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Radiometric Calibration of LIDAR Intensity With
Commercially Available Reference Targets
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Anttoni Jaakkola, Juha Suomalainen, Altti Akujärvi, Mikko Kaasalainen, and Ulla Pyysalo

Abstract—We present a new approach for radiometric calibra-
tion of light detection and ranging (LIDAR) intensity data and
demonstrate an application of this method to natural targets. The
method is based on 1) using commercially available sand and
gravel as reference targets and 2) the calibration of these reference
targets in the laboratory conditions to know their backscatter
properties. We have investigated the target properties crucial for
accurate and consistent reflectance calibration and present a set
of ideal targets easily available for calibration purposes. The first
results from LIDAR-based brightness measurement of grass and
sand show that the gravel-based calibration approach works in
practice, is cost effective, and produces statistically meaningful
results: Comparison of results from two separate airborne laser
scanning campaigns shows that the relative calibration produces
repeatable reflectance values.

Index Terms—Calibration, laser measurements, laser radar,
laser radiation effects, remote sensing.

I. INTRODUCTION

RANGE measurements with airborne laser scanners have
been developed and studied for two decades [1] with an

increasing number of applications to environmental sciences
[2]–[4]. Recently, environmental applications of terrestrial laser
scanning have also been introduced [5]. Among the latest
advances in laser scanning study is the calibration and more
effective usage of the intensity information recorded by most
laser scanners [6]–[8]. Thus far, the uncalibrated airborne laser
scanning (ALS) intensity data have mainly been used for tar-
get classification purposes of, e.g., trees and vegetation [9],
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[10] or snow in glaciers [11] but practical demonstrations of
radiometric (brightness) calibration are still scarce, and the
intensity has often been investigated rather by integration to
other sensors, such as aerial imagery [12], [13]. There is also a
growing interest in light detection and ranging (LIDAR) range
data combined with hyperspectral reflectance for faster and
more accurate classification of, e.g., forest parameters [14]. The
availability of calibrated laser-based reflectance values would
be significant with respect to automatic classification and data
processing, and it would also solve some practical problems
related to the combination of separate ALS data sets. There are
also applications where separate aerial imaging flights would
not be needed if calibrated intensity values from laser scanning
were available, which would reduce the costs of airborne cam-
paigns. Since ALS is increasingly being applied in countrywide
data collection, calibrated intensity would provide another data
set to be used in the future studies of global change.

In this paper, we investigate the calibration of intensity as the
ratio of received power from the target to that received from
a reference sample measured similarly to the target. The radar
equation defines the power entering the receiver as [3]

Pr =
PtD

2
r

4πR4β2
t

σ (1)

where Pt is the transmitted power, Dr is the receiver aperture,
R is the range, and βt is the transmitter beamwidth. The
backscatter coefficient σ depends on the scattering solid angle
Ω, the receiving area of the scatterer As, and the reflectivity ρ

σ =
4π

Ω
ρAs. (2)

There are some variations in the definition and usage of the
terms “intensity,” “reflectance,” and “brightness,” particularly
between different fields of environmental study that apply
the physics of radiation in the interpretation of data. In laser
scanning, the term intensity often represents the momentarily
received power of the backscattered pulse. In this paper, the
term reflectance is used as the laser power calibrated with that
of a similarly measured reflectance standard and most closely
represents the reflectance factor, which is defined as the ratio
of the reflectance of the surface to that of a perfectly diffuse
(Lambert) surface measured in similar conditions of illumina-
tion and geometry [15]. Although it is practically impossible to
find a perfect Lambert reference for ALS applications (because
of both the limitations set by the measurement geometry [7],
[16] and the requirements of the field use of these targets), it is
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TABLE I
SUMMARY OF THE LASER SCANNER FLIGHT CAMPAIGNS

possible to normalize the reflectances of the field standards in a
laboratory using a practically Lambertian standard. The recent
international effort and projects related to the ALS intensity
calibration concept are likely to bring many new insights into
the technology and physics of LIDAR intensity measurement in
the near future.

The development of the ALS intensity calibration concept
demonstrated in this paper started in 2005 with the use of
custom made brightness tarps, which could be used as reference
targets in the flight area. This kind of approach has been first
applied in the radiometric calibration of digital aerial images
(e.g., [17]), and the first results of their usage in laser scanning
were presented in [18] and [19]. The major drawbacks in
using tarps as references are the high cost and limitations in
availability if replacement is needed because of changes in the
surface (caused by, e.g., surface impurity and weathering ef-
fects) [19], which lead to the search and investigation of low-
cost, easily available, and transportable targets, allowing the
use of the calibration method more widely. In this paper, we
introduce a new approach for using reference targets based
on commercially available sand and gravel instead of custom-
made tarps. We concentrate on calibrating flat surfaces using
non-waveform ALS data, whereas for distributed targets, such
as forests, and for exact laser calibration, the full waveform
capability may be needed in the future. The basic hypothesis
of the study is that the received intensity after radiometric
calibration describes target backscattering properties at least for
flat surfaces. We also present the first practical demonstration
and test of the reference target-based calibration method for
natural ALS land targets and evaluate the reliability of these
results. This paper is arranged as follows. The details of the
ALS campaigns and laboratory measurements are presented
in Section II including a description of samples and land
targets. Section III presents the results from the initial test
measurements and campaigns to find the most suitable samples
for calibration and the results from the ALS flight campaigns
where these samples were further investigated and applied in
the calibration of land targets. The conclusion is in Section IV.

II. MEASUREMENT CAMPAIGNS AND EXPERIMENTS

A. ALS Campaigns

Airborne laser scanner data from three different flight cam-
paigns and instruments are studied in this paper. The flight
parameters and targets are summarized in Table I.

Fig. 1. Nuuksio July 2007 flight line over the Lakisto golf course (marked
with a straight white line). The calibration gravel targets were placed inside the
white circle, and the white squares denote the greens and bunkers, for which
the intensity was measured and calibrated.

The first test campaign with a preliminary set of gravel and
natural test targets occurred in the Espoonlahti December 2006
campaign with a TopEye MK-II 1064-nm laser scanner. The
flight altitude was 300 m, and the test area consisted of the
Espoonlahti boat harbor and beach (see [7] and [19] for more
details on the target site and campaign).

Another set of gravel was measured during the Nuuksio
July 2007 flights with Leica ALS50-II at a 450-m flight altitude.
The location of the gravel targets in the premises of the Lakisto
golf course provided us with an ideal opportunity for testing the
calibration method with simple natural targets chosen from the
golf course: putting greens and sand bunkers, which should be
relatively homogeneous in quality and surface properties. The
location of the reference targets as well as the measured greens
and bunkers are seen in the aerial image of the test site, taken
simultaneously with the laser flights (Fig. 1).

For comparison, data from greens and bunkers (from Master
Golf course located in the area) are also included from the
Nuuksio flight campaign on May 14–15, 2006. The data were
acquired at an altitude of 1000 m with the Optech ALTM 3100
laser scanner. In this campaign, portable tarps were used for
intensity calibration and provided a reference for usage and
comparison of the brightness data [19].

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 10, 2009 at 03:57 from IEEE Xplore.  Restrictions apply.



590 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 47, NO. 2, FEBRUARY 2009

Fig. 2. Laboratory reference measurement setup, showing the backscatter
geometry achieved with the beam splitter.

The effect of the range of each ALS survey was compen-
sated to reference height assuming an R2 relationship with the
received power and the range to guarantee that measurements
taken from different ranges were comparable, i.e., the laser
beam was assumed to cover a number of individual scatterers.

B. Terrestrial Laser Scanner

To provide controlled laboratory reference measurements
and investigate the problems and challenges related to the
reflectance measurement carried out with a scanning (range)
instrument, we measured the intensities of all targets with the
785-nm FARO LS 880HE80 terrestrial laser scanner (TLS).
The scanner uses a phase modulation technique for the distance
measurement with the accuracy of 3–5 mm and 360◦ × 320◦

field of view. Additional corrections to the intensity values
had to be applied because of the nonlinearity of the detector
brightness scale (see [7] for more details on these corrections),
since the detector of the scanner is not optimized for intensity
measurement. To produce a consistent intensity calibration, all
FARO measurements were carried out from a 1-m distance.

C. Laboratory Reference Measurements

The laboratory reference measurements were carried out
to provide calibrated reference values for the reflectance of
commercial and natural targets and to compare the consistency
of the reflectances measured with different techniques, which is
important for a calibration target to produce reliable results. The
instruments used in the optical studies of backscatter commonly
use beam splitter-based techniques to produce the 0◦ viewing
geometry, where the light paths of the source and detector coin-
cide (see [20] and references therein). Airborne laser scanners
operate at backscatter geometry, because the long distance of
the target (relative to that between the source and detector)
causes the source–target–detector angle to be practically 0◦.
The laboratory experiment in this study (see Fig. 2 for an
illustration) was based on the standard technique for backscatter
measurements and has been described in detail in many of our
previous articles (e.g., [7] and [16]). The instrument consists
of a 10-mW 1064-nm Nd:YAG (neodymium yttrium aluminum
garnet) laser, a 16-b monochrome digital camera (Sbig ST-7
CCD), and a near-infrared beam splitter to work out the
backscatter geometry, i.e., the laser beam is first reflected into

the sample by the beam splitter, and the retroreflected intensity
is observed through the beam splitter with the charge-coupled
device (CCD) detector placed above the beam splitter and
sample. To decrease the effect of laser speckle and allow a
larger area of the sample to be illuminated (and hence reduce
the deviation in data), the samples were placed on a rotator
allowing the laser spot to move around the sample surface
during the camera exposures. The high output power of the laser
source required a neutral density filter in front of the source to
avoid saturation in the CCD images. The linear polarization of
the Nd:YAG was scrambled with a quarter-wave (λ/4) plate
placed in front of the source.

To compare the backscatter intensities to those at nonzero
viewing angles, the source–target–detector angle around the 0◦

backscatter angle was changed by rotating the beam splitter to
change the angle of incidence to the sample and, hence, the
viewing geometry.

D. Samples

As the study started with a search of most suitable targets to
be used in the ALS campaigns, a large set of different sand and
gravel was investigated in the laboratory and during different
phases of the study. This is a short description of each sample
(the abbreviations used for each sample hereafter have also been
included in parentheses).

A set of industrial samples was obtained from Lohja Rudus
Ltd. and included sand used in children’s playgrounds for sand-
boxes (Play) and producing safe grounds, e.g., under swings
(Safety). The play sand has a structure suitable for dense pack-
ing, whereas the safety sand does not compress easily. There are
also sand used in construction, such as concrete (Concrete) and
fine structured filling (Filler), and golf courses (Golf). The grain
size range of these sand samples varied between less than 1 and
8 mm (concrete sand having the largest grain sizes, whereas all
others were less than 5 mm).

Another set of samples consisted sand and gravel available
in standard hardware stores and commonly used in construction
and gardening. The samples included black diabase (Diabase)
and yellow quartz (Quartz), crushed light expanded clay aggre-
gate (LECA), which consists of lightweight particles of burnt
clay (LECA), and a sample of coarse gravel used for sanding
the roads (Gravel). To complement the sample variety, another
set was acquired, including black gabbro (Gabbro), crushed
redbrick (C Brick), and two samples of sandblasting sand with
grain sizes of 0.1–0.6 mm (Sand01) and 0.5–1.2 mm (Sand05).
Some miscellaneous targets were also included in the study,
such as a piece of polystyrene (Polystyrene) and some natural
targets that appeared in the ALS flight campaign sites: beach
sand (Beach) and gravel from Espoonlahti boat harbor (Harbor)
and a sample of bunker sand (Bunker) from the Lakisto golf
course in the Nuuksio target area.

A photograph of all samples is shown in Fig. 3. The size of
each container in the image is 11 × 11 cm.

The ALS calibration was tested for golf greens and bunkers
measured at the Nuuksio 2006 Optech and Nuuksio 2007 Leica
ALS campaigns. The greens are mostly flat (or slightly sloped),
and the grass is uniform and short. The bunker sand is usually
carefully raked to produce an even surface. This means that
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Fig. 3. Samples. (Top row) Play, Safety, Concrete, Filler, and Golf (Lohja
Rudus sand). (Second row) Diabase, Quartz, LECA, and (sanding) Gravel.
(Third row) Gabbro, Crushed Brick, Sand 0.1–0.6 mm, and Sand 0.5–1.2 mm
(commercial samples). (Lowest) Polystyrene and natural targets: Beach and
Harbor sand and gravel, and Bunker sand.

there is little variation from target to target, which makes
them ideal targets for testing and evaluating the calibration
procedure.

III. RESULTS AND DISCUSSION

A. Relative Reflectance Variations Between Laboratory and
Terrestrial Laser Scanner

To investigate the consistency of results between different
instruments and the further corrections needed to compare the
results, we present the calibrated reflectances of all samples
measured at the laboratory with the FARO terrestrial laser
scanner and the Nd:YAG 1064-nm laser and CCD camera
in Table II. For Nd:YAG/CCD data, each data point is an
average of five images of 20-s CCD exposure. All reflectances
in Table II are relative to the 99% Spectralon (Labsphere Inc.)
reference target measured similarly to the samples. The Spec-
tralon standard is widely used in spectroscopic applications to
represent a Lambertian surface.

There is some disagreement between the reflectance values
in Table II, which results from several factors that require
further correction or must at least be taken into account when
comparing results from different instruments. To summarize,
the most important factors that may cause variation in the
results are the following:

1) the aperture size of the light source and detector;
2) the wavelength differences;
3) measurement geometry: the angle of incidence;
4) the wetness of the targets;
5) the uncertainty of the backscatter measurement;
6) the polarization effects;
7) the scale difference between laboratory and airborne

measurement;
8) the effects of the echo detection algorithm and possible

gain control of an laser scanner.

TABLE II
COMPARISON OF RELATIVE REFLECTANCE MEASURED AT THE

LABORATORY WITH THE FARO TLS AND THE Nd:YAG LASER AND CCD

Fig. 4. Intensity versus source–target–detector angle (0◦ is the exact backscat-
ter direction) for the C Brick sample. The intensity is peaked toward the 0◦

viewing geometry. The error bars are the standard deviations of each data point
(which is an average of five 3-second CCD exposures).

In this study, the correction with respect to the aperture size
was carried out for laboratory (Nd:YAG and FARO) data, as
well as a wavelength normalization for the FARO results. The
rest of the effects were either negligible in these measurements
or could not be taken into account because of the lack of
information (such as the echo detection). In what follows, we
discuss each of these factors and their effects in more detail.

1) The aperture widths of the light source and detector
typically cause a significant flattening of the measured
intensity curve at small source–sample–detector angles
(backscatter, see Fig. 4 for an intensity versus angle
curve), particularly at angles corresponding to the angular
aperture widths θi of the source and the detector as seen
from the sample, i.e., the sum of

θi = 2arctan
d/2
R

(3)
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where d is the source/target aperture diameter and R is
the distance to the target (see [16] and [21] for a more
detailed discussion of the aperture effect). The relative
decrease D in measured intensity has been shown to be
approximately [21]

D =
sα

4ω
(4)

where s is the relative enhancement in the backscatter
intensity of the target, α is the combined angular aperture
size of the source and detector, and ω is the width of
the nonlinear backscatter intensity peak (such as that
in Fig. 4). Because of the distances of the airborne
instruments, the angular aperture of an airborne laser
scanner is almost negligible, and typically produces a
drop of the order of 0.5% in the measured intensity [21].
As the terrestrial (TLS) and laboratory instruments have
significantly greater angular apertures, we have applied
the correction [(4)] into the Nd:YAG and FARO TLS
measurements. For this, the intensity enhancement s and
its angular width ω for each target have been taken from
a large database of backscatter measurements presented
in our previous studies ([22] and references therein): s is
computed from these measurements to be approximately
(I(0◦) − I5◦))/I(0◦) (where the 5◦ viewing angle is
assumed to be outside the angular range where the target
intensity is peaked due to backscatter effects), and since
ω is typically within 1◦ for the sand and gravel type of
targets [22], we have approximated ω = 1◦ for all targets.
The backscatter effects have been measured for all targets
except for Diabase, Quartz, and Bunker, for which s was
approximated with the aid of similar types of targets (e.g.,
Gabbro and sand).

2) As there is a wavelength difference between FARO
(785 nm) and the other (laboratory and airborne) experi-
ments (1064 nm), we normalized the FARO reflectances
of the targets used in the Nuuksio July 2007 Leica cam-
paign to 1064 nm using their reflectance spectra, mea-
sured with a system consisting of flashlight illumination
placed right on top of each sample (i.e., the zenith) and
the fiber detector of the ASD FieldSpec Pro spectrometer
placed at about 30◦ from the zenith. The reflectances at
both wavelengths, calibrated with Spectralon reference
plate, are shown in Fig. 5. Slight wavelength differences
occur, particularly for the C Brick sample, which has
a strong increase in brightness toward the near-infrared
wavelengths. Even though the best practice in the future
calibration procedures would be to carry out the reference
measurements at the same wavelength as the airborne
experiments, we used this ad hoc correction of FARO
wavelengths to be able to compare the airborne laser
scanner and TLS (and laboratory laser) results. These
comparisons give important information of the target
properties and the performance of the instruments at this
point of the study. It also turns out that the wavelength
differences for this type of targets (namely sand and
gravel) are almost negligible for most targets (as it can
be seen in Fig. 5).

Fig. 5. Wavelength differences between 1064 and 785 nm (from ASD Field-
Spec Pro spectroscopy) for all targets. (From left to right) Play, Concrete,
Golf, Safety, Filler, Diabase, Quartz, Gravel, LECA, Gabbro, C Brick, Sand05,
Sand01, Beach, Harbor, Polystyrene, and Bunker.

Fig. 6. Effect of target wetness on its reflectance. All wet samples were
thoroughly soaked, which produced an evident intensity effect.

3) The angle of incidence on the sample has a significant
effect on the measurements, particularly at large (> 20◦)
angles of incidence [23] and when range effects are not
compensated. As all the laboratory measurements were
made at normal (0◦) incidence and the incidence angle
range for the Leica and Optech measurements were below
5◦ and 10◦, respectively, no corrections were necessary
to the results presented in this paper (see [23] for more
details).

4) The wetness of the target becomes an issue in outdoor
experiments. We have investigated the brightness effects
for the industrial sand samples obtained from Lohja
Rudus and the Gabbro and C Brick samples, and found
an evident effect of moisture (Fig. 6), which typically
varied from a 30% to 50% drop in reflectance, when the
samples were thoroughly soaked. In the experiments and
campaigns presented in this paper, the laboratory samples
were dry, and as the airborne campaigns were carried out
mostly in fair weather conditions, moisture does not play
a major role in the present results. However, wetness is an
important object of future study, which should include a
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measurement of the amount of water in the target and the
corresponding effect on its intensity.

5) Because of the peaked nature of the intensity in the
backscatter measurement geometry (see Fig. 4 for a typ-
ical intensity versus measurement geometry), uncertainty
and random errors in the measurement are likely. There-
fore, strong conclusions should only be made on the basis
of a large bulk of results rather than a single observation.

6) Polarization effects play a strong role in the backscat-
ter intensity effects (e.g., [24] and [25] and references
therein). They are an important object of extensive future
studies, which would also provide significant prospects
of using the polarization information of the laser scanner
intensity data for target classification and characterization
(which is being done in, e.g., radar remote sensing of
vegetation [26]). In this study, the linear polarization of
the Nd:YAG laser was scrambled using a λ/4 plate in
front of the source. The laser sources in airborne and
FARO scanners are typically nonpolarized; therefore, the
polarization effects were not an issue of this study.

7) The scale difference between laboratory and ALS are
large, ranging from a few centimeters (laboratory) to
some 50-cm footprint (ALS). Even though the laboratory
laser footprint size was increased by sample rotation
during long (up to 20 s) exposures, more information
is needed about the scale variations (with respect to the
scale variation in target surface structure), particularly
in the airborne laser measurement (see also [23]). The
upcoming future flight campaigns will increase the air-
borne intensity database and provide a larger sampling to
investigate these effects, as well as other effects arising
from differences in instrumentation and measurement
technique.

8) One of the factors in an exact range measurement is
the echo detection algorithm. Since the length of the
laser pulse is longer than the accuracy needed, a specific
timing in the return pulse needs to be defined. In a
non-waveform ranging system, analog detectors are used
to derive discrete time-stamped trigger pulses from the
received signal in real time during the acquisition process,
whereas a software-based solution can be applied in
the postprocessing stage of waveform data using, e.g.,
leading edge discriminator/threshold, center of gravity,
maximum, zero crossing of the second derivative, and
constant fraction. Unfortunately, most commercial ALS
systems do not provide detailed information on the ana-
log detection method, even though different detection
methods may cause some changes into the range and
intensity estimates [27], [28]. In practice, strong intensity
causes the widening of the echo and, thus, the change of
the obtained timing and range measurement. Therefore,
some of the ALS systems (e.g., the Leica ALS-50II)
use automatic gain control (AGC) to keep the returned
power within a certain limit. This helps in keeping the
high accuracy in range, but it also distorts the intensity
value. By the AGC value, the accurate intensity should
be decrypted, preferably with the information given by
the system provider. In this paper, there were differences

TABLE III
REFLECTANCES FROM ESPOONLAHTI DECEMBER 2006 FLIGHT

CAMPAIGN, COMPARED WITH APERTURE CORRECTED REFLECTANCES

FROM LABORATORY (FARO TLS AND Nd:YAG) MEASUREMENTS.
ALL MEASUREMENTS ARE RELATIVE TO THE (SANDING) GRAVEL

in the AGC values between the scanner sweep directions,
which resulted in differences up to 10% in the intensity
values in the Leica ALS data. The AGC was not used in
the Optech ALTM scanner.

B. Choice of Gravel Practical for Calibration

Comparison of the measurements made with terrestrial in-
struments (i.e., the TLS and the laboratory laser instrument) and
the results from the first airborne test campaign in Espoonlahti
(December 2006) gave us some valuable practical information
about the properties that are crucial for the calibration samples
to be reliable. The targets for the Nuuksio July 2007 flight
campaign were chosen according to the experience from these
experiments. Here, we discuss the most important criteria.

Consistency between laboratory and laser scanner measure-
ment, i.e., the deviation in data from different experiments
should be as small as possible, even though systematic and ran-
dom errors would always cause inaccuracy and the calibration
would therefore be best to perform with the same instrument
as the measurements. However, consistency between different
instruments seems to be a good measure of the stability of the
target and the performance of the instruments; therefore, the
laboratory reflectance calibration is essential for the selection
and use of the gravel samples, and it is important that the results
are consistent even in the laboratory scale. The footprint of
an airborne laser scanner might allow larger scale variations
in the target structure and surface brightness, but reproducing
such results with a collimated laser source [which is needed
to reproduce the backscatter measurement geometry of laser
scanners (e.g., [7] and [19])] proves a challenge if the targets
are not uniformly structured. Preliminary tests have shown that
grains with matte surfaces and uniform color range (and surface
structure) with respect to the dimensions of the measurement
(laser spot/footprint size) produce most stable results, whereas,
e.g., glossy and crystallike grains cause specular reflections,
which may lead to different results at different measurement
scales and cause strong deviation in data (cf. [23]). This can be
seen in Tables III and IV, where the results for, e.g., Diabase
and Quartz (Table III) show large differences, whereas the
reflectance levels for, e.g., LECA (Tables III and IV) and
Sand01 (see Fig. 7) are better reproduced. The differences are
also seen in the aperture corrected reflectance plot (Fig. 7).

Easy (commercial) availability of the targets in standard
hardware stores was one of the starting points of this study.
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TABLE IV
REFLECTANCES FROM NUUKSIO JULY 2007 FLIGHT CAMPAIGN,

COMPARED WITH APERTURE CORRECTED REFLECTANCES FROM

LABORATORY (FARO TLS AND Nd:YAG) MEASUREMENTS.
ALL MEASUREMENTS ARE RELATIVE TO THE SAND01 SAMPLE

Fig. 7. Laboratory measurements of all samples [(from left to right) Play,
Concrete, Golf, Safety, Filler, Diabase, Quartz, Gravel, LECA, Gabbro,
C Brick, Sand05, Sand01, Beach, Harbor, Polystyrene, and Bunker] with the
1054-nm Nd:YAG and FARO (785 nm). The reflectances are corrected with
respect to the aperture size difference.

This would be practical for the calibration of airborne laser
data taken at different campaigns in varying locations. The
sand and gravel tested in this study are commonly used in
sandblasting (Sand01 and Sand05), construction (e.g., LECA,
Play, and Safety sand) and gardening (e.g., C brick, Quartz,
Diabase, and Gabbro). They are available in small quantities
in hardware stores or in bulk from the manufacturer. This also
provides an easy replacement when dirt accumulates and causes
a change in the target optical properties, and when there are
damages that might occur because of weather effects (e.g., in
case of flight delays) or during transportation, setup, or between
consecutive flights.

It was also important that the targets were easy to transport.
This is why we also included some lightweight targets into
the study (LECA and Polystyrene) and made some preliminary
tests with some natural sand targets that were available on

site without transportation (Beach, Harbor, and Bunker sand).
In particular, if a grayscale is needed, a large set of gravel
has to be transported, and the total weight easily sums up to
several thousands of kilograms. However, it turns out that, at
this point, the stability of the target between measurements is a
more important criterion than transportability. For example, the
Harbor and Bunker targets showed a great variation and were
not ideal choices for calibration purposes.

Distinctly different reflectances within a set of targets would
provide the best grayscale, particularly if the performance of
the instrument (particularly the linearity of the detector) at
different brightness scales must be evaluated. The preliminary
test measurements for a large set of gravel showed that it is
difficult to find a gravel target of high reflectance suitable
for calibration. Therefore, to extend the brightness scale to-
ward higher reflectances, we included a sample of Quartz and
Polystyrene into the investigation but these targets were not the
most stable ones either.

We also wanted to investigate the role of surface roughness
by the choice of samples with different roughness scales (from
0.1 mm to the centimeter scale). The first results suggest that
the color and brightness variations within the target would play
a stronger role than the differences in grain size, but more
results, particularly from ALS, would be crucial for further
investigation on the effect of surface properties.

Little variation with the measurement geometry: A strong
enhancement in intensity toward backscatter has been detected
for all the samples and is evident because of the ubiquitous
nature of the effect [20] (see Fig. 4 for a typical intensity versus
backscatter angle function). Therefore, the backscatter intensity
enhancement cannot be a criterion for selecting the targets, but
should be taken into account when comparing the laser scanner-
based intensities to those obtained with passive instruments
(e.g., aerial images), which mostly operate at different measure-
ment geometry than backscatter. The incidence angle depen-
dence was relatively low for the chosen samples in the angular
range of the airborne campaigns (see Section III-A and [23]).

The first set of gravel was measured in the Espoonlahti
December 2006 flight campaign (TopEye MKII, see Table I for
details). The results plotted in Table III show that all gravel in
the set (except for LECA) showed poor repeatability between
measurements. This is most likely due to the inaccuracy in
laboratory (laser and FARO) experiments caused by, e.g., strong
specular reflections, particularly for Quartz and Diabase, as
discussed previously.

An improved (with respect to the aforementioned criteria)
set of gravel was chosen for the Nuuksio July 2007 campaign
(Leica ALS50). The results in Table IV show somewhat better
agreement, particularly between the 1064-nm Nd:YAG and
Leica ALS results, and enabled a further test and analysis of
the calibration properties.

C. Nuuksio July 2007 Airborne Campaign

Fig. 8 shows the gravel setups at both Nuuksio 2007 and
Espoonlahti 2006 campaigns. Fig. 9 shows the intensity plot
(raw data) of the entire set of gravel set up at the Lakisto
golf course during the Nuuksio 2007 flight campaign. The
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Fig. 8. (Left) Calibration gravel samples set up for the Nuuksio July 2007
ALS campaign. (Clockwise from top left) Crushed redbrick (C Brick), sand-
blasting sand (Sand01), black gabbro (Gabbro), crushed LECA (LECA), and
sandblasting sand (Sand05). (Right) The gravel samples at the Espoonlahti
December 2007 campaign. (From top downward) Gravel, Quartz, Diabase,
and LECA.

Fig. 9. (Top) Laser range data points of the Nuuksio July 2007 gravel targets.
(Below) Intensity raw data (pulse amplitudes of two consecutive scanner
sweeps) of the cross section marked with horizontal lines in the top panel. The
intensity of (left) Gabbro and (right) Sand05 is marked with blue and turquoise,
similarly to the range points in the upper panel.

raw data intensity levels imply that the targets had produced
distinguishable intensities. The intensity points corresponding
to each target were averaged and scaled at a 500-m altitude. The
scaling was done by means of multiplying the original intensity
by the ratio of the squared distance and the squared reference
distance (500 m). The result was then divided by the squared
atmospheric transmittance calculated with the MODTRAN
software (using the midlatitude summer model parameters with
rural aerosols and 23-km visibility, see [18] for details).

The calibrated reflectances are shown in Fig. 10. The cali-
bration included the correction of returned intensity as a func-
tion of range and atmospheric attenuation described previously
[18]. Comparison with laboratory (Nd:YAG and FARO) data
(uncorrected with respect to the aperture and wavelength dif-

Fig. 10. Target reflectances at the Nuuksio July 2007 ALS flight campaign
compared with laboratory (Nd:YAG, denoted in the legend as “lab” and
FARO TLS) data (uncorrected with respect to the aperture and wavelength
differences). The error bars represent the standard deviations of the averaged
data points for each target. The reflectances are presented relative to Sand01.

Fig. 11. Nuuksio July 2007 target reflectances, compared with laboratory
(Nd:YAG and FARO TLS) measurements. The laboratory measurements are
corrected with respect to the aperture angle, and the FARO measurements have
been corrected for wavelength differences. The reflectance values are presented
relative to the Sand01 sample.

ferences) is also presented. The error bars shown in Fig. 10
are the standard deviations of the relative reflectances. The
standard deviations for these targets in the Leica, Faro, and
Nd:YAG measurements are on the order of 0.05–0.2, 0.01, and
0.01–0.09, respectively. In Fig. 11, the Nd:YAG and FARO
reflectance values were corrected with respect to aperture size
[(3) and (4)] and the FARO reflectances were normalized to
a 1064-nm wavelength (cf. Fig. 5 where the wavelength dif-
ferences are plotted for all samples). It must be noted from
Figs. 10 and 11, however, that the aperture size effect does not
seem to be the greatest error source in these results.

The agreement in the results is mostly better between the
airborne laser scanner (Leica) and laboratory (Nd:YAG/CCD)
measurement than that with the FARO terrestrial scanner. In
spite of the random errors and inaccuracy because of the
measurement geometry, it can be observed that the agreement
with those samples with most uniform surface color, i.e.,
LECA, Gabbro, C Brick, and Sand01, is better. Sand01, the
sandblasting sand with the finest grain size, is normalized to
1.0 in Figs. 10 and 11, but the original reflectance values are
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Fig. 12. Relative reflectances of greens and sand bunkers in (circles) Master
Golf and (triangles) Lakisto. The approximate reflectance levels between
different campaigns coincide. All values are relative to the 45% tarp.

shown in the aperture corrected plot of Nd:YAG and FARO
measurements in Fig. 7, showing a reasonable agreement. For
this reason and the fact that Sand01 represented the brighter end
of the reflectance scale of this set of gravel, it was chosen as the
reference for the calibration of the green and bunker intensities.

It must be noted that, in spite of all the corrections, differ-
ences in the reflectance values between different instruments
still exist. More experiments are needed to find the error sources
and possible correction of the remaining uncertainties, and
to find out the range where the measurements between dif-
ferent instruments are repeatable. Because relative calibration
is mostly carried out with calibration targets measured with
the same instrument (and during the same experiment), these
uncertainties may not prevent the calibration, even though
agreement between different instruments also means a better
stability within results from the same instrument (cf. the dis-
cussion on target stability in Section III-B) and is therefore
necessary in the search and further development of reliable
and stable calibration targets. The stability of the calibration
target is important to reduce the systematic error in calibrated
reflectances caused by possible inaccuracies in the reference
target reflectance.

D. Application: Calibration of Grass and Bunker Sand

The airborne test results of the calibration of golf greens
and bunkers, measured at the Nuuksio May 2006 Optech and
Nuuksio July 2007 Leica ALS campaigns, are shown in Fig. 12.
The data from the May 2006 campaign were corrected for
distance and atmospheric transmittance similarly to those in the
July 2007 campaign (see Section III-C). Since the aim of the
May 2006 campaign was originally to test the use of portable
tarps [19], no gravel was available, but the results are calibrated
with the test tarp of 45% nominal reflectance. To put the
July 2007 results into the same scale, we normalized the re-
flectance of Sand01 with the 45% target (as Nd:YAG reflectance
data exist for both of these, this normalization was possible).

The average reflectance of the greens and bunkers measured
in May 2006 (Master Golf) were 1.74 and 0.67, respectively.
The corresponding reflectances for July 2007 (Lakisto) greens
and bunkers were 1.75 and 0.65, respectively, which indicates a
reasonable agreement for a similar type of targets even though
there is deviation in data.

Although the number of samples is somewhat low for stan-
dard statistical tests, we can apply Student’s t-test and the F-test
(e.g., [29]) to estimate with what probability the two sample
sets (Lakisto and Master Golf) are drawn from distributions that
have the same mean. The variances of the sets are essentially
the same, and we find that the green samples have the same
mean with about 90% probability, while for the bunker samples
this probability is about 80%. Thus, we can estimate that the
Lakisto and Master Golf samples have similar properties with a
statistically significant probability.

These results also point out the feasibility of indirect labora-
tory calibration in cases where different calibration targets have
been used at different campaigns. This means that radiometric
calibration of ALS intensity is equally possible with gravel
targets as with custom made tarps used thus far.

Further test flights are needed to assess and improve the
accuracy of these methods, but since the intensity calibration
most often has to be carried out using a limited set of data from
a single flight at minimum, it seems clear that a careful planning
of the setup of reference targets and the choice of flight lines is
required to obtain as many data points as possible, to improve
the accuracy of the measurement. A more detailed evaluation of
the number of points related to the accuracy of the calibration is
also an important object of future study and becomes possible
as more data from the future flight campaigns become available.

IV. CONCLUSION

A. Calibration Concept

We have presented a method for airborne laser scanner inten-
sity measurement and calibration using commercially available
or in situ reference targets. Mass-produced or naturally avail-
able sand and gravel can be used in laser scanner intensity
calibration, but control over the target properties is essential
(particularly in case of natural targets) for the laboratory val-
idation to be feasible and meaningful. Detailed information
on, e.g., target and footprint size and point density are also
important.

A large bulk of results (particularly from airborne cam-
paigns) will help further to develop this method and validate
the presented calibration targets (particularly if a grayscale is
desired). A systematic (laboratory) study on wetness effects
will also help the situations where the targets have been exposed
to weather effects. There is also a need for a more detailed
investigation of laser power level variations because of, e.g., the
AGC and other technical issues. The radiometric calibration of
distributed targets such as forests requires a more detailed study.

B. Application

To our knowledge, this is the first practical demonstration
of using reference targets in the calibration of laser scanning
intensity data from land targets. The results from the green and
bunker experiments show that the relative calibration method
is possible in the comparison of reflectance values measured
during different campaigns. This study has shown that, even
when different calibration targets have been used at separate
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flight campaigns, this method is capable of producing mean-
ingful results, i.e., the concept of indirect calibration is feasible
for ALS intensity calibration. All these require a systematic
laboratory calibration of the reference targets.

As the ALS data interpretation algorithms based on cal-
ibrated reflectance combined with point cloud data will be
developed, the combined information obtained from laser scan-
ning will provide an effective change detection tool, which
has not been available thus far. A wide field of environmental
monitoring applications (e.g., in glaciology, agriculture, and
forestry) will benefit from the one-shot brightness and topo-
graphic information provided by this method.

ACKNOWLEDGMENT

The authors would like to thank T. Mielonen at FM Interna-
tional Oy FINNMAP SURVEYS, J. Gittinger at FARO Europe
for the information, Suur-Helsingin Golf and Master Golf Club
for lending some space for the targets, their colleagues at the
Department of Remote Sensing and Photogrammetry, Finnish
Geodetic Institute, for helping out in the hard fieldwork in the
ALS campaigns, and Lohja Rudus Ltd. for providing some
laboratory samples.

REFERENCES

[1] F. Ackermann, “Airborne laser scanning—Present status and future expec-
tations,” ISPRS J. Photogramm. Remote Sens., vol. 54, no. 2/3, pp. 64–67,
Jul. 1999.

[2] A. Wehr and U. Lohr, “Airborne laser scanning—An introduction
and overview,” ISPRS J. Photogramm. Remote Sens., vol. 54, no. 2/3,
pp. 68–82, Jul. 1999.

[3] W. Wagner, A. Ullrich, V. Ducic, T. Melzer, and N. Studnicka, “Gaussian
decomposition and calibration of a novel small-footprint full-waveform
digitising airborne laser scanner,” ISPRS J. Photogramm. Remote Sens.,
vol. 60, no. 2, pp. 100–112, Apr. 2006.

[4] D. C. Mason, M. S. Horritt, J. T. Dall’Amico, T. R. Scott, and P. D. Bates,
“Improving river flood extent delineation from synthetic aperture radar
using airborne laser altimetry,” IEEE Trans. Geosci. Remote Sens., vol. 45,
no. 12, pp. 3932–3943, Dec. 2007.

[5] F. M. Danson, D. Hetherington, F. Morsdorf, B. Koetz, and B. Allgöwer,
“Forest canopy gap fraction from terrestrial laser scanning,” IEEE Geosci.
Remote Sens. Lett., vol. 4, no. 1, pp. 157–160, Jan. 2007.

[6] D. S. Boyd and R. A. Hill, “Validation of airborne lidar intensity values
from a forested landscape using HYMAP data: Preliminary analyses,”
in Proc. ISPRS Workshop Laser Scanning SilviLaser, Int. Arch. Pho-
togramm. Remote Sens. Spat. Inf. Sci., Espoo, Finland, Sep. 12–14, 2007,
vol. XXXVI, pp. 71–76. (Part 3 / W52), CD-ROM.

[7] S. Kaasalainen, A. Kukko, T. Lindroos, P. Litkey, H. Kaartinen,
J. Hyyppä, and E. Ahokas, “Brightness measurements and calibration
with airborne and terrestrial laser scanners,” IEEE Trans. Geosci. Remote
Sens., vol. 46, no. 2, pp. 528–534, Feb. 2008.

[8] F. Coren and P. Sterzai, “Radiometric correction in laser scanning,” Int. J.
Remote Sens., vol. 27, no. 15/16, pp. 3097–3104, 2006.

[9] D. N. M. Donoghue, P. J. Watt, N. J. Cox, and J. Wilson, “Remote
sensing of species mixtures in conifer plantations using LiDAR height
and intensity data,” Remote Sens. Environ., vol. 110, no. 4, pp. 509–522,
Oct. 2007.

[10] R. M. Palenichka and M. B. Zaremba, “Multiscale isotropic
matched filtering for individual tree detection in LiDAR images,”
IEEE Trans. Geosci. Remote Sens., vol. 45, no. 12, pp. 3944–3956,
Dec. 2007.

[11] N. S. Arnold, W. G. Rees, B. J. Devereux, and G. S. Amable, “Evaluating
the potential of high-resolution airborne LiDAR data in glaciology,” Int.
J. Remote Sens., vol. 27, no. 6, pp. 1233–1251, Mar. 2006.

[12] E. W. Bork and J. G. Su, “Integrating LIDAR data and multi-
spectral imagery for enhanced classification of rangeland vegetation:
A meta analysis,” Remote Sens. Environ., vol. 111, no. 1, pp. 11–24,
Nov. 2007.

[13] J. Secord and A. Zakhor, “Tree detection in urban regions using aerial
lidar and image data,” IEEE Geosci. Remote Sens. Lett., vol. 4, no. 2,
pp. 196–200, Apr. 2007.

[14] M. Dalponte, L. Bruzzone, and D. Gianelle, “Fusion of hyperspectral
and LIDAR remote sensing data for classification of complex forest ar-
eas,” IEEE Trans. Geosci. Remote Sens., vol. 46, no. 5, pp. 1416–1427,
May 2008.

[15] B. Hapke, Theory of Reflectance and Emittance Spectroscopy.
Cambridge, U.K.: Cambridge Univ. Press, 1993, p. 262.

[16] S. Kaasalainen, J. Peltoniemi, J. Näränen, J. Suomalainen,
M. Kaasalainen, and F. Stenman, “Small-angle goniometry for
backscattering measurements in the broadband spectrum,” Appl.
Opt., vol. 44, no. 8, pp. 1485–1490, Mar. 2005.

[17] L. Markelin, E. Honkavaara, J. Peltoniemi, E. Ahokas, R. Kuittinen,
J. Hyyppä, J. Suomalainen, and A. Kukko, “Radiometric calibration and
characterization of large-format digital photogrammetric sensors in a test
field,” Photogramm. Eng. Remote Sens., to be published.

[18] E. Ahokas, S. Kaasalainen, J. Hyyppä, and J. Suomalainen, “Calibration
of the Optech ALTM 3100 laser scanner intensity data using brightness
targets,” in Proc. ISPRS Comm. I Symp., Int. Arch. Photogramm. Remote
Sens. Spat. Inf. Sci., Marne-la-Vallee, France, Jul. 3–6, 2006, p. 36(A1).
CD-ROM.

[19] S. Kaasalainen, J. Hyyppä, P. Litkey, H. Hyyppä, E. Ahokas, A. Kukko,
and H. Kaartinen, “Radiometric calibration of ALS intensity,” in Proc.
ISPRS Workshop Laser Scanning SilviLaser, Int. Arch. Photogramm. Re-
mote Sens. Spat. Inf. Sci., Espoo, Finland, Sep. 12–14, 2007, vol. XXXVI,
pp. 201–205. (Part 3 / W52), CD-ROM.

[20] Y. L. Kim, Y. Liu, R. K. Wali, H. K. Roy, and V. Backman, “Low-
coherent backscattering spectroscopy for tissue characterization,” Appl.
Opt., vol. 44, no. 3, pp. 366–377, Jan. 2005.

[21] M. Kaasalainen and S. Kaasalainen, “Aperture size effects on backscatter
intensity measurements in Earth and space remote sensing,” J. Opt. Soc.
Am. A, vol. 25, no. 5, pp. 1142–1146, May 2008.

[22] S. Kaasalainen, J. Hyyppä, and T. Mielonen, “Laboratory calibration of
backscattered intensity for laser scanning land targets,” in Proc. ISPRS
Workshop Laser Scanning, Int. Arch. Photogramm. Remote Sens. Spat.
Inf. Sci., Enschede, The Netherlands, Sep. 12–14, 2005, vol. XXXVI,
pp. 13–17. (Part 3 / W19), CD-ROM.

[23] A. Kukko, S. Kaasalainen, and P. Litkey, “Effect of incidence angle
on laser scanner intensity and surface data,” Appl. Opt., vol. 47, no. 7,
pp. 986–992, Mar. 2008.

[24] J. D. Barter and P. H. Y. Lee, “Polarimetric optical imaging of scattering
surfaces,” Appl. Opt., vol. 35, no. 30, pp. 6015–6027, Oct. 1996.

[25] J. Ellis, P. Caillard, and A. Dogariu, “Off-diagonal Mueller matrix ele-
ments in backscattering from highly diffusive media,” J. Opt. Soc. Am. A,
vol. 19, no. 1, pp. 43–48, Jan. 2002.

[26] S. C. M. Brown, S. Quegan, K. Morrison, J. C. Bennett, and
G. Cookmartin, “High-resolution measurements of scattering in wheat
canopies—Implications for crop parameter retrieval,” IEEE Trans.
Geosci. Remote Sens., vol. 41, no. 7, pp. 1602–1610, Jul. 2003.

[27] W. Wagner, A. Ullrich, T. Melzer, C. Briese, and K. Kraus, “From single-
pulse to full-waveform airborne laser scanners: Potential and practical
challenges,” in Proc. ISPRS Congr., Int. Arch. Photogramm. Remote Sens.
Spat. Inf. Sci., 2004, vol. 35-B3, pp. 201–206.

[28] J. Hyyppä, W. Wagner, M. Hollaus, and H. Hyyppä, “Airborne laser
scanning,” in Handbook of Remote Sensing, T. Warner, Ed. New York:
Taylor & Francis, 2008.

[29] W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
Numerical Recipes in FORTRAN 77: The Art of Scientific Computing.
New York: Cambridge Univ. Press, 1992.

Sanna Kaasalainen received the M.Sc. degree in
physics and the Ph.D. degree in astronomy from the
University of Helsinki, Helsinki, Finland, in 1998
and 2003, respectively.

She is currently an Academy of Finland Research
Fellow with the Department of Remote Sensing and
Photogrammetry, Finnish Geodetic Institute, Masala,
Finland. Her current research interests include the
development of laser-based remote sensing methods,
laser reflectance measurements, laser physics, and
their application in environmental remote sensing,

particularly snow/forest monitoring, as well as laboratory reference experi-
ments for Earth and space remote sensing.

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 10, 2009 at 03:57 from IEEE Xplore.  Restrictions apply.



598 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 47, NO. 2, FEBRUARY 2009

Hannu Hyyppä received the M.Sc., Lic.Tech., and
D.Tech. degrees from Helsinki University of Tech-
nology, Espoo, Finland, in 1986, 1989, and 2000,
respectively.

Dr. Hyyppä is the Academy of Finland Research
Fellow with the Research Institute of Measuring and
Modelling for the Built Environment, Department of
Surveying, Helsinki University of Technology. His
research interests include laser scanning, photogram-
metry, geoinformatics, and remote sensing applica-
tions to computer-aided civil engineering.

Antero Kukko received the M.Sc.Tech. degree in
photogrammetry in 2002 from the Helsinki Univer-
sity of Technology, Espoo, Finland.

He is currently a Senior Research Scientist with
the Department of Remote Sensing and Photogram-
metry, Finnish Geodetic Institute, Masala, Finland.
His current research interests are the development of
laser-based mapping methods, laser reflectance mea-
surements, simulation of laser scanning, automatic
image registration systems, and mobile mapping.

Paula Litkey received the M.Sc.Tech. and Lic.Tech. degrees in electrical
engineering from the Helsinki University of Technology, Espoo, Finland,
in 1998 and 2004, respectively.

She is currently a Senior Research Scientist with the Department of Remote
Sensing and Photogrammetry, Finnish Geodetic Institute, Masala, Finland. Her
research interests are in the computational methods and algorithms for laser
scanner data and their applications for full-waveform data.

Eero Ahokas received the M.Sc. and Lic.Tech. degrees in surveying (pho-
togrammetry and geodesy) from Helsinki University of Technology, Espoo,
Finland.

He is currently a Special Research Scientist with the Department of Remote
Sensing and Photogrammetry, Finnish Geodetic Institute, Masala, Finland. His
current research interests include image quality, calibration, and airborne laser
scanning.

Juha Hyyppä was born in 1964. He received the M.Sc., Lic.Tech., and D.Tech.
degrees from Helsinki University of Technology, Espoo, Finland, in 1987,
1990, and 1994, respectively.

He is currently the Head of the Department of Remote Sensing and Pho-
togrammetry, Finnish Geodetic Institute, Masala, Finland. He has authored
more than 100 refereed scientific papers on remote sensing and applied
geoinformatics.

Hubert Lehner is currently working toward the M.Sc. degree in the Institute
of Photogrammetry and Remote Sensing, Vienna University of Technology,
Vienna, Austria.

In 2007, he was a Research Assistant with Finnish Geodetic Institute, Masala,
Finland. His research interests include laser scanning radiometric calibration
and reference measurements.

Anttoni Jaakkola received the M.Sc. degree (with distinction) in automation
and systems technology from Helsinki University of Technology, Helsinki,
Finland, in 2008.

He is currently a Research Scientist with the Department of Remote Sensing
and Photogrammetry, Finnish Geodetic Institute, Masala, Finland. His current
research interests include the development of laser-based mobile mapping
methods and modeling methods for built environment.

Juha Suomalainen received the degree in physics from the University of
Helsinki, Helsinki, Finland, in 2006. He is currently working toward the Ph.D.
degree in the Department of Remote Sensing and Photogrammetry, Finnish
Geodetic Institute, Masala, Finland.

He is currently a Research Scientist with the same department. His research
interests include multidirectional reflectance measurements and analysis, light
scattering, polarization effects, and the physics of remote sensing.

Altti Akujärvi is currently working toward the M.Sc. degree in the Department
of Physics, University of Helsinki, Helsinki, Finland.

In 2007, he was a Research Assistant with the Department of Remote Sensing
and Photogrammetry, Finnish Geodetic Institute, Masala, Finland.

Mikko Kaasalainen received the M.Sc. degree from the University of Helsinki,
Helsinki, Finland, in 1990 and the D.Phil. degree from the University of Oxford,
Oxford, U.K., in 1994, both in theoretical physics.

After a series of positions in Europe, he is currently a Academy of Finland
Research Fellow with the Department of Mathematics and Statistics, University
of Helsinki. He leads a research group in the Finnish Centre of Excellence in
Inverse Problems Research.

Ulla Pyysalo was born in 1974. He received the M.Sc. and Lic.Tech. degrees
from Helsinki University of Technology, Helsinki, Finland, in 2000 and 2006,
respectively. Her Masters thesis was entitled “Determination of elevation
models in wooded areas with three dimensional point cloud measured with laser
scanner.” His licentiate thesis was entitled “Single tree feature extraction from
airborne laser scanner data applying vector models.”

She is currently with Finnish Geodetic Institute, Masala, Finland, as a Senior
Research Scientist. Previously, she was with the Department of Photogram-
metry and Remote Sensing, Helsinki University of Technology, as a Senior
Research Scientist, and the State Map Centre, where he worked on digital map
production. His research interests include 3D modeling and laser scanning.

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 10, 2009 at 03:57 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


