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ABSTRACT:

Airborne laser scanning (ALS) has become a commercially available and therefore widely used technique for obtaining the geometric
structure of the earth’s surface. For many ALS applications it is beneficial or even essential to classify the 3D point cloud into
different categories (e.g. ground, vegetation, building). So far, most classification techniques use the geometry of the 3D point cloud
or parameters which can be gained from analyzing the geometry or the number of echoes per emitted laser shot. Decomposing the
echo waveform of full-waveform laser scanners provides in addition to the 3D position of each echo its amplitude and width. These
physical observables are influenced by many different factors (e.g. range, angle of incidence, surface characteristics, atmosphere, etc.).
Therefore, these attributes can hardly be used without radiometric calibration. In this paper the theory of the radar equation will be used
to transform amplitude and echo width into radiometric calibration values, such as backscatter cross section, backscattering coefficients
or incidence angle corrected versions of those. For this aim, external reference targets with known backscatter characteristics are
necessary for the absolute radiometric calibration. In contrast to other approaches, this paper presents the usage of natural surfaces for
this calibration task. These surfaces are observed in order to determine their backscatter characteristics independently from the ALS
flight mission by a RIEGL reflectometer. Based on these observations the data of the ALS flight can be calibrated. Calibration results
of data acquired by a RIEGL LMS-Q560 sensor are presented and discussed. Next to a strip-wise analysis, the radiometric calibration
results of different strips in the overlapping region are studied. In this way, the accuracy of the calibration is analyzed (1) based on
a very large area with approximately homogeneous backscatter characteristics, namely a parade yard, and (2) relatively by analyzing
these overlapping regions.

1 INTRODUCTION

Airborne laser scanning (ALS, also referred to as airborne LI-
DAR (light detection and ranging)) is an active sampling method
that is widely used for obtaining the geometric structure of the
earth’s surface. The resulting point cloud is a good basis for
the modelling of the landscape for a variety of applications, e.g.
hydrology (Mandlburger et al., 2009), city modelling (Rotten-
steiner et al., 2007), forest mapping (Naesset, 1997, Hollaus et
al., 2007), archaeology (Doneus et al., 2008). For these applica-
tions it is typically necessary to classify the ALS data into dif-
ferent classes (e.g. ground, vegetation, buildings). Most of the
developed classification methods just rely on the geometric infor-
mation provided by the acquired point cloud. However, with the
introduction of small-footprint full-waveform (FWF) ALS sen-
sors into the commercial market further additional attributes, i.e.
the echo width and amplitude, for each echo can be determined.
These attributes can be seen as physical observables that allow
studying the radiometry of ALS data. However, in order to uti-
lize this information a radiometric calibration of the ALS data is
essential (Wagner et al., 2008b).

For the radiometric calibration of ALS data different methods
were already published. Next to their mathematical or physi-
cal framework the approaches differ in the use of reference data.
Some publications do not use reference surfaces at all and only
try to compensate for specific influencing factors (Luzum et al.,
2004, Donoghue et al., 2007, Hofle et al., 2007). Another group
of authors rely on artificial reference targets that were placed
within the area of interest during the data acquisition campaign
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(Ahokas et al., 2006, Kaasalainen et al., 2007), while the third
group of researchers tries to solve the radiometric calibration task
with the usage of natural reference targets (Coren and Sterzai,
2006, Wagner et al., 2006, Briese et al., 2008).

Within this paper the practical application and validation of the
radiometric calibration of small-footprint FWF-ALS data based
on natural surface elements is presented and studied. The calibra-
tion procedure relies on the radar equation (Wagner et al., 2006)
and on natural reference surfaces. These surfaces are observed
in-situ by a RIEGL reflectometer (Briese et al., 2008). Based on
these observations, the data of the ALS flight can be calibrated.
In order to demonstrate the practical capability and to study the
quality of the radiometric calibration this process is applied to
an FWF-ALS data set acquired by a RIEGL LMS-Q560 sensor
over the city of Vienna, Austria. Next to the practical application
of the method the resulting calibrated data set is analysed strip-
wise by a visual comparison of the radiometric information in the
overlapping area of two strips. Furthermore, a quantitative com-
parison of the calibrated data sets is performed by an analysis of a
difference model in the overlapping zone. Finally, after the dis-
cussion of the results, a short summary and an outlook into future
research work conclude the paper.

2 RADIOMETRIC CALIBRATION

2.1 Theoretical Background

The basic relation between the transmitted power P; and the re-
ceived power P, of an ALS system can be described by the LIDAR
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adapted formulation of the radar equation (see equation 1), which
considers all influencing factors: the receiver aperture diameter
D, the range between sensor and target R, the laser beam di-
vergence 3; and the backscatter cross section, as well as losses
occurring due to the atmosphere or in the laser scanner system
itself, i.e. a system and atmospheric transmission factor 7. and
Natm respectively. The backscatter cross section combines all tar-
get parameters such as the size of the area illuminated by the laser
beam A;, the reflectivity p and the directionality of the scattering
of the surface (2 (Wagner et al., 2006, Briese et al., 2008, Jelalian,
1992):
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Parameters which are unknown but can be assumed to be constant
during one ALS campaign can be combined to one constant, the
so-called calibration constant Cq;. Due to the fact that, in case
of ALS systems with Gaussian system waveform, the received
power is proportional to the product of the amplitude P; and the
echo width s, ;, it can be replaced by the term P;s, ; (Wagner
et al., 2006, Hofle et al., 2008). This yields the following form
of the calibration equation for calculating the backscatter cross
section o
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The range, the amplitude and the echo width in equation 2 are re-
sults of the Gaussian decomposition of the full-waveform data,
while the atmospheric transmission factor nq¢m can be deter-
mined by meteorological data and radiative transfer models such
as MODTRAN (Berk et al., 1998, Briese et al., 2008). In order to
estimate the calibration constant in equation 2 only the backscat-
ter cross section of a reference surface is necessary. This can be
achieved by the second formula of equation 1, the assumption of
a Lambertian scatterer, which means that the scattering solid an-
gle 2 is 7 steradians, and the knowledge of the reflectivity p of
the reference surface. For a fast estimation the illuminated area
A; in equation 2 can be replaced by the laser footprint area at the
scattering object A;5 (see figure 1 and equation 3).

Figure 1: Laser footprint area at the scattering object A;y, i.e. the
circular area perpendicular to the laser beam at distance R (green
area); area illuminated by the laser beam A; at distance R and 0;
angle of incidence (red area).

The laser footprint area at the scattering object (see green area in
figure 1) can easily be calculated by the range R and the beam
divergence (3, while the area illuminated by the laser beam (see
red area in figure 1) can be approximated by an ellipse whose
calculation of the area additionally requires an estimation of the
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local angle of incidence 6; (Lutz, 2003):

RQﬁtQTl' o Alf
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resp. A; = 3)

Once the calibration constant is derived the calibrated backscatter
cross sections of the individual echoes for the whole data set can
be determined.

Due to different flight heights or beam divergence, the illumi-
nated area A; and therefore also the backscatter cross section o
can vary a lot. Therefore, Wagner et al. (2008a) introduce area-
normalized values, so-called backscattering coefficients, which
have the advantage that measurements with different resolution
can be compared more easily. The backscatter cross section can
be related to the illuminated area A;, which leads to the cross

section per unit-illuminated area ¢ [m*m™2] (Wagner et al.,
2008b):
0 g
= — 4

Since the incidence angles change, it might be more convenient
to normalize the backscatter cross section to the illuminated area
at zero angle of incidence, i.e. the cross section of the incoming
beam, which results in the so-called bistatic scattering coefficient
7 [m?m ™3] (Wagner et al., 2008b):
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The backscatter cross section o as well as the backscattering coef-
ficients o and  are not free from influences caused by the angle
of incidence. In case of ideal Lambertian scatterers incidence an-
gle corrected values can be achieved by division with the cosine
of the local angle of incidence:

oy = resp. o = (6)

cos0; cos0;

Although o seems to be the most suitable value at first sight, it
amplifies the effect of the angle of incidence (for an Lambertian
scatterer by the square of the cosine law). The computational ad-
vantages of « are obvious since no time-consuming local plane
fits are necessary in order to estimate the local surface normal,
which is required for the calculation of the local incidence an-
gle. However, in case homogeneous values are aimed at for a
homogeneous surface, incidence angle corrected values such as
o6 have to be computed. Since the estimation of the local surface
normal can be uncertain or even impossible for some echoes, e.g.
in vegetated areas, incidence angle corrected values cannot be
guaranteed for the whole data set. Therefore, it depends on the
subject of interest which calibration value to choose for further
processing.

2.2 Practical Method

The practical method for radiometric calibration based on natural
surfaces as reference targets is already presented in Briese et al.
(2008). Therefore it will be mentioned only briefly. It consists of
three parts (see figure 2).

Prior to the ALS flight natural reference targets should be se-
lected in order to be able to measure the reflectivity by using the
RIEGL reflectometer and Spectralon® diffuse reflectance stan-
dards (Labsphere Inc., 2010) at approximately the same time as
the ALS data is acquired (see figure 2(a)) (Briese et al., 2008).

Meteorological data such as the visibility at the time of the flight
either have to be observed during data acquisition or gained from
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Figure 2: Operational workflow of radiometric calibration of full-
waveform ALS data.

observation stations close to the campaign site afterwards. With
the help of radiative transfer models an atmospheric attenuation
coefficient can be derived (see figure 2(b)).

Decomposing the full-waveform data yields a 3D point cloud
with additional information per echo such as range, amplitude
and echo width (see figure 2(c)) (Wagner et al., 2006).

From here on the radiometric calibration is further processed by
OPALS modules that were developed by the Institute of Pho-
togrammetry and Remote Sensing (IPF) of the Vienna University
of Technology (IPF, 2010). The opalsImport module is used to
load the 3D point data with its attributes and its corresponding tra-
jectory strip-wise into the OPALS data manager system for subse-
quent use in all OPALS modules dealing with point clouds. Dur-
ing the import process, opalsImport reconstructs the beam vec-
tor, echo number and number of returns of each echo and stores
them as additional attributes in the data manager. Furthermore,
the opalsNormals module performs a local plane fit for each point
based on its neighbouring points in order to derive the local nor-
mal vector of each point. However, due to the partly high surface
variation, it might not be possible to fit a plane for every echo
(only planes with a maximal user specified tolerance value for the
adjusted sigma value are accepted), e.g. in case of echoes orig-
inating from vegetation. Nevertheless, if the plane is accepted,
the normalized normal vector is stored as additional attribute for
each point in the data manager (see figure 2(d)).

In order to allow the radiometric calibration of ALS data the
OPALS module opalsRadioCal was developed to firstly derive a
mean calibration constant (see figure 2(e)). Within this step, for
every echo within a given reference surface with given reflectivity
and atmospheric attenuation coefficient the calibration constant is
estimated according to the second formula in equation 1, the first
formula in equation 2 and the formula displayed in equation 3.
For points within the reference surface the local incidence angle
is computed from the local normal vector and the beam vector.
These calibration constants for each echo within a reference sur-
face are used to determine a mean calibration constant for the
whole ALS campaign. The opalsRadioCal module applies this
mean calibration constant to secondly calculate the calibrated ra-
diometric values for each echo. This process includes the estima-
tion of the backscatter cross section, backscattering coefficients
and incidence angle corrected values as mentioned in section 2.1
(see figure 2(f)).

3 RESULTS AND DISCUSSION

The radiometric calibration procedure was tested on a data sub-
set of the Vienna wide ALS campaign carried out at the end of
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2006 and beginning of 2007, namely on the parts of thirteen flight
strips covering the area of the Schonbrunn palace, garden, zoo
and surrounding living area. This particular full-waveform data
set was acquired on the December 27" 2006, by the company
Diamond Airborne Sensing GmbH with a RIEGL LMS-Q560,
which operates at a wavelength of 1550 nm. The scan frequency
was 200 kHz, the aircraft speed above ground 150 km/h, the fly-
ing height above ground 500 m and the scan angle + 30°. These
settings resulted in a swath overlap of about 60 %, a mean point
density of more than 20 measurements per square meter and a
laser footprint size on ground of about 25 cm. The meteorolog-
ical data for modelling the atmosphere was received from three
weather observation stations located within the city of Vienna.

Two smaller asphalt regions, one gravel region, one building roof
and the big asphalt regions of the parade yard of the Maria There-
sia casern in the south of the Schonbrunn gardens (see figure 3)
were chosen as reference surfaces. Reflectances at zero angle of
incidence between 15 % for one of the smaller asphalt regions
up to 44 % for the gravel region were determined by the RIEGL
reflectometer. For the parade yard in the centre of the three big
buildings in figure 3 a reflectance of 23.5 % was measured.

Figure 3: RGB-Orthophoto of the Maria Theresia casern in the
south of the Schonbrunn gardens (MA41, 2010).

The parade yard of the Maria Theresia casern in the south of
the Schonbrunn gardens is by far the largest homogeneous area
within the test site. Therefore, it was also used as reference sur-
face during the calibration procedure. Additionally, this area en-
ables to study the different radiometric calibration values, which
can be seen in figure 4. The left diagram of figure 4(a) shows the
selected echoes for the analysis of two overlapping flight strips,
the echoes of the western strip (> 65 000) in green and echoes
of the eastern one (> 113 000) in blue. In the eastern strip the
parade yard is located close to the centre of the swath, while for
the western strip it is located at the swath border. This can also
be seen in the right diagram of figure 4(a), which shows range
versus angle of incidence. The eastern echoes were acquired at
angles of incidence up to 22° and the echoes of the western strip
between 18° and 30°. With increasing incidence angles also the
ranges increase, approximately up to 70 m. Hence, the effects
which can be seen in the diagrams below combine the range and
the angle of incidence dependencies. Figure 4(b) shows the orig-
inal amplitude values versus range and versus angle of incidence.
In both cases the decrease with increasing range and angle of in-
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Figure 4: Colour-coded echoes of the parade yard of the Maria
Theresia casern: points of western flight strip in green and points
of eastern flight strip in blue. (a) coordinates of the echoes next to
a diagram of range versus angle of incidence; (b) original ampli-
tude measurements; (c) backscatter cross section o; (d) backscat-
tering coefficient v; (e) backscattering coefficient %; (f) inci-
dence angle corrected cross section o and (g) incidence angle
corrected backscattering coefficient vo. (b) — (g) specific value
versus angle of incidence (left) and versus range (right).

cidence can clearly be seen. Since the parade yard is a horizontal
surface, the backscatter cross section o (see figure 4(c)) already
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shows homogeneous values for increasing range and angle of in-
cidence. The backscattering coefficient v (see figure 4(d)) shows
a slight decrease, while a (see figure 4(e)) shows a stronger de-
crease as expected. The incidence angle corrected value o (see
figure 4(f)) seems to overcorrect, while 4 (see figure 4(g)) again
delivers homogeneous values over the whole observed range and
angle of incidence spectrum.

sigmarnull

.biwh 2

v

Figure 5: Colour-coded amplitude, ¢° and v models of two flight
strips for the overlapping region: (left) western flight strip and
(right) eastern flight strip.

Figure 5 shows colour-coded amplitude, o and ~ models of two
flight strips. Comparing the ¢° and ~ images it can be seen that
especially areas where the local normal estimation is critical, e.g.
vegetated areas, yield significantly lower values. The roof areas
of the big building in the centre of the western strip show unex-
pected values, which cannot be explained so far. The roof area
with surface normals pointing towards the sensor and the area
with normals pointing away, both of the eastern section of the
building, show similar amplitude values instead of being signif-
icantly different. However, in the eastern strip the amplitudes
behave like expected.
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Figure 6: Colour-coded ~¢ models of two flight strips for the
overlapping region: (left) western flight strip and (right) eastern
flight strip.
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Figure 7: Colour-coded difference models of two overlapping
flight strips for the original amplitude measurements and different
radiometric calibration values.
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The colour-coded incidence angle corrected vy model is displayed
in figure 6. It can be seen, that the surfaces of the western and the
eastern strip show similar values. However, within one strip roof
areas with surface normals pointing towards the sensor and those
with surface normals pointing away do not show similar values.
This is unexpected but seems to be a result of the unexpected
amplitude values as shown in figure 5.

In a next step, difference models of the different radiometric cali-
bration values were calculated for the two overlapping flight strips
(see figure 7). The colour-coded difference image of the ampli-
tude values shows the expected increase in difference towards the
borders of the overlapping swath. The differences in backscatter
cross section o already indicate similar values in the overlapping
flight strips for wide regions, especially for horizontal surfaces.
However, inclined roof surfaces still suffer from incidence angle
effects. This can particularly be seen at the huge casern building
in the centre of the difference image. The difference image of v
shows differences of the same strength as in the difference im-
age of o. The differences in ¢° between the overlapping strips
on the other hand show again the amplification of the incidence
angle dependence at the inclined roof surfaces. The incidence an-
gle corrected values oy and g strongly minimize the differences
for roof areas. Since the incidence angles’ estimation in vege-
tated areas is uncertain and sometimes impossible, this drawback
can also be seen in the difference images of oy and ~yy by strong
differences in either one or the other direction.

4 CONCLUSION

This paper presents a comparison of different radiometric calibra-
tion values, the assets and drawbacks of each calibration value as
well as a quantitative comparison by analyzing difference models
of overlapping regions. The backscatter cross section o delivers
usable results especially for horizontal surfaces. However, area-
normalized values should be the aim in case measurements with
different resolution, e.g. acquired at significantly different flight
heights over ground, with significantly different beam divergence
and/or by different ALS sensors, shall be compared. Since g
proves to amplify the effect of the angle of incidence,  turns
out to be the preferred quantity of these so-called backscatter-
ing coefficients. Due to the fact that all these values still suf-
fer from incidence angle dependencies, only incidence angle cor-
rected values such as o and ~yp are able to deliver homogeneous
values for a homogeneous surface. Such values can only be de-
rived for echoes, where the estimation of the local surface normal
is successful, though. The analysis of the horizontal parade yard
shows that oy tends to overcorrect the incidence angle depen-
dence, while 7y delivers homogeneous values for the homoge-
neously reflecting parade yard. Further evaluation has to be done
especially concerning multi-temporal data, e.g. acquired by dif-
ferent sensors (e.g. with a different beam divergence, laser wave-
length, etc.) and/or from different flight heights. Additionally,
the unexpected behavior of the amplitude values that are visible
in the upper left part of figure 5 (c.f. section 3) will be studied in
the future.
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