revealed to be quite effective to redtlce
number of off-ground points in the pre-filteringage.
However the selection of the more suited threshalties
was quite difficult as it was based on empiricall ananual
methods. This applies overall in the case of tls¢ é&hoes
where the attenuation effect of preceding targeskasn the
calibrated reflectance values of that echoes stlhge
dependent, so that ground and off-graound pointsl t®
assume more similar reflectance values. It is astbpinion
that in order to improve the potential of this dubdfial
information for object classification more sopldated
analysis tools should be developed.
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