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ABSTRACT:

Airborne laser scanning (ALS) has become a widely used method faragguisition in various fields of engineering over the past
few years. The latest generation of commercially available ALS systdrasso-called full-waveform ALS systems, are capable of
detecting the whole backscattered waveform, which needs to be analygest-processing in order to detect the individual echoes.
During this signal processing step additional observables, such ampiiguale and the width of the backscattered echo, are derived.
The hereby produced 3D point cloud holds additional information ath@utadiometric and geometric characteristics of the objects
within the footprint area of the laser beam. In this paper point cloud sangbldifferent ground cover are examined regarding their
distribution of amplitude and echo width. Subsequently, a method for eingltlyese observables for the assignment of probabilities,
whether an echo is more likely to stem from terrain or not, is presentedeTirebabilities can also be interpreted as individual weights
that are assigned to the single points and can be used in subsequenteatigitalmodelling (DTM) algorithms for a derivation of more
accurate DTMs.

1 INTRODUCTION trable vegetation and no echoes from the terrain are detected. In
both cases, echoes tend to be wrongly classified as ground points.
The sampling of the earth’s surface with laser technology for ob-Consequently, a DTM surface computed on the basis of a point
taining information about its geometric structure has become aoloud including such off-terrain echoes, might run through the
efficient and wide-spread method for data acquisition over théowest vegetation levels and therefore above the actual terrain.
past few years. 3D point clouds from airborne laser scanningis these errors can be in the range of several decimetres, they
(ALS), which is also referred to as airborne LiDAR (light de- are critical for DTM based application where high accuracy is
tection and ranging), provide a data basis for various applicarequired (Doneus et al., 2008).
tions and have been used in different fields of engineering, such
as forestry (Hyypp et al., 2008; Naesset, 2007), urban monitor-Currently, two different types of ALS sensors, which can be dis-
ing (Dorninger and Pfeifer, 2008;de et al., 2009), hydrology tinguished by their method of echo detection, are commercially
(Mandlburger et al., 2009; Briese et al., 2009flé et al., 2009) available. The so-called discrete recording systems are able to
or archaeology (Doneus et al., 2008). record the range and amplitude of one or more consecutive dis-
crete echoes. In contrast, the so-called full-waveform (FWF) dig-
Most of the above mentioned applications have in common thaitizers, are capable of detecting and storing the whole emitted
they rely on an accurate digital terrain model (DTM), derived and backscattered signal. To then obtain the individual echoes,
on the basis of the point cloud. The quality of the DTM itself the recorded waveform has to be reconstructed in post-processing
is, among other influencing factors (Kraus et al., 2004), depenand a decomposition algorithm, which can be individually adapted,
dent on the reliability to eliminate off-terrain echoes (Kraus et al.,has to be applied. Recent papers describe different methods for
2004; Karel et al., 2006). Conventional methods for classifyingALS waveform analysis and echo detection (Wagner et al., 2006;
the point cloud into terrain and off-terrain echoes, a process alsRoncat et al., 2008; Mallet et al., 2009). During the process,
called filtering, employ various geometric criteria. This might bethe echoes are detected and the range of the scanner to the tar-
the distance to prior computed surfaces (Axelsson, 2000; Krauget, as well as additional variables are derived. In addition to the
and Pfeifer, 1998; Pfeifer et al., 2001), relations of planimetricamplitude, the width of the backscattered signal, also commonly
distance and height difference (Vosselman, 2000) or normal vetknown as the echo width, is determinable.
tors as a homogeneity criteria in a segmentation based approach
(Tovari and Pfeifer, 2005). However, reflections from near ter-The usage of these additional observables opens up new prospects
rain objects, e.g. lower under storey, cannot be distinguished bfor DTM generation from ALS data, although very rarely used so
geometric criteria alone. Especially near ground vegetation posdar. Wagner et al. (2008) stated that the width of the backscattered
two problems. The first problem concerns the range resolution. lIécho is dependent on the vertical distribution of small surface el-
the vegetation is very low, the range difference between two conements within the footprint area of the laser beam. The canopy,
secutive targets may become too short for the detector to separatader storey or near ground vegetation are assumed to have larger
them. Consequently, only one target is identified, which featuresariations in vertical directions and consequently larger echo
a measured distance that results from an overlap of the two aevidths than the terrain. Based on this fact, Doneus et al. (2008)
tual reflections. The resulting point is then located somewhere imsed an empirically derived echo width threshold, pre-classifying
between them (Kraus, 2007). Secondly, areas with dense vegetaresumable off-terrain echoes in the input point cloud for the hi-
tion feature only little to no penetration at all. This is crucial if erarchic robust filtering (Pfeifer et al., 2001). In Lin and Mills
the trend of the surface changes significantly below the impeng2009), a point labelling process, determining terrain points us-
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individual 3D points. This additional surface information is in-
tegrated in a DTM generation approach employing Axelsson’s
progressive densification method (Axelsson, 2000).

However, applying hard thresholds on datasets poses several dj¥
ficulties. On the one hand, the derived thresholds are always se
sor specific and do not necessarily apply for others. On the othéz
hand, the above mentioned strategies tend to eliminate a cer
number of points based on a-priori determined thresholds. Thig#z7#
implies the possibility of creating false negatives, meaning ex#%
cluding reflections that might very well stem from terrain. These#
echoes are permanently lost for subsequent filtering steps.

The method described in this paper considers these limitatio .
and disadvantages of pre-classifying echoes based on a fixed e
width threshold. Rather than using thresholds on either one
the FWF-observables (amplitude and echo width), it focuses o
the modelling of the distribution of the echo widths dependeni)
on amplitude values. As for the derivation of a DTM only the
last echoes are relevant, probabilities indicating whether they ar
more likely to be a terrain echo or not are assigned to the echoe
These probabilities can be interpreted as individual weights an
can be used as a-priori weights in existing filtering algorithms.
Hence, the whole point cloud is preserved and augmented wit
additional information, which can subsequently be used for &
more accurate derivation of DTMs. ‘

In the following section 2 the study area is described. Sectior ‘
3 deals with the theoretical background of the proposed metho "
(see section 3.1), a description of the point cloud analysis (se*
section 3.2) and the probability assignment (see section 3.3). F.:
nally, the results are summarized and discussed in section 4 aiq).
a conclusion is given in section 5.

Figure 1: ALS study area in Schlosspark Eisenstadt (120 x 170
m). (a) DSM (grid size 0.25 x 0.25 m) created of all echoes;
(b) height-coded point cloud showing all echoes (Z), white bars

AN ALS d I d he citv of Ei d itol findicate location of profile; (c) profile; (d)amplitudes (P) of the
n ata set collected over the city of Eisenstadt, capitol ofj, echoes; (e) echo widths (EW) of the last echoes.

county Burgenland, Austria, was used in this paper. As study arela
a small sample within the Schlosspark Eisenstadt was created. 3 METHOD
The ALS data were acquired under leaf-off conditions in March

2007. A RIEGL LMS-Q560 laser scanner, which is equippeds 1 Theoretical Background

with a full-waveform recorder, was employed. The main techni-

cal specifications can be found on the distributors website (Rieglas written in section 1 and based on Wagner et al. (2008), the
2009a). The scanner was carried by a fixed-wing aircraft as welbcho width provides information about the height distribution
as a helicopter alternatively, which operated at an average flyingf small scatterers within the footprint area of the laser beam.
altitude of 600 m, the scan angle was set®2.5 and the aver- A planar area, perpendicular to the laser beam direction, fea-
age distance of the single trajectories was 90 m. This resulted ifjyres no height variation at all. It is therefore assumed that a
a large overlap of the ALS strips and, consequently, rather highaser beam impinging approximately rectangular on such terrain
point density of 18 echoes perrfor the whole data set. Using  should cause a backscattered signal with an echo width equal or
Gaussian decomposition, as described in Wagner et al. (2006jmilar to the width of the emitted pulse (Wagner et al., 2004).
a 3D point cloud was obtained. For adequate geo-referencinger emits pulses with a duration of 4 ns, describing the full width
the method proposed by Kager (2004) was applied. This processt the pulse at its half maximum (FWHM). It has to be stated that
allows to reduce discrepancies between overlapping ALS stripgjye to the utilized software for echo extraction, the derived echo
The produced high quality 3D point cloud was then used to deyidths do not represent the FWHM, as it is common practice in
rive a digital surface model (DSM) utilizing moving planes in- sjgnal processing and commercial software (e.g. Riegl (2009b)),
terpolation. Furthermore, a DTM using hierarchic robust inter-pt the standard deviation of the fit Gaussian curve. The width of

polation (Pfeifer et al., 2001) was generated. Both methods arﬁ]e emitted pulse has to be divided by a constant factor of
implemented and documented in the software package SCOP++

(SCOP++, 2008). The DTM was used to compute the normalized 2% v2 % In2 = 2.3548 (1)
heights of the single echoes for point selection and later verifica-

tion purposes. A hill-shading of the study area can be seen iim order to correspond to the echo widths derived by the applied
figure 1a. The obtained point cloud consisted of 57.3% singleecho extraction method, which results in a value of 1.6986 ns
echoes (only one reflection in the shot), 27.8% shots with two(Miicke, 2008).

11.8% with three 2.7% with four and 0.4% with more than four Examination of the echo width image in figure 1e supports this
consecutive target reflections. theory. In the north-western corner a football court is located,

2 STUDY AREA AND DATA
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which is a flat non-tilted plane featuring also the lowest echo

widths of about 1.75 ns in the sample area. The pathway through
the forest (centre of the image), which is not overgrown by trees,
also shows reflections of comparable widths. The largest echo
widths in the area stem from vegetation echoes, characterized by or
values well above 2 ns and up to 5 ns. Also the lower amplitude toor
values can be found in the vegetated area (see figure 1d). This
is probably the result of a potentially higher number of consec- 60f
utive echoes in the penetrable canopy and multi-layered vegeta- aof
tion below. The more reflections per shot, the less energy can be
scattered back by the individual targets and consequently the last . : : ; ‘
echoes feature the lower amplitude values (Wagner et al., 2008). ' s z . s 3% ¢

Echo width [ns]

@ Terrain echoes from forested area
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3.2 Point cloud analysis Figure 3: Last echoes from forest terrain selected by height

thresholding (dZ= 0.2 m); width of the emitted pulse is shown
To confirm our assumption, single echoes from open terrain ary the dotted blue line.

eas were selected and scatter plots showing their amplitudes and

respective echo widths were produced (see figure 2). Comparesf the median of the echo widths, because there the detection
to the width of the emitted pulse (dotted blue line in figure 2), theaccuracy we can expect from the applied Gaussian decomposition
four samples, taken from reflections over gravel (1452 points)is demonstrated. We then flip the function vertically along the
sand (1059 points), asphalt (1427 points) and grassland (4628edian (see figure 4), so the two functions combined now outline
points), seem to correspond quite well. Except for a minimalthe range of amplitude and echo width values for reflections that
positive shift with respect to the width of the emitted pulse andstem from terrain with a high probability. 3D points within this
increased scattering of the echo widths with decreasing ampliarea are given the highest weights, which is defined as 95% (green
tude values. This scattering was also observed by Wagner et alone in figure 4). As we do not expect a shortening of the echo
(2006), explained as a characteristic of FWF decomposition uswidths due to vegetation but rather the opposite, every echo left of
ing a Gaussian model. They stated that the method is robust fahe area outlined by the distribution function (green zone) is given
strong echoes and becomes less reliable for weak ones. Subshe lowest weight of 5%. In order to avoid hard thresholds in the
quently, we examined if the amplitudes and widths of single andransition from high to low weight, we defined a buffer zone along
last echoes from forest terrain behave similar as the ones fromhe flipped curve. Inside of it a linear function is used for applying
open terrain. Figure 3 shows a scatter plot produced from reflecghe individual weights, ranging from 95% to 5%. Every point
tions of an overgrown area. They were selected using the preyutside the transition zone is considered not to represent terrain
viously calculated normalized heights (dZ) with respect to theand is therefore given the lowest weight (5%). This method tends
DTM and a dZ<= 0.2 m threshold (see section 2), so they ap-to give the highest weights to points belonging to terrain with a

proximate the terrain as good as possible. We found that the 0.2 igh probability, points assumed to be off-terrain echoes gain the
threshold was adequate given the definition uncertainty of a fortowest weights.

est terrain covered by fallen leafs, tree roots and creepers of any
kind. Further reducing the threshold did not significantly mini-
mize the resulting terrain point cloud, whereas an increase to 0.5
m had the opposite effect. By visual comparison we examined
that lots of points representing relevant near terrain vegetation
were included.

© Terrain echoes from forested area
= Curve fit to left flank
= = = Curve lipped along median
== Curve delineating transition zone
= = = Median of echo widths [1.78ns]
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ottt ‘ ‘ S the green and orange zones.
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Figure 2: Scatter plot of selected single echoes from open terrain
(grass, gravel, sand, asphalt); width of the emitted pulse is shown 4 RESULTS AND DISCUSSION
by dotted blue line.
The distribution of the forest terrain echoes (figure 3) shows sim-
ilar characteristics as the one from the open terrain echoes (figure
3.3 Probability Assignment 2). The scattering of the echo widths also increases with decreas-
ing amplitudes. However, it features echoes with very low am-
We expect the scatter plot in figure 3 to depict the distribution forplitudes, which are not present in the single echoes from open
amplitudes and echo widths of terrain echoes in vegetated are&asrrain and can be explained by the persistent loss of energy due
and base the probability assignment on this assumption. First,ta the detection of consecutive targets in the vegetated area. Also
distribution function dependent on the amplitudes and respectivthe echo widths cover a wider range up to 3 ns, indicating that
echo widths is created. It is fit to the distribution on the left sidesome of the selected terrain points represent rough surfaces, e.g.

159



In: Wagner W., Székely, B. (eds.): ISPRS TC VII Symposium — 100 Years ISPRS, Vienna, Austria, July 5-7, 2010, IAPRS, Vol. XXXVIII, Part 7A
Contents Author Index Keyword Index

points on tree roots or stems. Apart from that a slight shift com{w < 95%) color-coded by their respective normalized height dZ
pared to the emitted pulse is recognizable in all of the producedre shown. The points are within the dark green area feature nor-
point cloud samples. At this time the cause of this shift is un-malized heights of 0.5 m and below.
certain. Probably the incidence angle of the laser shot might in-
fluence the echo width, causing it to become wider with smaliThe remaining part of the single and last echoes, featuring high
(acute) angles. Essentially, this corresponds to a widening of thas well as low weights, are spread over the entire range of nor-
reflected signal caused by height variation. However, the exarrMalized heights occurring in our study area. This points out a
ined echoes stemming from open areas represent near horizontignitation of the probability assignment, which is partly rooted in
terrain (e.g. left part of profile in 1c representing the footballthe applied echo detection method. The lower the amplitude, the
court) and are located in the middle of the strip, roughly belowhigher the tolerance for points gaining maximum weight. Strong
the trajectory of the flight. So the angle of deflection is smallfirst echoes in the canopy might have large echo widths and be
and consequently the incidence angles are rather obtuse, a chartfgrefore correctly weighted. However, for consecutive echoes
of the echo widths caused by this is therefore unlikely. Anothef€ss energy is left (Wagner et al., 2008), and thus, as we have
reason could be that the width of the emitted pulse is not conalready pointed out in section 1, the echo width estimation be-
stantly 4 ns, but sometimes wider, subsequently causing bigg&omes less trustworthy. This probably results in reflections from
echo widths in the backscattered signals. But to our knowledg@ranches and stems high above the terrain having smaller echo
this has not been explored so far. widths, although they represent rather rough surfaces. For this
reason they are wrongly given high weights. Figure 7a shows

90
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Figure 5: Off-terrain echoes from a forested area selected by

height thresholding (last echoes dZ0.2 m); width of the emit-  Figure 6: Histogram of single and last echoes from sample area.

ted pulse is shown by dotted blue line. Points that were weighted with 95% (blue) and less than 95%
(red).

Further, the distribution function derived in section 3 (figure 4)the points with a weight of w = 95%. The white square out-
was compared to the scatter plot of the selected off-terrain ladines echoes in the canopy (dZ 20 m). The apparent explana-
echoes in the forested area (see figure 5), which were generatéidn for these points being given the maximum weight is that the
by height thresholding (dZ 0.2 m) as well. Although there is dense canopy acts as a single scatterer, featuring too little height
a large overlap, the distribution is very asymmetric and shiftedvariation within the footprint of the laserscanner to be detected.
towards higher echo widths, featuring a significant amount ofConsequently, they have similar characteristics as terrain echoes.
echoes we can expect to be given the lowest weight. The same applies for thick branches of trees or stems with large
diameters, which can also be seen as extended targets (Jelalian,

Consequently, the distribution function was used to assign weight®92), meaning they are bigger than the footprint size. However,
to the single and last echoes within the study area, because these

are usually the lowest points and therefore considered to represe®
terrain. For a validation of the results the afore calculated normal
ized heights were employed. Initially we selected terrain points
in the forested area by applying a threshold of 0.2 m<dZ 0.2
m) (see section 3.2) on the normalized heights of the single an
last echoes. We repeated that for our study area (see figure
producing a terrain point cloud that consisted of 184868 point
starting from a total of 226767 points. Comparing this number t
the number of points that were assigned weights of w = 95%, w
found that 92% of the terrain echoes selected by height thresho
ing were given the maximum weight (w 95%). Additionally,
we extracted the echoes that gained the maximum weight a
those that gained less (w 95%) and produced a histogram of
the normalized heights (see figure 6). It clearly reveals that mor&™= ; . o

than 80% of the echoes with maximum weight are located belovrigure 7: (a) DSM overlain with single and last echoes featuring
0.5 m. Apart from that, 7.1% of the points with weights of less maximum weights w = 95% (b) DSM overlayed with single and

than 95% (points that are unlikely to stem from terrain) are also inast echoes featuring weightsw95%. The white square shows
that height range. More detailed investigations and visual examige area with dense canopy.

nations have shown that these echoes stem from lower vegetation
or tree stems, therefore also being correctly weighted. This explahese points do not pose a problem for conventional filtering algo-
nation is supported by figure 7b, where the low weighted echoesthms, as they are well elevated and can be reliably detected and
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eliminated by the geometric analysis of the local neighbourhoodHdfle, B., Micke, W., Dutter, M., Rutzinger, M. and Dorninger,
As pointed out in section 1, it is rather the near ground vegetation P., 2009. Detection of building regions using airborne lidar - a
that causes troubles in DTM generation and the proposed clas- new combination of raster and point cloud based gis methods.
sification method has proven to be valuable in the detection of In: Geospatial Crossroads at Gl-Forum 09 — Proceedings of
reflections from such objects. the Geoinformatics Forum Salzburg.

Hofle, B., Vetter, M., Pfeifer, N., Mandlburger, G. and8ér, J.,
5 CONCLUSIONS AND FUTURE WORK 2009. Water surface mapping from airborne laser scanning us-
ing signal intensity and elevation data. Earth Surface Processes

Our investigations have demonstrated that the full-waveform ob- and Landforms 34(12), pp. 1635-1649.
servables amplitude and echo width have potential for the assign- )
ment of probabilities whether an ALS point represents terrain oHYYPP&, J., Hyyp@, H., Leckie, D., Gougeon, F., Yu, X. and
not. The suggested method managed to label 92% of the ter- Maltamo, M., 2008. Review of methods of small-footprint air-
rain echoes correctly (see section 4) and additionally correctly Porne laser scanning for extracting forest inventory data in bo-
detected reflections from near ground vegetation. However, we real forests. International Journal of Remote Sensing 29(5),
found that the approach can not produce exclusive terrain point PP. 1339-1366.
clouds, given the fact that amplitude and echo width are metric
that do not discriminate sufficiently to do so. A reliable deter-
mination of off-terrain points without the utilization of geometric
criteria seems rather difficult. But as presented in other paper&ager, H., 2004. Discrepancies between overlapping laser scan-
(Briese et al., 2007; Lin and Mills, 2009), conventional filtering  ning strips - simultaneous fitting of aerial laser scanner strips.
methods profit from a-priori seperated vegetation echoes which In: International Archives of Photogrammetry and Remote
could be found with the help of full-waveform observables. The Sensing, XXXV, B/1, Istanbul, Turkey, pp. 555-560.
approach proposed in this paper produces a point cloud enriched i ) .
by individual weights for each point, which can now be used inKarel, W., Briese, C. and Pfeifer, N., 2006. Dtm quality assess-
subsequent filtering steps. In our further work we will concen- Ment. In: International Archives of Photogrammetry and Re-
trate on the integration of the individual weights into the hierar- MOte Sensing, XXXV, 2, Vienna, Austria.
chic robust interpolation. Apart from that we plan on.acquir!ng Kraus, K., 2007. Photogrammetry — Geometry from Images and
proper reference d_ata;et with terrestrlal_ laser scanning which we | jeer Scans. 2 edn, de Gruyter.
will use for the derivation of a very detailed and highly accurate
DTM to compare it to the ALS DTM and adequatetly validate the Kraus, K. and Pfeifer, N., 1998. Determination of terrain models

Selalian, A. V., 1992. Laser Radar Systems. Artech House,
Boston.

employed filtering method. in wooded areas with airborne laser scanner data. ISPRS Jour-
nal of Photogrammetry and Remote Sensing 53, pp. 193-203.
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