
Sensors 2011, 11, 10586-10602; doi:10.3390/s111110586 
 

sensors 
ISSN 1424-8220 

www.mdpi.com/journal/sensors 

Article 

Absolute Radiometric Calibration of ALS Intensity Data:  
Effects on Accuracy and Target Classification 

Sanna Kaasalainen 1,*, Ulla Pyysalo 2, Anssi Krooks 1, Ants Vain 1,3, Antero Kukko 1,  
Juha Hyyppä 1 and Mikko Kaasalainen 4 

1 Department of Remote Sensing and Photogrammetry, Finnish Geodetic Institute, Geodeetinrinne 2, 
P.O. Box 15, 02431 Masala, Finland; E-Mails: anssi.krooks@fgi.fi (A.K.);  
ants.vain@emu.ee (A.V.); antero.kukko@fgi.fi (A.K.); juha.hyyppa@fgi.fi (J.H.) 

2 Department of Geoinformatics and Cartography, Finnish Geodetic Institute, Geodeetinrinne 2,  
P.O. Box 15, 02431 Masala, Finland; E-Mail: ulla.pyysalo@fgi.fi  

3 Estonian University of Life Sciences, Tartu 51014, Estonia 
4 Department of Mathematics, Tampere University of Technology, P.O. Box 553, 33101 Tampere, 

Finland; E-Mail: mikko.kaasalainen@tut.fi 

* Author to whom correspondence should be addressed; E-Mail: sanna.kaasalainen@fgi.fi;  
Tel.: +358-9-2955-5203; Fax: +358-9-2955-5200. 

Received: 15 September 2011; in revised form: 31 October 2011 / Accepted: 4 November 2011 /  
Published: 7 November 2011  
 

Abstract: Radiometric calibration of airborne laser scanning (ALS) intensity data aims at 
retrieving a value related to the target scattering properties, which is independent on the 
instrument or flight parameters. The aim of a calibration procedure is also to be able to 
compare results from different flights and instruments, but practical applications are 
sparsely available, and the performance of calibration methods for this purpose needs to be 
further assessed. We have studied the radiometric calibration with data from three separate 
flights and two different instruments using external calibration targets. We find that the 
intensity data from different flights and instruments can be compared to each other only 
after a radiometric calibration process using separate calibration targets carefully selected 
for each flight. The calibration is also necessary for target classification purposes, such as 
separating vegetation from sand using intensity data from different flights. The 
classification results are meaningful only for calibrated intensity data. 
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1. Introduction 

1.1. Background: ALS Intensity and Its Application in Remote Sensing 

Airborne laser scanning (ALS) is an active remote sensing system that mostly uses monochromatic, 
pulsed lasers to measure the surface topography and object characterization [1]. ALS is based on Light 
Detection and Ranging (LiDAR) range measurements between the laser sensor and the target, and 
results in a point cloud (x, y, z) representing the coordinates of the object. The intensity (I) value is 
most often recorded for each point as well. The intensity represents the measured power or amplitude 
of the received pulse or waveform. The basic idea in the radiometric calibration is to correct the 
returned pulse power or waveform amplitude into parameters equal or proportional to the target 
scattering properties.  

The use of (uncalibrated or calibrated) ALS intensity data has enhanced the development of 
automatic methods for point selection and object classification from point clouds. There are 
applications such as detection of tree species and estimating the leaf area index (LAI) or canopy 
structure (e.g., [2]), and studying the pulse intensity return ratio to analyze canopy structures and 
fractional cover [3]. While most of these studies operate in near-infrared (NIR) wavelengths, it has also 
been demonstrated that the green laser return intensity is correlated with the chlorophyll content in 
broadleaf canopies [4]. Combining the intensity with point cloud data has provided quick and easy 
method for classification of land cover types and estimating biomass [5]. One example is the analysis 
of mixed-species plantation, where the LIDAR intensity provided a useful predictor of the proportion 
of different mixtures of conifer species [6]. Intensity is also used as discriminator of ground/non-
ground points in generating digital terrain models (DTM) [7].  

ALS intensity data have also been increasingly applied in glaciology, e.g., for separating different 
target classes [8], and in ocean or coastal studies, where the intensity data improves the classification 
accuracy, e.g., of water points or habitat and stands for vegetation species [9,10]. It is also possible to 
use intensity data for separating vegetation from other targets in land cover classification [11], but 
extra information from other data sources is needed for more detailed classification. Dual wavelength 
lasers have been used in bathymetry and studies of coastal ecology, where the intensities at both 
wavelengths can be used to calculate spectral indices, such as the normalized difference vegetation index 
(NDVI) [12]. Intensity data are also useful in combining ALS point clouds with digital images or 
matching data from different standpoints [9,13]. A new field of interest in the remote sensing 
community is also the fusion of LIDAR and radar data (e.g., [14,15]). Intensity variations have a 
strong role in these studies and there is potential for further applications. 
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1.2. Radiometric Calibration of ALS Intensity 

As the interest in the radiometric calibration has increased during the recent years, a great number 
of new studies on the methodology have been published in the past 1–2 years only. The first 
radiometric calibration methods and their applications have been presented in [16-20]. Physical 
concepts of laser scanner intensity calibration are reviewed in, (e.g., [19,21]).  

The recently published radiometric calibration efforts have introduced different approaches to the 
intensity correction. External reference targets have been used as reflectance standards [17,20,22-24], 
for which the reflectance has been measured either in situ or in the laboratory. There have also  
been validation efforts based on simultaneously acquired data from other (passive) remote sensing 
instruments [25]. Calibration for full waveform ALS has been investigated in [18,21], and practical 
applications have recently become available [23,26]. One of the newest topics is the effect of 
automatic gain control (AGC) used in some instruments, which is intended to optimize the range 
measurement, but calls for normalization in order to make the intensity data useful [27,28]. Procedures 
for radiometric calibration have also been recently presented for terrestrial laser scanning (TLS), but 
only few studies are thus far available [29-31]. 

Since intensity is affected by the flight and laser parameters together with the object properties, the 
effect of flight parameters has to be calibrated. This is often called relative calibration. The idea is to 
normalize the measurements from different altitudes, incidence angles, and dates, so that they are 
comparable for the same system, i.e., in a single sensor case. The relative calibration methods are 
mostly based on modelling the intensity or backscatter cross section in terms of the radar equation [19], 
or normalizing the instrumental intensity into a standard range to remove the path length variations and 
range dependence of the intensity signal [5,6,32]. Normalization with respect to range and incidence 
angle enables the fusion of data from different flight paths [33]. 

Absolute radiometric calibration aims at producing intensity values that are independent on, e.g., 
the atmospheric and other non-instrumental effects, and depend only on the target scattering properties. 
This is necessary for combining multi-temporal data from different sensors and flight altitudes and for 
the comparison of data from different sources. Most of the radiometric calibration studies thus far 
focus on a single sensor only (and mostly a single flight—although there are studies that combine data 
from multiple flight lines or days [5,23,34]). Furthermore, more studies are needed to evaluate the 
general outcome of the radiometric calibration, i.e., whether it is actually capable of producing results 
that are comparable between different experiments. The calibration has been found to be a challenging 
task, and still requires further study, especially for accuracy evaluation for multi-temporal and  
multi-sensor cases, and to correct for other errors [23,35]. 

1.3. The Scope of This Article 

Thus far, calibration efforts have mostly only focused on a single sensor, and therefore it is not 
quite well established whether the intensity data from different sensors or campaigns can actually be 
combined or used for classification. Our study involves data from three separate flights with two 
different instruments. The aim of this study is to evaluate the reliability of radiometric calibration and 
its capability of producing accurate (backscatter) reflectance values. With a bulk of field targets 
investigated during the study, we also study the effect of calibration on target classification, even 
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though the intensity scale has been significantly limited in this study. This is, however, the case in 
many discrete return ALS campaigns, as the intensity is optimized for the range measurement. 
Knowing the capabilities and limits of the use of intensity data is important in these applications. There 
is also a great need for further investigations for well-established procedures. 

The paper is organized as follows: Section 2 describes the physical background of ALS intensity 
calibration. The data correction procedures, data acquisition (i.e., the flight campaigns), and the 
application of the radiometric calibration procedure to these data have been outlined in Section 3. The 
results and discussion are presented in Section 4. Section 5 provides the conclusions. 

2. Physical Background for ALS Intensity 

This section presents concisely the physical basis of radiometric calibration of ALS intensity. More 
detailed reviews of the physical concepts are found in [18,19,21]. 

The radar equation defines the received power as a function of sensor parameters, and it has also 
been applied in laser scanning. The equation defines the power entering the LIDAR receiver as [18]: 

      (1) 

where Pt is the transmitted power, Dr is the receiver aperture, R is the range, and βt is the transmitter 
beam width. The backscatter cross-section σ describes the scattering of a wave from an object, and 
depends on the scattering solid angle Ω, the target area illuminated by the laser beam Ai, and the 
reflectivity ρ [21,23]: 

Ω        (2) 

The cross-section per unit illuminated area is expressed as: 

       (3) 

As the illuminated target area Ai changes with the angle of incidence, the surface scattering is 
related to the cross section of the incoming beam Ai cosΘi (Θi being the angle between incident laser 
beam and the surface normal): 

       (4) 

where γ is the bistatic scattering coefficient (see [21] for more details). Some of the most recent 
calibration schemes are based on the retrieval of either σ or γ as a calibration parameter of full 
waveform ALS [21,23,24]. 

In practice, the laser scanner detectors measure the flux of photons entering the receiver from  
a given direction and solid angle, i.e., the scattered radiance, which is related to the power of  
the received signal. The discrete return laser scanners record the power of the received pulse as a 
single digital number representing the intensity. The recorded intensity is proportional to the 
bidirectional reflectance distribution function (BRDF) of the target, which can be written in terms of 
laser power as [35]: 
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BRDF Ω        (5) 

where Ps and Pi are the scattered and incident power, respectively, Ω is the scattering solid angle, and 
Θs is the angle between the scattering direction and the surface normal. In fact, most commercial 
reflectance spectrometers measure the (directional) hemispherical reflectance (i.e., albedo), which is 
the total fraction of the incident collimated power on unit surface area scattered into upper hemisphere 
by unit area of surface [36]. Laser scanners measure only the fraction of the hemispherical reflectance 
that occurs in the direction of illumination (0° angle between light source and detector), which can be 
approximated by the BRDF at Θs = Θi, which we here call the backscattered reflectance. This quantity 
describes the backscatter properties rather than the reflectance into the entire hemisphere, and even 
though these two are related, there are other factors that affect the backscatter of an object, which are 
related to the physics of the surface and the scattering geometry (see [37] and refs. therein). As a 
practical approach, the backscattered reflectance has been used as a calibration parameter for  
discrete return LiDAR intensity (cf. [20,38]). The results are comparable to laboratory and reference 
measurements (see the next section), although the applicability for, e.g., targets with multiple echoes 
has to be further assessed. The method also requires the calculation of the incidence angle (cf. [21]). 

The “backscattered reflectance” is used in this paper as a calibration parameter. It has been 
measured as the laser power of the target calibrated with the similarly measured laser power of the 
reflectance standard (cf. [36]). Although it is practically impossible to find a perfect Lambert reference 
(which are used in, e.g., reflectance spectroscopy) for ALS applications (mostly because of the  
size requirements for field use of these targets [20]), it is possible to determine the reflectance of the 
field standards in situ or in laboratory using a practically Lambertian standard, and then use these  
pre-calibrated field standards to calibrate the ALS intensity. The practical procedure is explained in more 
detail in Section 3. 

3. Methods 

3.1. The Calibration Procedure 

The calibration method used in this study has been developed for discrete return ALS and  
TLS intensity calibration, based on pre-calibrated in situ reference targets placed within the laser 
scanner field of view. For commercial and naturally available targets, the backscattered reflectance is 
determined by reference measurements either in situ using a near-infrared (NIR) digital camera,  
or in laboratory [17,20,34,38]. The intensity values (raw data) from the ALS point cloud are  
extracted using the TerraScan (TerraSolid Ltd.) software, and relatively corrected using the following 
equation [17,19]: · · · ·     (6) 

where Ioriginal is the raw intensity value, Ri is the slant distance from the sensor to the ground, Rref is the 
chosen reference height, α is the incidence angle (same as the scan angle for horizontal surfaces, see 
Figure 1), T is the total atmospheric transmittance, ETref is the reference pulse energy value, and ETj is 
the pulse energy value in the flight line. The reference range is needed for comparing flights at 
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different altitudes; usually one of the flight ranges is chosen. The atmospheric effect (1/T2) is modeled 
using the MODTRAN (ver. 3) software (see [34] for more details on the procedure). 

Figure 1. The incidence angle and scan angle. Some of the atmospheric correction 
parameters are also shown (cf. Equation (6) and [34]).  

 

The pulse energy ETj is related to the pulse repetition frequency (PRF). The initial pulse energy 
must be high enough that the receiver detects the returning pulse. An increase in flying altitude also 
increases the path length, resulting in a longer travelling time for the pulse. This usually causes a 
decrease in the PRF, and the pulse energy must be increased because of the additional attenuation 
introduced by the increased path length. The pulse energy and its changes are not recorded or reported 
by most laser scanner manufacturers. Therefore it is usually omitted in the calculations, or cancelled 
out when external reference targets are used and located in the same flight line. The calibration for 
different pulse energies is discussed in [17,19]. Pulse energy values for Optech scanners at some PRF 
settings are reported in [39]. 

Using reference targets of known or pre-calibrated reflectance, the backscattered reflectance 
RBackscatter of the target (the absolute calibration) can be expressed as (cf. [36] formula for target 
hemispherical reflectance): ,,   (7) 

where Icorrected,target and Icorrected,reference are extracted from the point cloud data and corrected similarly 
for both the target and reference, according to Equation (6). RBackscatter(reference), i.e., the 
(backscattered) reflectance of the reference target, is obtained from reference measurements. (The 
reflectance values have no units, see, e.g., [36]). 
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3.2. The Flight Campaign 

The ALS data analyzed in this study were collected at three separate flights in 9 April and 12–13 
May 2008 in the Helsinki capital area (Figure 2).  

Figure 2. (a) Left: the Helsinki metropolitan area and the reference target locations. For 
easier comparison, similar land cover types were chosen around the entire scanning area, 
such as football fields, sand fields, beaches and golf courses. The width of the area is about 
45 km. (Map © 2010 Google, Map Data © 2010 Geocentre consulting); (b) Right: the ALS 
flight lines shown over the same area. The blue, red (middle), and bluish green lines denote 
the 9 April, 13 May, and 12 May flights, respectively. The scanned area is about 2,500 km2 
and a typical length of a flight line is 45 km (shorter in the east because no measurements 
have been made over the sea). (Map © Maanmittauslaitos 53/MML/10.) 

 

The campaign was organized by the National Land Survey of Finland as a part of the production of 
a new national elevation model. The flights were operated by Blom Kartta Oy. Two different Optech 
ALTM Gemini laser scanners (1,064 nm) were used, one in Apr 9 and the other in 12–13 May. The 
scanned area consisted of 52 flight lines in 2,500 km2 area, and the flying altitude was 1,900 meters 
with a 0.5 points/m2 point density. As the main purpose was to produce an elevation model rather than 
to investigate the intensity, there were practically no overlapping regions in these flights. The data 
were recorded in LAS 1.0 format (see http://www.asprs.org/Standards/ for more information) and the 
intensity capture occurred in 12-bit dynamic measurement range, but only a small part of the range was 
actually used: the intensity raw values varied between 0–150 counts (sensor units) instead of 0–4,095 
counts allowed by the 12-bit format. This means that the measurement range for the intensity was 
greatly reduced from what was originally possible for the instrument, and it was therefore not possible 
to bring out any small differences (such as those between different types of vegetation) in the intensity 
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data. The intensity data extraction and correction were carried out according to the procedure described 
in Section 3.1, including corrections for range and atmospheric transmission. Since the intensity 
samples were extracted from mostly flat and horizontal surfaces, the angle correction was based on the 
scan angle. The sample size was approximately 100 m2. The intensity values were averaged over all 
points inside the sample. The typical error of the average intensity value, in terms of standard deviation, 
was about 13%–15%. This seems to be a typical error range for ALS intensity data (cf. [20,34]). 

3.3. Ground Reference 

A near-infrared (NIR) digital camera system consisting of a Fuji IS PRO digital camera and Nikon 
SB800 electronic flash were used for the in situ reflectance measurements of the calibration targets. 
The output power variation of the flash was ±2%, providing a constant illumination [30]. The 
backward measurement direction was achieved by mounting the camera on a tripod with the lens 
facing downwards to the target. A calibration frame with 80%, 19%, and 5% reflectance coatings was 
placed in the image field so that the target was photographed inside the frame (Figure 3). In this 
experiment the 19% reflectance (middle gray) panel was used in the calibration. Middle gray targets 
are commonly used in photography to calibrate light meters, so it was an optimal target for camera 
calibration, as it was also best related to the reflectance level of many field targets. The sensitivity of 
the camera was 350 to 1,200 nanometers, but a 1,000 nm IR-filter was used to restrict the wavelength 
range close to the ALS wavelength. 

Figure 3. In situ reference measurements: a calibration image of the Fuji IS PRO  
near-infrared digital camera showing the target and the reference frame. The size of the 
frame is 21 × 29.5 cm (i.e., about the size of an A4 paper). 

 

As the scanned area was large, reference images were collected from a large area as well (see Figure 2 
showing the reference target locations). We selected naturally available field targets that were easily 
accessible (except for some targets such as golf greens and bunkers, for which permission was needed) 
and had shown stability and good results in our previous studies [20,34]. The images were mostly 
taken during the summer 2009 and spring 2010, preferably in similar conditions (weather/humidity 
etc.) as the flight. Five camera exposures were taken and averaged from each target. The 14-bit raw 
format images (ISO100, 1/250 s exposure time) were exported into linear 16-bit tagged image file 
format (TIFF), which means that the intensity was measurable in a scale from 0 to 216 = 65,536 counts. 
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The images were corrected using a flat field image, and the intensity values were recorded from the 
green channel. The average error for the camera measurements in terms of the standard deviations of 5 
exposures has been measured to be about 2.5% (see [30] for more details). 

3.4. Applying the Calibration Procedure 

The flight lines of different flights are shown in Figure 2. The orange flight lines on the left were 
also flown on 12 May, but no targets are included because the intensity levels did not match with the 
other 12 May flight lines. As there was a clear difference between intensity levels at different blocks of 
flight lines (Figure 2), it was not possible to calibrate the intensity with one reference target from the 
entire area, but a separate calibration target had to be used for each day. The list of targets for each 
flight is shown in Table 1, where the calibration targets for each day are marked as boldface. All 
targets in 9 April were calibrated with Laurinlahti sand field, 12 May with Tapanila football field, and 
13 May with Kallahti beach target. The reflectance measured with the Fuji camera was taken as a 
reference value for the calibration targets. The ALS intensity of the other targets from the same day 
were calibrated according to Equation (7), where Icorrected,target and Icorrected,reference were taken from ALS 
uncalibrated data, and RBackscatter(reference), was the backscattered reflectance of the calibration target, 
measured with the Fuji camera system. 

Table 1. The targets and their backscattered reflectance from ALS and FUJI digital 
camera. The selected ALS calibration targets for each flight are marked with boldface. 

 Calibrated ALS FUJI 
April 9, 2008   
Bodom beach sand 0.20 0.22 
Espoonlahti N/artificial grass & sand 0.32 0.34 
Espoonlahti/artificial grass 0.43 0.13 
Espoonlahti/grass field 0.58 0.59 
Espoonlahti swimming pool roof 0.09 0.11 
Esport tennis/green sand 0.13 0.28 
Kalajärvi school/sand field 0.36 0.39 
Kivenlahti marina/sand field 0.41 0.30 
Kivenlahti marina/dark gravel 0.23 0.11 
Kivenlahti marina/pedestrian 0.24 0.29 
Kuninkaanranta beach/wet sand 0.21 0.23 
Laurinlahti school/sand field  0.34 
Luukki golf/bunker sand 0.24 0.27 
Luukki golf, green 0.62 0.64 
Löfkulla golf, green 0.67 0.65 
Löfkulla golf, fairway 0.67 0.56 
Maininki school/sand field 0.25 0.28 
Olarinniitty/sand field 0.23 0.33 
Otaniemi beach path/pedestrian 0.27 0.30 
Suomenoja marina/dark gravel 0.09 0.14 
Taivallahti tennis/crushed brick 0.31 0.49 
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Table 1. Cont. 

 Calibrated ALS FUJI 
May 12, 2008   
Eläintarha football field/grass 1.04 0.63 
Käpylä football field/grass 0.74 0.60 
Pukinmäki football field/grass 0.66 0.64 
Tapanila football field/grass  0.61 
May 13, 2008   
Hiekkaharju, sand field 0.50 0.37 
Hiekkaharju tenns/ red sand 0.55 0.35 
Hiekkaharju football field/grass 0.79 0.59 
Kallahti school/sand field 0.28 0.40 
Kallahti summer beach/sand  0.34 
Laajasalo football field/grass 0.81 0.57 
Mellunmäki football field/grass 0.75 0.61 
Myllypuro football field/grass 0.64 0.54 
Tuusula Krapi/sand road 0.44 0.40 
Tuusula sports, sand field 0.20 0.33 
Tuusula, old sand field 0.14 0.25 
Tuusula football field/grass 0.54 0.63 
Tuusula sports, ash field 0.03 0.09 
Vuosaari golf, bunker sand 0.19 0.40 
Vuosaari school/sand field 0.23 0.26 
Vuosaari sports field shot put 0.35 0.25 
Vuosaari sports field/grass 0.88 0.55 
Vuosaari sports field/red track 0.45 0.37 

4. Results and Discussion 

Table 1 lists all the samples from each flight and shows their backscattered reflectance values 
measured from ALS data and Fuji images. Altogether 43 samples were included in the analysis. The 
intensity values from ALS and Fuji have also been plotted in Figures 4–6 where the results are shown 
and discussed. For some vegetation targets, the images were taken at entirely different stage of the 
growing season than ALS, which might have caused uncertainty, so many of the grass/vegetation 
targets have not been included. In any case, deviation and random errors are always present in ALS 
intensity data. This has been the case in our previous ALS studies as well [34,38]. The uncalibrated 
ALS intensity (raw) data are compared with the reference data measured with Fuji in Figure 4, where 
data from all three flights have been combined. 

The correlation coefficient R2 of the uncalibrated ALS (intensity values corrected relatively 
according to Equation (6)) and Fuji digital camera results was 0.52, as seen in Figure 4. The 
corresponding correlation values of the intensities plotted separately from the two flights were 0.86 and 
0.76 for 9 April and 13 May, respectively (see Figure 5). This indicates that the ALS intensity is better 
consistent with reference values within the same flight. To investigate whether the radiometric 
calibration would improve the correlation, a similar plot is presented for calibrated ALS data (i.e., the 
backscattered reflectance) in Figure 6. The correlation coefficient R2 between calibrated ALS and Fuji 
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reference data increased from 0.52 to 0.73, which means that intensities from different flights have 
become better comparable. Particularly, the slope and intercept of the trend line in Figure 6 are close to 
1.2 and 0.0, which indicates a reasonable accuracy of the reflectance calibration, while the poor 
precision, i.e., deviation (scatter) and random errors in the measured intensity may decrease the 
correlation coefficient. 

Figure 4. Uncalibrated ALS intensity data from all three flights, plotted against the 
reference data (backscattered reflectance) measured with the Fuji camera. 9 April, 12 May, 
and 13 May data are marked as blue, green, and red, respectively. The values of calibration 
points for each flight are denoted with yellow. 

 

Figure 5. Uncalibrated ALS intensity data from 9 April (left) and 13 May (right) flights, 
plotted separately against the reference data. 
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Figure 6. Calibrated ALS intensities for all the targets (all flights) plotted against the Fuji 
reference data. 

 

The radiometric calibration improved the correlation between ALS and reference intensities, but the 
following practical aspects were also observed from the results: 

- There is large variation (i.e., errors and deviation) in the intensity data produced by most 
(discrete return) ALS instruments. This was also true for the intensities analyzed in this study. 
Some of these errors may be caused by the limited measurement accuracy or power level 
variations of the instrument, because the intensity is related to the received power defined at the 
triggering moment. There are also some external effects, such as a specular reflection from a 
target (such as a lake surface). Nevertheless, the lack of stability in ALS intensity data (i.e., 
there is variation in the laser echo amplitudes, see, e.g., [20] and [23]) will always introduce 
error to the results, such as a large standard deviation of the average intensity. 

- There were clear differences in (uncalibrated) intensity levels between each flight dates, which 
could also be seen in the entire data block. Even the intensity levels between 12 and 13 May, 
obtained with the same instrument, did not coincide. Therefore, combining intensity data from 
different flights (or flight dates) is not possible without radiometric calibration. 

- Even the intensity levels during the same day did not match: the orange lines in 12 May were 
entirely different from those in the bluish green flight lines. This means that the calibration 
target has to be located along the same flight line as the actual targets. 

- Choosing a target for calibration is not easy because of the deviation and errors in the intensity 
data. The raw intensity (counts) should be in the level that best corresponds with the target 
reflectance, i.e., the ALS measurement must been successful enough to represent the target 
reflection properties. This is not the case for any target. Intensity measurements from several 
ground reference (Fuji data) points are necessary to be able to study the stability of data. In this 
paper, the stability is assessed from the correlation between reference (Fuji) and (uncalibrated) 
ALS intensity. This will improve the statistics and the selection of a more reliable reference. 
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- For the 9 April and 13 May flights, targets with intensity values near the regression trend line 
(Figure 4) were chosen. Only four targets were available for 12 May, so it was more difficult to 
judge the stability. As the ALS intensity levels appeared lower in 12 May than the other two 
flights (this was also seen in the entire block of ALS data), one of the targets with lower counts 
was chosen (see Figure 4). Much worse results in terms of correlation coefficient, slope, and 
intercept were obtained by choosing an unstable calibration target (i.e., a target with large 
discrepancy between ALS and Fuji data). 

- A greater number of reference targets would still be needed to decrease the level of uncertainty, 
but that is mostly not possible in practice. Collecting field data is labour intensive and time 
consuming, so the results have to be obtained with a reasonable number of points. 

To test the feasibility of separating different types of targets within the compressed dynamic range 
(only up to 150 counts in this study), we plotted the intensity data for sand and grass targets (in Table 1) 
before and after calibration in Figure 7. After calibration, the results are more clearly divided into two 
groups by their backscattered reflectance value. The grasses appear more reflective than the sands, and 
the overlap between sand and grass reflectance values has decreased. Using Student’s t-test (which is 
the most suitable one for this kind of comparison essentially based on the means of datasets), we find 
that the calibrated datasets of sand (measured in 9 April and 13 May) are drawn from distributions with 
the same mean with 90% probability, whereas uncalibrated sand data have the same mean with only 
40% probability. For the grasses (9 April and 12–13 May), the calibrated data correspond to the same 
mean with 70% probability, and the uncalibrated data do so only with 20% probability. We thus 
conclude that not only are the probability levels of the same mean considerably better for calibrated 
data: calibration is the only way to bring the probabilities to a sufficiently high level, which is essential 
for classification purposes. 

Figure 7. Separating different target types from uncalibrated (top) and calibrated (lower) 
intensity: ALS intensity/backscattered reflectance for sand (blue points) and grass targets 
(red points). A difference in the reflectance levels becomes more evident for the calibrated 
intensity data, and there is a clear improvement in the comparison results using the 
Student’s t-test. 
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Figure 7. Cont. 

 

The result is in agreement with that in [20], where a clear difference was obtained between the sand 
and grass samples. Other recent studies also point out that the vegetation can be separated from, e.g., 
built environment using ALS intensity [11], but it seems that the best results will be obtained by 
combining the intensity with other data (such as range or auxiliary data such as imaging), As to using 
ALS intensity data alone, at least a better dynamic range would be needed to bring out differences at 
finer scale, such as those between different stages of vegetation growth. Many more studies are needed 
to successfully classify, e.g., different vegetation classes. 

4. Conclusions 

We have investigated the effect of radiometric calibration on the accuracy of ALS intensity data 
combined from separate flights and instruments. In general, the main objective of the absolute 
radiometric calibration is to produce the intensity values that represent the target reflectance 
properties and are independent on the measurement system. In this way it would be possible to 
compare results from different ALS instruments and flights. Our aim was to investigate whether 
this goal can be achieved, especially with a typical ALS dataset not primarily obtained for intensity 
calibration purposes. 

We find that the calibration with external (naturally available) reference targets improves the 
accuracy and compatibility of separate intensity data sets and enables land cover classification, but a 
careful selection of reference targets is necessary. This can be carried out by means of a study of target 
reflectance and ALS uncalibrated intensity, for which a number of reference targets are needed for 
each flight, to eliminate the effect of random errors and poor stability typical for ALS intensity data. 
Therefore, using just one or two a priori selected targets may not produce satisfactory results, 
especially in case of combining data from separate flights and instruments. We also find that only 
calibrated data produced probability levels of the same mean that were high enough for classification. 

This approach has to be further tested with new ALS campaigns. More accurate results would be 
possible, if another set of ALS intensity data were available for verification. On the other hand, we 
used all the available points in the study itself (instead of leaving another group for verification) to 
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improve the statistics. It is not uncommon that a limited number of reference data are available, and 
there is little time for simultaneous field reference measurements. This is also related to the fact that 
ALS intensity data are always a side product of the topographic measurement. Therefore this study and 
its results can be seen as one practical solution to a typical calibration problem. A number of studies 
are still needed to understand better the radiometric calibration process, its possibilities, and its 
limitations. This study is one step towards that aim. 

Acknowledgments 

The authors want to thank Pekka Savolainen at Blomkartta for the data and advice with the 
trajectory information. This study was financially supported by the Academy of Finland (project “New 
techniques in active remote sensing: hyperspectral laser in environmental change detection”). 

References 

1. Wehr, A.; Lohr, U. Airborne laser scanning—An introduction and overview. ISPRS J. 
Photogramm. Remote Sens. 1999, 54, 68-82. 

2. Morsdorf, F.; Mårell, A.; Koetz, B.; Cassagne, N.; Pimont, F.; Rigolot, E.; Allgöwer, B. 
Discrimination of vegetation strata in a multi-layered Mediterranean forest ecosystem using height 
and intensity information derived from airborne laser scanning. Remote Sens. Environ. 2010, 114, 
1403-1415. 

3. Hopkinson, C.; Chasmer, L. Testing LiDAR models of fractional cover across multiple forest 
ecozones. Remote Sens. Environ. 2009, 113, 275-288. 

4. Eitel, J.U.H.; Vierling, L.A.; Long, D.S. Simultaneous measurements of plant structure and 
chlorophyll content in broadleaf saplings with a terrestrial laser scanner. Remote Sens. Environ. 
2010, 114, 2229-2237. 

5. García, M.; Riaño, D.; Chuvieco, E.; Danson, M.F. Estimating biomass carbon stocks for a 
Mediterranean forest in central Spain using LiDAR height and intensity data. Remote Sens. 
Environ. 2010, 114, 816-830. 

6. Donoghue, D.N.M.; Watt, P.J.; Cox, N.J.; Wilson, J. Remote sensing of species mixtures  
in conifer plantations using LiDAR height and intensity data. Remote Sens. Environ. 2007, 110, 
509-522. 

7. Wang, C.; Glenn, N.F. Integrating LiDAR intensity and elevation data for terrain characterization 
in forest area. IEEE Geosci. Remote Sens. Lett. 2009, 6, 463-466. 

8. Höfle, B.; Geist, T.; Rutzinger, M.; Pfeifer, N. Glacier surface segmentation using airborne laser 
scanner point cloud and intensity data. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2007, 
36, 195-200. 

9. Brzank, A.; Heipke, C.; Goepfert, J.; Soergel, U. Aspects of generating precise digital terrain 
models in the Wadden Sea from lidar-water classification and structure line extraction. ISPRS J. 
Photogramm. Remote Sens. 2008, 63, 510-528. 

10. Chust, G.; Galparsoro, I.; Borja, A.; Franco, J.; Uriarte, A. Coastal and estuarine habitat mapping, 
using LIDAR height and intensity and multi-spectral imagery. Estuar. Coastal Shelf Sci. 2008, 78, 
633-643. 



Sensors 2011, 11 10601 
 

 

11. El-Ashmawy, N.; Shaker, A.; Yan, W.Y. Pixel VS Object-Based Image Classification Techniques 
for Lidar Intensity Data. In Proceedings of ISPRS Workshop Laser Scanning 2011, Calgary, AB, 
Canada, 29 August–1 September 2011.  

12. Collin, A.; Long, B.; Archambault, P. Salt-marsh characterization, zonation assessment and 
mapping through a dual-wavelength LiDAR. Remote Sens. Environ. 2010, 114, 520-530. 

13. Säynäjoki, R.; Packalén, P.; Maltamo, M.; Vehmas, M.; Eerikäinen, K. Detection of aspens using 
high resolution aerial laser scanning data and digital aerial images. Sensors 2008, 8, 5037-5054. 

14. Luzi, G.; Noferini, L.; Mecatti, D.; Macaluso, G.; Pieraccini, M.; Atzeni, C.; Schaffhauser, A.; 
Fromm, R.; Nagler, T. Using a ground-based SAR interferometer and a terrestrial laser scanner to 
monitor a snow-covered slope: Results from an experimental data collection in Tyrol (Austria). 
IEEE Trans. Geosci. Remote Sens. 2009, 47, 382-393. 

15. Holopainen, M.; Haapanen, R.; Karjalainen, M.; Vastaranta, M.; Hyyppä, J.; Yu, X.;  
Tuominen, S.; Hyyppä, H. Comparing accuracy of airborne laser scanning and TerrSAR-X radar 
images in the estimation of plot-level forest variables. Remote Sens. 2010, 2, 432-445. 

16. Coren, F.; Sterzai, P. Radiometric correction in laser scanning. Int. J. Remote Sens. 2006, 27, 
3097-3104. 

17. Ahokas, E.; Kaasalainen, S.; Hyyppä, J.; Suomalainen, J. Calibration of the Optech ALTM 3100 
laser scanner intensity data using brightness targets. Int. Arch. Photogramm. Remote Sens. Spat. 
Inf. Sci. 2006, 34, 3-6. 

18. Wagner, W.; Ullrich, A.; Ducic, V.; Melzer, T.; Studnicka, N. Gaussian decomposition and 
calibration of a novel small-footprint full-waveform digitising airborne laser scanner. ISPRS J. 
Photogramm. Remote Sens. 2006, 60, 100-112. 

19. Höfle, B.; Pfeifer, N. Correction of laser scanning intensity data: Data and model-driven 
approaches. ISPRS J. Photogramm. Remote Sens. 2007, 62, 415-433. 

20. Kaasalainen, S.; Hyyppä, H.; Kukko, A.; Litkey, P.; Ahokas, E.; Hyyppä, J.; Lehner, H.;  
Jaakkola, A.; Suomalainen, J.; Akujärvi, A.; et al. Radiometric calibration of LIDAR intensity 
with commercially available reference targets. IEEE Trans. Geosci. Remote Sens. 2009, 47,  
588-598. 

21. Wagner, W. Radiometric calibration of small-footprint full-waveform airborne laser scanner 
measurements: Basic physical concepts. ISPRS J. Photogramm. Remote Sens. 2010, 65, 505-513. 

22. Briese, C.; Höfle, B.; Lehner, H.; Wagner, W.; Pfennigbauer, M.; Ullrich A.; Doppler, C. 
Calibration of full-waveform airborne laser scanning data for object classification. Proc. SPIE 
Laser Radar Technol. Appl. XIII 2008, 6950, 1-8. 

23. Lehner, H.; Briese, C. Radiometric calibration of full-waveform airborne laser scanning data 
based on natural surfaces. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2010, 38, 360-365. 

24. Alexander, C.; Tansey, K.; Kaduk, J.; Holland, D.; Tate, N.J. Backscatter coefficient as an 
attribute for the classification of full-waveform airborne laser scanning data in urban areas. ISPRS 
J. Photogramm. Remote Sens. 2010, 65, 423-432. 

25. Boyd, D.S.; Hill, R.A. Validation of airborne lidar intensity values from a forested landscape 
using hymap data: Preliminary analyses. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 
2007, 36, 71-76. 



Sensors 2011, 11 10602 
 

 

26. Roncat, A.; Lehner, H.; Briese, C. Laser Pulse Variations and Their Influence on Radiometric 
Calibration of Full-Waveform Laser Scanner Data. In Proceedings of ISPRS Workshop Laser 
Scanning 2011, Calgary, AB, Canada, 29 August–1 September 2011. 

27. Vain, A.; Yu, X.; Kaasalainen, S.; Hyyppä, J. Correcting airborne laser scanning intensity data for 
Automatic Gain Control effect. IEEE Geosci. Remote Sens. Lett. 2010, 7, 511-514. 

28. Korpela, I.; Ørka, H.O.; Hyyppä, J.; Heikkinen, V.; Tokola, T. Range and AGC normalization in 
airborne discrete-return LiDAR intensity data for forest canopies. ISPRS J. Photogramm. Remote 
Sens. 2010, 65, 369-379. 

29. Pfeifer, N.; Höfle, B.; Briese, C.; Rutzinger, M.; Haring, A. Analysis of the backscattered energy 
in terrestrial laser scanning data. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2008, 37, 
1045-1052. 

30. Kaasalainen, S.; Krooks, A.; Kukko, A.; Kaartinen, H. Radiometric calibration of terrestrial laser 
scanners with external reference targets. Remote Sens. 2009, 1, 144-158. 

31. Balduzzi, M.A.F.; Van der Zande, D.; Stuckens, J.; Verstraeten, W.W.; Coppin, P. The properties 
of terrestrial laser system intensity for measuring leaf geometries: A case study with conference 
pear trees (Pyrus Communis). Sensors 2011, 11, 1657-1681. 

32. Starek, M.; Luzum, B.; Kumar, R.; Slatton. K.C. Geosensing Engineering and Mapping (GEM). 
Civil and Coastal Engineering Department, University of Florida, Gainesville, FL, USA, 2006; 
Report Rep_2006-12-001. 

33. Jutzi, B.; Gross, H. Normalization of LiDAR intensity data based on range and surface incidence 
angle. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2009, 38, 213-218. 

34. Vain, A.; Kaasalainen, S.; Pyysalo, U.; Krooks, A.; Litkey, P. Use of naturally available reference 
targets to calibrate airborne laser scanning intensity data. Sensors 2009, 9, 2780-2796. 

35. Leader, J.C. Analysis and prediction of laser scattering from rough-surface materials. J. Opt. Soc. 
Am. 1979, 69, 610-629. 

36. Hapke, B. Theory of Reflectance and Emittance Spectroscopy; Cambridge University Press: 
Cambridge, UK, 1993. 

37. Kaasalainen, S.; Peltoniemi, J.; Näränen, J.; Suomalainen, J.; Kaasalainen, M.; Stenman, F.  
Small-angle goniometry for backscattering measurements in the broadband spectrum. Appl. Opt. 
2005, 44, 1485-1490. 

38. Kaasalainen, S.; Kukko, A.; Lindroos, T.; Litkey, P.; Kaartinen, H.; Hyyppä, J.; Ahokas, E. 
Brightness measurements and calibration with airborne and terrestrial laser scanners. IEEE Trans. 
Geosci. Remote Sens. 2008, 46, 528-534. 

39. Chasmer, L.; Hopkinson, C.; Smith, B.; Treitz, P. Examining the influence of laser pulse 
repetition frequencies on conifer forest canopy returns. Photogramm. Eng. Remote Sens. 2006, 72, 
1359-1367. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AharoniBold
    /Algerian
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Basemic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /DejaVuSans
    /DejaVuSans-Bold
    /DejaVuSans-BoldOblique
    /DejaVuSansCondensed
    /DejaVuSansCondensed-Bold
    /DejaVuSansCondensed-BoldOblique
    /DejaVuSansCondensed-Oblique
    /DejaVuSans-ExtraLight
    /DejaVuSansMono
    /DejaVuSansMono-Bold
    /DejaVuSansMono-BoldOblique
    /DejaVuSansMono-Oblique
    /DejaVuSans-Oblique
    /DejaVuSerif
    /DejaVuSerif-Bold
    /DejaVuSerif-BoldItalic
    /DejaVuSerifCondensed
    /DejaVuSerifCondensed-Bold
    /DejaVuSerifCondensed-BoldItalic
    /DejaVuSerifCondensed-Italic
    /DejaVuSerif-Italic
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /FelixTitlingMT
    /FencesPlain
    /FixedMiriamTransparent
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GentiumBasic
    /GentiumBasic-Bold
    /GentiumBasic-BoldItalic
    /GentiumBasic-Italic
    /GentiumBookBasic
    /GentiumBookBasic-Bold
    /GentiumBookBasic-BoldItalic
    /GentiumBookBasic-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kingsoft-Phonetic
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LevenimMT
    /LevenimMTBold
    /LiberationSansNarrow
    /LiberationSansNarrow-Bold
    /LiberationSansNarrow-BoldItalic
    /LiberationSansNarrow-Italic
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /MingLiU
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OpenSymbol
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RodTransparent
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice


