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Abstract
Over the last 15 years, the Institute of Photogrammetry and Remote Sensing (I.P.F.) of the Vienna University
of Technology has been engaged in the field of airborne laser scanning (ALS) in research and development.
Scientific contributions cover the whole processing chain from analysis of the sensor signal to digital terrain
modelling including quality control, strip adjustment, structure line extraction, and filtering of the point cloud.
Besides the actual research work itself, science oriented software development has a long tradition at the
I.P.F. providing the sustainable basis for future research. This paper, therefore, presents results of some of the
most recent airborne LiDAR related research activities, namely analysis and calibration of full waveform ALS
data, improved methods for georeferencing, as well as terrain modelling and their embedding in the scientific
software OPALS (Orientation and Processing of Airborne Laser Scanning data).
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Introduction

Laser scanning is a growing field in Europe since the 1990s. This applies to sensor development, data acquisition, science, software, and application. Development of laser scanner systems is pursued in Europe, some
companies, however, have their development units outside. Airborne data acquisition is performed, on the one
hand, by administrative bodies, typically the NMCAs (National Mapping and Cadastral Agencies), Environmental Agencies, or their federal equivalents. On the other hand, companies owning or managing extended areas,
e.g. forests, also acquire airborne laser scanning data. Terrestrial data is often acquired by service providers
for industry but also topographic acquisition in the context of natural hazards and environmental development
is conducted. The scientific study of laser scanning is performed at universities by geomatics institutes, e.g.
photogrammetry, remote sensing, engineering geodesy, but also by environmental institutes, e.g. forest management, ecology, or by geography institutes. However, this list is incomplete and other institutes focussing on
e.g. computer graphics, early and pre-history, or others work on a specific topic in which laser scanning plays an
enabling role. Finally, software for laser scanning is produced in Europe and abroad.
The Institute of Photogrammetry and Remote Sensing (I.P.F., for Institut für Photogrammetrie und Fernerkundung) from Vienna University of Technology started laser scanning in 1996 (Kraus and Pfeifer 1998) and has
expanded its research field from terrain surface extraction to a wide field of laser scanning research, including:

•
•
•
•
•

Full waveform analysis
Radiometric modelling of the return signal
Calibration of airborne and terrestrial laser scanners
Strip adjustment in airborne laser scanning
Orientation of terrestrial laser scans
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•
•
•
•
•
•
•
•
•
•
•
•
•

Terrain surface extraction from airborne and terrestrial laser scanning data
Extraction and modelling of power lines
Automatic structure line extraction
Thinning of terrain models
Application of ALS terrain models in hydraulics
Automatic building extraction and reconstruction
Automatic extraction of high vegetation
Single tree detection and tree height estimation
Wood and stem volume estimation
Blunder removal and noise reduction of terrestrial laser scanning point clouds
Triangulation of terrestrial scans
Application of terrestrial laser scanning in cultural heritage preservation
Management of countrywide airborne laser scanning point clouds

This article concentrates on two aspects. Firstly, this is the processing of airborne laser scanning data for
modelling the terrain, and, secondly, its operationalisation in the environment of a scientific software package,
OPALS (Orientation and Processing of Airborne Laser Scanning data). 1 This software is a means of sustainably
providing new algorithms to researchers, but is also fit for a production environment.
The following section introduces the basic concept of OPALS. Sec. 3, 4, and 5 present approaches and results
for radiometric calibration and full waveform analysis, improved georeferencing, and, finally, terrain modelling.
The article concludes with an outlook to future research and development trends and necessities for a prosperous
development of laser scanning.
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OPALS

OPALS (Mandlburger et al. 2009) is a scientific, modular software system consisting of small components (modules). The aim of OPALS is to provide a complete processing chain for processing airborne laser scanning data
including: waveform decomposition, georeferencing, quality control, structure line extraction, point cloud classification, Digital Terrain Model (DTM) generation and several fields of application like forestry, hydrology, hydraulic
engineering, city modelling and power lines. Each module is available as (i) a command line program, (ii) a
Python module, and (iii) a C++ class (via DLL linkage). While the command line executables allow straight forward execution of the modules from within the operating systems command prompt, the latter enable embedding
OPALS functionality in high level programming and scripting languages, allowing for the construction of complex
work flows. Above all, the python integration has proven its worth as Python combines the advantages of an
easy to use scripting and a full featured programming language.
An efficient management of point cloud data is of crucial importance. Thus, a central data administration
unit (OPALS Data Manager, ODM) was developed (Otepka et al. 2006). For spatial indexing of the point cloud,
a two-level strategy is applied. First, the whole data set is organized in rectangular tiles of equal size and,
secondly, for each tile a kd-tree is built up allowing high performance spatial queries (k-nearest neighbours and
fixed distance queries). In contrast, all line related objects are stored in a R*-tree. Apart from high performance
spatial indexing, the ODM also features an administration scheme for storing arbitrary attributes on a per point
basis. The attributes may either stem from the initial sensor data analysis (e.g. amplitude, echo width, etc.) but
may also be derived during data processing (e.g. surface normal vector, roughness parameters, segment and/or
class IDs, etc.). Thus, the additional information system is highly dynamic and can, therefore, be used to transfer
information between different modules without the need for external storage of attributes.
Another main goal of OPALS is to shorten the time span for transforming research results into software
modules. This is mainly achieved by using a light-weight framework dealing with general programming issues
like validation of user inputs, error handling, logging, licensing, etc. The core feature of this framework is the
implementation of interfaces. In short, the module programmer defines a generic options list comprising the
1
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option name, the respective value type, an optionality indicator and a descriptive text for each option. Based on
preprocessor macros the OPALS framework, in turn, creates separate get-, set- and isSet functions and cares
for the implementations as executable, Python module and shared library with C++ API. This allows non expert
programmers to concentrate on the actual research problem.
The OPALS modules are grouped together thematically in terms of packages:

•
•
•
•
•
•
•
•
•

opalsPreprocess: Signal analysis and point cloud derivation
opalsQuality: Quality control and documentation
opalsGeoref: ALS strip adjustment
opalsGeomorph: Terrain feature extraction (breaklines lines, etc.)
opalsClassify: 3D-Classification of ALS point cloud
opalsSurface: Surface (DTM/DSM) interpolation, visualisation and analysis
opalsHydro: Hydrologic/Hydraulic applications
opalsForest: Forestry applications
opalsCity: Building and city modelling

opalsPreprocess groups together modules dealing with data import/export, decomposition of the full waveform signal, direct geo-referencing combining GNSS (Global Navigation Satellite System, IMU (Inertial Measurement Unit) and laser scanner measurements, radiometric calibration of the laser signal (c.f. Sec. 3), and various
data preprocessing steps like surface normal estimation and echo ratio (Höfle et al. 2009) calculation, i.e. feature
extraction. opalsQuality contains modules to derive simple surface, point density and strip height difference
models and their visualizations (shading, z-coloring) and statistical analysis, whereas opalsGeoref deals with
the adjustment of overlapping laser scanning strips (rigorous and approximative approach; c.f. Sec. 4) in case
the quality check indicated the necessity. Once the ALS point cloud is thoroughly oriented, opalsGeomeorph
combines modules for automatic detection and modelling of linear terrain features (structure/break lines, c.f.
Sec. 5.2) and opalsClassify provides modules dealing with filtering and classification of the ALS point cloud
based on geometric as well as radiometric information (c.f. Sec. 5.1). Finally, opalsSurface provides modules
for outstanding surface interpolation (e.g. kriging, linear prediction, etc.) resulting in a smooth and highly accurate hybrid DTM (i.e. regular grid + structure lines) which is suitable for thinning (c.f. Sec. 5.3) in order to reduce
the huge amount of data provided by modern ALS sensors. Beyond the DTM, OPALS envisage packages for
several fields of application like hydrology/hydraulics, forestry, and city modelling.
In the following sections, theory and results of some of the aforementioned topics are discussed in more
detail, always keeping an eye on the implementation in OPALS.

3
3.1

Full waveform analysis and radiometric modelling
Full waveform analysis and decomposition

Full waveform laser scanners do not only store the range of the scanned targets, but also record a sampled copy
of the emitted laser pulse and the backscattered echoes, typically in 1 ns intervals (Mallet and Bretar 2009). This
procedure allows the derivation of (geo-)physical quantities of the targets such as the backscatter cross section
or the backscatter coefficient, in addition to their 3D position (cf. 3.2 and (Wagner et al. 2006)). These quantities
provide additional features for subsequent segmentation and classification.
Examples for commercial full waveform systems are the RIEGL LMS-Q560 and LMS-Q680i (Riegl 2010)
and Optech ALTM Gemini (Optech 2010). Fig. 1 shows the principle of discrete and full waveform ALS (Mücke
et al. 2010). For the extraction of additional parameters of the targets (e.g. amplitude and echo width), waveform
decomposition is necessary. Several methods do exist for this task, e.g. modelling the waveform as a mixture
of Gaussian functions (Gaussian Decomposition: Hofton et al. (2000); Wagner et al. (2006)), more generalized
components (Chauve et al. 2009) or Uniform B-splines (Roncat et al. 2010a; Roncat et al. 2010b).
The retrieval of the backscatter cross section requires deconvolution. In Gaussian Decomposition, this task
is solved implicitly since the convolution of two Gaussian function yields a Gaussian function again which can
be inverted easily (Wagner et al. 2006). See Fig. 2 for an example for Gaussian Decomposition. The approach
using uniform B-Splines allows directly the computation of the differential backscatter cross section as well,
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Figure 1: Principle of discrete and full waveform airborne laser scanning.
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Figure 2: Results of Gaussian Decomposition for the emitted waveform (reference pulse, left) and the received waveform (echo waveform, middle). The
image on the right shows the deconvolution of these two which is directly related to the differential backscatter cross section.
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Figure 3: Results of B-Spline curve fitting for the emitted waveform (reference Pulse, left), the received waveform (echo Waveform, middle) and deconvolution of these two (right). The latter is directly related to the differential backscatter cross section.

using a linear least-squares method. An example for the results of B-spline waveform decomposition is depicted
in Fig. 3.

3.2

Radiometric calibration

As stated above, decomposing the echo waveform of full waveform laser scanners (c.f. Sec. 3.1) provides the
amplitude and echo width of each echo in addition to its 3D position. These physical observables describing
the return power are influenced by many different factors (e.g. range, angle of incidence, surface characteristics,
atmosphere, etc.). Therefore, the comparability of these attributes between different datasets or even flight missions is poor. By radiometric calibration the amplitude and echo width are converted into absolute radiometric
values, such as the backscatter cross section σ , the backscatter coefficient γ (area-normalized), or γθ (incidence angle corrected version of the latter), all of which describing the characteristics of the observed surface.
Classification, thus, becomes independent of sensor and mission parameters.
The process of radiometric calibration is based on the LIDAR adapted formulation of the radar equation
(Briese et al. 2008; Wagner 2010) describing the relation between the transmitted and the received power of
an ALS system. In order to estimate an absolute radiometric quantity external reference targets with known
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Figure 4: RGB-Orthophoto (units: meter) of two main buildings, the parade yard and the surrounding of the Maria Theresia casern south of the Schönbrunn
gardens; Data: MA 41, Municipal Authority of Vienna, Austria.

backscatter characteristics are essential. However, in contrast to other approaches, we use natural surfaces for
this absolute calibration task (Lehner and Briese 2010). Selected reference targets are observed in the field by
a reflectometer in order to determine their backscatter characteristics, independently from the ALS flight. Based
on the reference targets, a calibration constant can be estimated which, subsequently, allows the radiometric
calibration of the whole ALS data set.
The whole process is implemented in the OPALS module opalsRadioCal and was tested on a subset of the
City of Vienna ALS campaign (mean point density: > 20 echoes/m2 ). Fig. 4 shows an orthophoto of the test site,
two buildings and the parade yard of the Maria Theresia casern south of the Schönbrunn gardens. The parade
yard was one of the selected reference areas and its reflectance was measured as 23.5%. Fig. 5 presents the
calibration results of the test site for two flight strips (c.f. Lehner and Briese (2010)). The upper row displays
colour-coded models of amplitude, σ , γ and γθ for the western flight strip, the middle row for the eastern flight
strip and the lower row shows the respective colour-coded difference maps. The amplitude differences show the
expected increase towards the borders of the overlapping swath. The differences in σ already indicate similar
values in the overlapping flight strips for wide regions, especially for horizontal surfaces. However, inclined roof
surfaces, e.g. the huge casern building in the centre of the image, still suffer from incidence angle effects. The
γ difference image shows deviations of the same magnitude as the σ difference image. The incidence angle
corrected values γθ strongly minimize the differences for roof areas. Since the incidence angles’ estimation in
vegetated areas is uncertain and sometimes impossible, these areas show large positive or negative deviations
in the γθ difference image. Due to the fact that γ and γθ are area-normalized values they guarantee comparable
results, even for measurements with different resolution, e.g. acquired at significantly different flight heights above
ground, with significantly different beam divergence, and/or by different ALS sensors.

4

Improved geo-referencing by strip adjustment

ALS uses a multi sensor system and is based on direct georeferencing (Skaloud 2007) of the original laser
scanning measurements. For this the position and attitude of the scanning system along the flight trajectory is
determined by GNSS (Global Navigation Satellite System) and an IMU (Inertial Measurement Unit). Additionally,
the internal laser parameters (e.g. zero point and scale of the range and angle measurements), a proper time
synchronization and the parameters of the mounting calibration (lever arm and misalignement) are required. All
these mentioned parameters are usually only known with limited accuracy, therefore, they should be adapted
optimally to the given block of strips in order to fully exploit the geometric accuracy potential of laser scanning.
ALS strip adjustment, similar to bundle block adjustment known from photogrammetry, is a proper tool for this
adaption; e.g. (Kager 2004). The GNSS/IMU trajectory data is mandatory for this adjustment. However, for some
projects only the directly georeferenced point cloud for each strip is delivered by the flying company whereas
the GNSS/IMU trajectory is not available (any longer). If the originally delivered points do not pass the quality
control, then a strip adjustment without GNSS/IMU trajectory data has to be done. Such a strip adjustment
without trajectory is currently implemented in OPALS. It works in the following way, by adopting and extending
the method proposed in (Ressl et al. 2009).
First, for each pair of overlapping strips a relative 3D affine transformation is computed using opalsLSM
minimising the masked strip difference dZpair . Afterwards, all relative 3D affine transformations computed this
way are used simultaneously in an adjustment that determines a global 3D affine transformation for each strip
w.r.t. a local coordinate system using opalsGeorefApprox. This local coordinate system is defined such that
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Figure 5: Upper row: colour-coded maps of amplitude, σ , γ and γθ for the western flight strip; Middle row: same for the eastern flight strip; Lower row:
colour-coded difference maps of the upper and the middle row; Data: MA 41, Municipal Authority of Vienna, Austria.

the individual strips are only shifted and rotated to a minimum amount. Afterwards this relatively adjusted block
of ALS strips can be adapted to absolute control information (e.g. terrestrially measured control surfaces like roof
planes) by running opalsLSM again.
Fig. 6 (left) shows an example of a color coded masked strip difference dZpair for the original georeferencing.
A mask was used to hide surface cells with high roughness (e.g. vegetation) at which the differences are not
useful for assessing the geometric quality. Fig. 6 (right) shows the improved georeferencing for the same section
after the strip adjustment using opalsGeorefApprox. The left side of Fig. 7 shows the histogram of dZpair based
on all overlapping strips of the project for the original georeferencing computed with opalsHisto. The right
side of this figure shows the histogram of dZpair for the improved georeferencing. For this example a block was
used, that consists of 61 parallel flight strips (overlap 50%, flown in East-West direction), covering an area of
10(East-West)× 17(North-South) km2 .
The strip differences dZpair represent for all errors in the georeferencing their summed effect on the heights.
However, this does not directly reflect the height accuracy of the ALS data; e.g. horizontal errors induce height
differences at inclined surfaces. While dZpair gives a quantitative information about the quality of the heights,
the color coded strip differences provide only qualitative information on the horizontal quality; e.g. Fig. 6 (left)
clearly indicates horizontal errors at the roofs of the buildings but does not tell their size. An estimate of the still
remaining horizontal and vertical errors between overlapping strips can be obtained with opalsLSM by running
it only for small windows centered in manually defined points and by documenting the reported shifts in XYZ.
Fig. 7 (right) shows the RMS values of these shifts between corresponding LSM points in overlapping strip DSMs
before and after improving the georeferencing. There the large planar errors of 59.3 cm in X and 23.4 cm in Y for
the original georeferencing are striking. After the strip adjustment we obtain a dramatic improvement with RMS
values for X and Y of 7.1 cm.
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Figure 6: Strip differences for the original georeferencing (left) and for the improved georeferencing after the strip adjustment (right). Top: Overview
of a color coded difference of two overlapping strips. Bottom: Enlarged detail; mind especially the striking red and blue pattern at the roofs (with
height differences beyond ±15cm) for the original georeferencing (this is a clear indicator for horizontal shifts between the two strips). For the improved
georeferencing these systematic patterns have disappeared to a very high degree. Right: Legend of color coding. Black is used for the area outside the
overlap of both strips, but also for the parts covered by the mask (which are mainly vegetation), Data: River Main, German Federal Institute of Hydrology.
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Figure 7: Left: Histogram of the masked strip differences dZpair based on all overlapping strips (ca. 118 million values) shown for the original georeferencing (with σMAD =6.2 cm) and the improved georeferencing after strip adjustment (with σMAD =2.9 cm). σMAD is the standard deviation derived from
the median of absolute differences (known as MAD) as σMAD =1.4826·MAD. Right: RMS values of the shifts between corresponding LSM points in
overlapping strip DSMs before and after improving the georeferencing by strip adjustment. 811 point pairs (i.e. small patches) were used.
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Terrain modelling

The DTM is among the most important products derived from ALS point clouds, and represents an indispensable
basis for many application fields. The following sections, therefore, focus on some selected issues related to
terrain modelling.

5.1

Terrain surface extraction

The quality of the DTM itself is, among other influencing factors, dependent on the reliability to eliminate offterrain echoes. Conventional methods for classifying the point cloud into terrain and off-terrain echoes, a process
also referred to as filtering, employ various geometric criteria (Pfeifer and Mandlburger 2008). However, reflections from near terrain objects, e.g. lower under storey, cannot be distinguished by geometric criteria alone due
to (i) the sensors limited range resolution and (ii) the limited penetrability of dense low vegetation areas. In both
cases, echoes tend to be wrongly classified as ground points causing errors in the DTM in the range of several
decimetres, which may well become critical e.g. for flood zone mapping.
In this context, the usage of full waveform observables opens up new prospects for DTM generation from
ALS data. Especially the echo width, describing the vertical distribution of small surface elements within the
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Figure 8: (a) Amplitude (the so-called intensity) of last echoes extracted from the waveform (dark=low and bright=high amplitudes), (b) echo width
(green=low, yellow=medium, red=high echo width), (c) DTM obtained by robust interpolation relying on geometric criteria only, and (d) as (c) excluding
points with wide echoes; Data: Leitha Mountains, Department of Prehistoric and Mediaeval Archaeology of the University of Vienna, Austria.

footprint area of the laser beam, can be used to improve the DTM quality. The canopy, under storey or near
ground vegetation are assumed to have larger variations in vertical directions and, consequently, larger echo
widths than the terrain. Hence, the application of an empirically derived echo width threshold, pre-classifying
presumable off-terrain echoes in the input points (Doneus et al. 2008) improves the DTM quality as shown in
Fig. 8. More sophisticated approaches model the probability for being a ground echo as a function of the echo
width depending on the signal amplitude (Mücke et al. 2010) thereby reducing false negatives, i.e. ground echoes
erroneously classified as vegetation. Furthermore, ground echo probability measures can also be incorporated
into classical filtering strategies (Mandlburger et al. 2007; Lin and Mills 2009), hence, combining geometric and
radiometric information of the ALS data. However, further research in this area is still required.

5.2

Structure line extraction

The exact representation of surface discontinuities is essential for high quality terrain models. It is, therefore,
crucial to preserve these linear features either as constraints in a TIN based model or as explicit 3D structure
lines in a hybrid DTM structure based on a regular grid. However, ALS filtering often fails at discontinuities, with
ALS points being erroneously classified as vegetation. Above that, explicitly modeled structure lines in the DTM
are helpful for the task of data reduction as they allow describing surface discontinuities even in models with big
raster or triangle cells.
At the I.P.F. a three-step approach (detection, modelling, post-processing) for extracting and modelling structure lines based on the ALS point cloud was developed (Briese 2004). In a first detection step start segments
for the subsequent structure line modelling are extracted. Therefore, a best fitting 2nd order polynomial surface
(quadric) is calculated in each last echo point based on the k-nearest nearest neighbors (k'10–15) from which
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Figure 9: Left: Automatically detected start segments (blue) in front of a shaded relief map, plan view of a motorway junction; Right: Perspective view
of the resulting automatically modelled and post-processed break lines (viewing direction: north-west); Data: River Main, German Federal Institute of
Hydrology.

the main curvatures (κmax , κmin ) and their direction (τ ) are extracted and analysed. A segment is considered
as potential start segment if κmax and the ratio κmax /κmin fall below certain thresholds and the deviation of the
points w.r.t. the quadric are small.
The actual structure line modelling is done by patch-wise intersection of plane pairs. Based on the start
segments (location and direction) the ALS points are identified as either to the left or right of the line and for each
side a best fitting tilted plane is estimated. A robust least squares approach with iterative re-weighting is applied
in order to get rid of remaining vegetation points. A representative structure line point is calculated in the middle
of the plane intersection line. This basic concept is embedded in a line growing framework by extrapolating in
forward and backward direction and repeating the plane intersection for each patch until the plane intersection
angle α falls below a certain user defined threshold (e.g. α <10 deg).
In a final post-processing step small equally aligned line parts are connected, small free standing line pieces
are removed, and line simplification is applied. Whereas implementations of the described methods as command
line executables already exist, the embedding in the opalsGeomorph package is currently work in progress.
Fig. 9 shows the results of a practical example.

5.3

DTM Simplification (Thinning)

Modern ALS sensors allow mapping of topographic details at the price of a highly increased data volume. Thus,
the goal is to reduce the amount of data (vertices of a mesh, grid points, structure lines, etc.) without losing
relevant geometric details. High compression ratios can be achieved if the surface is smooth and the relevant
discontinuities are available explicitly. Hence, correct filtering of off-terrain points including small vegetation, DTM
interpolation featuring a reduction of the random measurement errors and explicit modelling of structure lines as
described in the previous sections is a precondition.
In contrast to approaches which rely on the original point cloud, our adaptive TIN refinement approach uses
the filtered hybrid DTM (regular grid, structure lines, and spot heights) as input (Mandlburger et al. 2009). The
basic parameters for the DTM simplification are a maximum height error ∆zmax (L∞ -norm) and a maximum
planimetric point distance ∆xymax . The latter avoids triangles with too long edges and narrow angles. The
algorithm starts with an initial approximation of the DTM comprising all structure lines and a coarse regular grid
(cell size=∆xymax =∆0 ), which are triangulated using a Constrained Delaunay Triangulation. Each ∆0 -cell is
subsequently refined by iteratively inserting additional grid points until the height tolerance ∆zmax is reached.
The additional vertices can either be inserted hierarchically or irregularly. In case of a hierarchical breakdown,
a coarse rectangular grid is used as initial surface approximation. Each coarse grid cell is divided into four parts in
each pass, if a single grid point within the regarded area exceeds the maximum tolerance. This leads to a quadtree like point distribution in the resulting surface approximation. By contrast, for irregular division a regular grid
of (approximately) equilateral triangles is used as initial approximation. In a single pass the grid points with the
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Figure 10: (a) Typical compression rates [%] for different types of landscape; (b) Original hybrid DTM, regular 2m-grid with intermeshed breaklines; (c)
Adaptive TIN, hierarchic division, ∆zmax =0.25m, compression rate: 83%; and (d) Adaptive TIN, irregular division, ∆zmax =0.25m, compression rate: 94%;
Data: River Drau, GeoConsult, Vienna, Austria.

maximum positive and maximum negative deviation are inserted (parallel greedy insertion). Furthermore, the
process of point insertion and recalculation of the error measures is optimised by considering the locality of the
mesh changes. Higher compression ratios (up to 99% in flat areas) can be achieved with irregular point insertion,
whereas the hierarchical mode is characterised by a more homogeneous vertex distribution.

6

Conclusions and Outlook

The basic concept of the comprehensive ALS software OPALS representing a sustainable basis for future research work at the I.P.F. was presented. Based on this software framework, a series of airborne LiDAR related
research topics were presented whereby their theory as well as the embedding into OPALS was considered.
The basics of full waveform laserscanning and the necessity of radiometric calibration just as well as thorough
georeferencing was highlighted in order to fully exploit the high potential of current ALS sensor data. The benefits
of proper data preprocessing, be it a geometrically well fitting point cloud or additional radiometric attributes, pay
off in subsequent processing steps like structure line derivation, classification of the point cloud, DTM modelling,
and, finally, thinning.
The high quality in terms of accuracy, but also the vertical structure of the surfaces, and the reliability and
speed of content generation, need to be exploited in order to increase the usage of laser scanning. Next to
software, however, other key factors influence the acceptance of laser scanning. An academic view on these
factors shall conclude this paper.
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Further development of the measurement technology
Increasing the area coverage requires larger flying heights, which requires emitting pulses of higher power and
larger receiver optics. Global acquisition from satellite platforms is studied by NASA (Yu et al. 2010) and ESA,
investigating different mechanisms for coverage (diffractive optical elements (DOE), multiple lasers, etc.). More
information can be extracted from laser scanning if multiple wavelengths are in use, not only in bathymetric
systems, but also for topographic, water, and vegetation applications. Obviously, the wavelength choice will have
to be a compromise between technical feasibility and application demands (e.g. selecting or avoiding absorption
lines). Similarly, different applications have different requirements concerning the footprint diameter, i.e. the area
over which information is integrated. One hypothesis is that in forest application a footprint diameter adjusted to
the average crown size is optimal. However, detailed studies for the exploration of different beam divergences
are currently not available. Finally, with lasers the measurement of (de-)polarization is possible. It remains to be
studied if this measurement is supporting practical applications (e.g. over snow).
Standardization and possibilities of data exchange
Applications require models which capture the relevant aspects of the environment. The processing of the
raw measurements via the point cloud to the final application-specific model can be interpreted as a chain of
transformations on the data. In the course of these transformations additional knowledge should be derived or
incorporated rather than to perform an irreversible loss of information. The lossy transformation should happen
as late in the processing chain as possible. While this general statement is quite obvious, putting it into practice
is hampered by the lack of suitable data exchange standards to be used between different programs. The lack
of a standardized format with (quite) “raw” measurements is one particular limiting factor. Such a formal data
description would include the direction of observation, the full waveform recording, i.e. a function of power over
time, or at least some amplitude function over time and a conversion function. Together with the trajectory information this should allow the direct georeferencing. The standardized encoding of metadata (footprint diameter
and shape, definition of radius, e.g., 1/e2 energy drop, wavelength in use, applied atmospheric correction for
runtime, direction, and radiometric measurement, etc.) is also not established fully.
Software and synergistic deployment in multi sensor systems
In this article the importance of software for processing data was stressed, and this will not be discussed further.
However, software that simultaneously exploits different Earth observation sensors, is hardly available, and the
combination of photographic images and laser scanning is performed quite late in the processing chain. Information extraction could be more reliable, accurate, and finally providing more content, if a truly synergistic
exploitation would happen at an earlier point in the processing chain. However, it is not only software missing at
this point, but algorithms.
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Höfle, B., W. Mücke, M. Dutter, M. Rutzinger, and P. Dorninger (2009). Detection of building regions using airborne LiDAR – A new
combination of raster and point cloud based GIS methods. In Proceedings of the Geoinformatics Forum Salzburg, Salzburg,
Austria, pp. 66–75.
Hofton, M., J. Minster, and J. Blair (2000). Decomposition of laser altimeter waveforms. IEEE Transactions on Geoscience and Remote
Sensing 38, 1989–1996.
Kager, H. (2004). Discrepancies between overlapping laser scanning strips - simultaneous fitting of aerial laser scanner strips. In
International Archives of Photogrammetry and Remote Sensing, XXXV, B/1, Istanbul, Turkey, pp. 555–560.
Kraus, K. and N. Pfeifer (1998). Determination of terrain models in wooded areas with airborne laser scanner data. ISPRS Journal of
Photogrammetry and Remote Sensing 53, 193–203.

11

Lehner, H. and C. Briese (2010). Radiometric calibration of full-waveform airborne laser scanning data based on natural surfaces. In
ISPRS Technical Commission VII Symposium, 100 Years ISPRS, Advancing Remote Sensing Science, Volume XXXVIII, Part 7B
of The International Archives of Photogrammetry, Remote Sensing ans Spatial Information Sciences, pp. 360–365.
Lin, Y. and J. Mills (2009). Integration of full-waveform information into the airborne laser scanning data filtering process. In ISPRS
Workshop Laserscanning 2009, Paris, FRANCE.
Mallet, C. and F. Bretar (2009). Full-waveform topographic lidar: State-of-the-art. ISPRS Journal of Photogrammetry and Remote
Sensing 64(1), 1–16.
Mandlburger, G., C. Briese, and N. Pfeifer (2007). Progress in LiDAR sensor technology - chance and challenge for DTM generation
and data administration. In Proceedings of the 51th Photogrammetric Week, D. Fritsch (ed.), Heidelberg, Germany, pp. 159–169.
Herbert Wichmann Verlag.
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