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Abstract

This tutorial paper gives an introduction and overview of various topics related to airborne laser scanning (ALS) as used
to measure range to and reflectance of objects on the earth surface. After a short introduction, the basic principles of laser,
the two main classes, i.e., pulse and continuous-wave lasers, and relations with respect to time-of-flight, range, resolution,
and precision are presented. The main laser components and the role of the laser wavelength, including eye safety
considerations, are explained. Different scanning mechanisms and the integration of laser with GPS and INS for position and
orientation determination are presented. The data processing chain for producing digital terrain and surface models is
outlined. Finally, a short overview of applications is given. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Before going into details of different laser scan-
ning systems, the term laser scanning shal be de-
fined. Laser scanners utilise opto-mechanical scan-
ning assemblies just as many multispectral scanners
like the spaceborne scanner on Skylab, the LAND-
SAT MSS and the Thematic Mapper TM. However,
they are active sensing systems using a laser beam as
the sensing carrier. Therefore, two optical beams—
the emitted laser beam and the received portion of
that beam—must be considered. All laser systems
measure by some means the distance between the
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sensor and the illuminated spot on ground. As shown
in Fig. 1, atypical laser scanner can be subdivided
into the following key units. laser ranging unit,
opto-mechanical scanner, control and processing unit.
The ranging unit comprises the emitting laser and the
electro-optical receiver. The transmitting and receiv-
ing apertures (typically 8-15 cm diameter) are
mounted so that the transmitting and receiving paths
share the same optical path. This assures that object
surface points illuminated by the laser are always in
the field of view (FOV) of the optical receiver. The
narrow divergence of the laser beam defines the
instantaneous field of view (IFOV). Typicaly, the
IFOV ranges from 0.3 mrad to 2 mrad. The theoreti-
cal physical limit of the IFOV is determined by
diffraction of light, which causes image blurring.
Therefore, the IFOV is a function of the transmitting
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Fig. 1. A typical ALS system.

aperture D and the wavelength of the laser light A.
For spatially coherent light, the diffraction-limited
IFQV is given by:

A
IFOVyy; = 244 . (1)

The IFOV of the receiving optics must not be
smaller than that of the transmitted laser beam. Due
to the very narrow IFOV of the laser, the optical
beam has to be moved across the flight direction in
order to obtain area coverage required for surveying.
The second dimension is realised by the forward
motion of the airplane (see Fig. 1). Thus, laser
scanning means deflecting a ranging beam in a cer-
tain pattern so that an object surface is sampled with
a high point density.

In the following, first a closer look will be taken
to laser ranging and opto-mechanical scanners. Then,
the total laser scanner system will be introduced,
consisting of the laser scanner, a position and orien-
tation system (POS), realised by an integrated differ-
ential GPS (DGPS) and an inertial measurement unit
(IMU), and the control unit. There, the synchronisa
tion problem will also be considered. The processing
steps for obtaining digital elevation models (DTM),
digital surface models (DSM) and digital city models

will be presented. Finally, a short overview of appli-
cations is given.

2. Laser ranging

In contrast to microwave radar technique, lasers
are of advantage for range measurements as, on the
one hand, high energy pulses can be realised in short
intervals and on the other hand, their comparatively
short wavelength light can be highly collimated us-
ing small apertures (see Eg. (1)). For these reasons,
already shortly after the advent of lasers, very pre-
cise ranging was carried out with this new tool. As
soon as lasers with high pulse repetition rates were
available on the market, scanning laser systems could
be realised with the ability to obtain range images.
Such systems are also known as laser radar. For laser
redar, two acronyms are commonly used LADAR
(LAser Detection And Ranging) and LIDAR (LIght
Detection And Ranging) (Bachman, 1979, p. 2 and
Jelalian, 1992, p. 1). An officia terminology does
not exist. The authors prefer LADAR because this
expression makes clear that a laser is used. Laser
light is very special. The acronym laser stands for
light amplification by stimulated emission of radia
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tion. Young (1986), (p. 145) explains that using this
process, a powerful highly directional optical light
beam can be generated which is often very highly
coherent both in space and time. The level of coher-
ence is very dependent on the laser. Gas and solid-
state lasers offer higher coherence than semiconduc-
tor lasers. However, in current laser scanning, the
physical effect of coherence is of no relevance. Only
the high collimation and the high optical power of
lasers are required. A LIDAR may also be built up
by xenon or flash lamps, which are no laser sources.

In range measurements with laser, two major
ranging principles are applied: the pulsed ranging
principle, and ranging by measuring the phase differ-
ence between the transmitted and the received signal
backscattered from the object surface. The phase
difference method is applied with lasers that continu-
oudly emit light. These lasers are caled continuous
wave (CW) lasers.

In current ranging laser systems, mostly pulsed
lasers are used. Pulse lasers are usualy solid-state
lasers, which produce high power output. They can
be pumped with light from xenon flash tubes, arc
lamps, metal—vapour lamps and laser diodes, which
are especially applied for pumping airborne lasers. A

Ar

common type isthe Nd:Y AG laser, with pulse widths
of 10-15 ns, 1.06 wm wavelength and peak power
up to several MW. There is only one CW-laser
scanner, employed in commercial airborne laser
scanning (ALS), which was developed and realised
by the Institute of Navigation, University of Stuttgart.
In the following, the ranging principles will be intro-
duced and the performance of pulsed and CW-lasers
scanners will be discussed. It will be shown that both
principles measure the travelling time of a signa—
however, different physical effects are utilised.

2.1. Pulse and CW ranging

Fig. 2 shows a typical ranging set-up. The most
direct ranging measurement is determining the time-
of-flight of a light pulse, i.e., by measuring the
travelling time between the emitted and received
pulse (see Fig. 3). According to Fig. 3, the travelling
time of alight pulseis:
R
t = 2? (2)
with R the distance between the ranging unit and the
object surface and ¢ the speed of light. From Eq. (2),

' R
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\
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Fig. 2. Time-of-flight ranging. A; and Ag are the transmitted and received amplitudes, respectively.
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Fig. 3. Measuring principle of pulse and CW-lasers. On the right, the first and third figures show the transmitted signal, the second and
fourth figures the received one. A; and Ay are the amplitudes of the transmitted and received signal, respectively.

the range resolution AR, which is directly propor-
tional to the time resolution At , can be derived:

(3

If the laser transmits a continuous signal, ranging
can be carried out by eg., modulating the light
intensity of the laser light with e.g., a sinusoidal
signal (see Fig. 3). Fig. 3 shows that the sinusoidal
signal is received with a time delay t, , as for the
pulse laser. However, the period T of the signa is
known and therefore, the travelling time t_ is di-
rectly proportional to the phase difference ¢ be-
tween the received and transmitted signal. t, is
calculated by:

1
AR= ECAtL.

t, = iT +nT (4
2

with n the number of full wavelengths included in

the distance from laser transceiver to receiver. In the

following Egs. (5) and (6) and the respective equa-

tions in Fig. 3, the contribution of the full periods

and wavelengths to travelling time and range, respec-
tively will be ignored. Asthe period T of the ranging
signal is inversely proportional to its frequency f,
the travelling time can be written as:

t, =

If the phase difference is measured, the range is
determined by:

1c

Rt (®)

Analogously to pulse ranging, the range resolution is
given by:

1c
AR=——-A¢.

4 f (7)

Comparing Egs. (3) and (7), it becomes clear that
using pulse systems, the resolution is determined by
the resolution of the time interval measurement.
However, using CW-systems, one additional physi-
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cal parameter (i.e,, f) is obtained. The frequency f
of the actual ranging signal determines the ranging
sensitivity. Eq. (7) shows that by the increasing
frequency f, higher range resolution (lower AR) can
be achieved for a given phase resolution.

The advantages and disadvantages of both mea
surement principles will be now discussed (see also
Fig. 3). The maximum measurable phase difference
is 360°. For angles greater than 360°, the modulo 27
of the phase difference angle is used. Therefore, with
regard to Eq. (6), the maximum unambiguous range
for ¢y = 27 is.

(8)

with A the wavelength of the actual ranging signal
(in CW-lasers with multiple frequencies Ay, See
below). In general, for CW-laser ranging system
several frequencies (tones) must be applied to achieve
high resolution and long maximum unambiguous
range R... If a multifrequency system is used, the
frequency with the longest wavelength A,,,, deter-
mines R, (see Eg. (8)) and the frequency with the
shortest wavelength Ay, determines the range reso-
lution and accuracy. Using pulses, the maximum
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range is only limited by the maximum time interval,
which can be measured by the time counter of the
laser (see equation in Fig. 3). However, in practise,
this time interval is large enough, so that the maxi-
mum range is rather limited due to laser energy
losses during travel and other factors.

Besides R, the ranging accuracy o is a key
parameter. According to the equations in Fig. 3,
ranging accuracy depends on the ranging signal,
which is described by the pulse length or the rise
time for pulse ranging, and the wavelength of the
ranging tone for CW-laser ranging. Furthermore, the
ranging accuracy is inversely proportional to the
square root of the signal-to-noise ratio (S/N). The
S/N depends on many factors, as power of received
signal, input bandwidth (measurement rate), back-
ground radiation, responsivity of the signal detector
(usudly PIN- or avalanche photodiode), amplifier
noise, etc., whereby some of the previous factors
again depend on other parameters, e.g., the received
power depends on the transmitted power, aperture of
receiving optics, target range, etc. Fig. 4 shows the
relations between different parameters, and their in-
fluence on S/N and range accuracy. If the optical
power of the received signal is so low that only

Ranging
Accuracy or

Responsivity
R

s~ Signal-to-Noise-Ratio S/N |

Optical Receive Power P J

Transmit Power P. J

1

I Receive Aperture D

System Design
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Radiation Pg

A

Measurement
Rate B

Measurement Task

Fig. 4. Relations between different parameters and their influence on S/N and range accuracy.
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thermal noise (no shot noise) contributes to the noise
term, the S/N can be simplified to:

signal power of the photodiode current

S/N=

thermal noise power of the photodiode and amplifier *
()
In this case, the sguare root of S/N is directly
proportional to the received optical power Pg. The
noise input bandwidths B, and B, below (for
pulse ranging systems and phase difference measure-
ments) are inversely proportiona to the pulse rise
time t,;, and proportional to the measurement rate,
respectively. For the ranging accuracy, the following
proportionalities can be defined:

Pulse ranging:

Cc V Bpulse

ORpee ™ o rise Py (10)

CW-ranging:

O @
Rav

with P, the received peak optical power and Pg_

the rece|ved average optical power.

To compare the performance of both measure-
ment principles, it is assumed that the same target is
illuminated. In this case, the received optical power
can be replaced by the transmitted optical power,
which is the peak power Py of the laser pulse for
pulse systems and the average emitted optical power
P for CW-systems, respectively. The ratio of ac-
curacies is then proportional according to

OR pulse c PTaV Bpulse

~ 27—t (12)
ORuy A IDT,Deak Bew
or
OR L P.
pulse ~ 27Tf rise Tay (13)
ORew Bew PTpeak

Eq. (13) is derived from Eq. (12) with the assump-
tion that:

1
tise ~ B

pulse

(14)

Assuming a 1 ns pulse rise time and a transmitted
peak power of 2000 W for the pulse system and a

ranging tone of 10 MHz, a bandwidth B, (corre-
sponding to the measurement rate) of 7 kHz and an
average transmitted power of 1 W for the CW-laser
system, the ratio ORr,, ./ Or,, s proportiona to
0.012. This means that the pulse system may theoret-
icaly achieve an 85 times higher accuracy than the
CW one, athough with a 2000 times higher peak
power. For the pulse system, an average transmitting
power Py can be calculated by:

P = PTpeaktpPRF (15)

with t, the pulse duration (usually around 10 ns for
ALS) and PRF the pulse repetition frequency (pulse
rate, measurement rate). Assuming a PRF of 10 kHz,
the average power for a pulse system is 0.2 W, i.e,,
in the range of the average power of the CW-lasers.
This system analysis and the calculations carried out
by Wehr (1994a,b) show that the laser power is
essential, if ranging is carried out to non-cooperative
targets. The fact that pulse lasers with high energy
are available on the market, while semiconductor
CW-lasers with direct modulation capabilities of up
to 10 MHz and more than 2 W can hardly be found,
explains why commercia laser range finders work
with pulse ranging units. The performed calculations
are only valid as far as ranging accuracies in the
centimeter level are concerned. With regard to pulse
systems, achieving higher accuracy requires very
high technical efforts and sophisticated processing
methods. Sub-centimeter level accuracy can be
achieved easily with CW-systems by using a higher
frequency, although the phase difference measure-
ment electronics remain the same.

2.2. Lasers

In current ranging ALS, semiconductor diode
lasers and Nd:Y AG lasers pumped by semiconductor
lasers are used, covering the optical band between
800 nm and 1600 nm. PIN- or avalanche photodi-
odes (APD) are applied as optical detectors. The
sengitivity of the detector is of importance. Under
similar conditions, an APD can measure four times
the range that can be measured by a PIN-photodiode,
and a high-end APD even 10 times the range. As
current laser scanners work by the direct energy
detection principle, a coherent light source for rang-
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Table 1

Typical reflectivity of various diffuse reflecting materials for 900
nm wavelength (modified from the WEB pages of the company
Riegl)

Material Reflectivity (%)
Dimension lumber (pine, clean, dry) 94
Snow 80-90
White masonry 85
Limestone, clay Upto 75
Deciduous trees Typ. 60
Coniferous trees Typ. 30
Carbonate sand (dry) 57
Carbonate sand (wet) 41
Beach sands, bare areas in dessert Typ. 50
Rough wood pallet (clean) 25
Concrete, smooth 24
Asphalt with pebbles 17

Lava 8

Black neoprene (synthetic rubber) 5

ing is not required. Therefore, the following physical
laser properties are used in laser scanning: high
power, short pulses or the capability to modulate the
laser light with a frequency in case of CW-systems,
high collimation, and narrow optical spectrum in
which lasers emit. The narrow optical spectrum or in
other words, the narrow spectral laser line is advan-
tageous, because narrow optical interference filters
(usually with 10 nm bandwidth) can be mounted in
the receiving path to suppress disturbing background
radiation, caused e.g., by backscattered sunlight.
The selection of the optical wavelength of the
laser is dependent on the overall laser scanning
system design. The most sensitive detectors are
available between 800 nm and 1000 nm. Therefore,
the first laser scanners worked with a wavelength of
900 nm. At this wavelength, powerful pulsed semi-
conductor laser diodes were available on the market
and an optimum system performance could be ex-
pected. However, at this wavelength of the optical
spectrum, eye safety is still a concern. If higher laser
pulse energy is required, wavelengths have to be
considered in which the eye is less sengitive. The
TopoSys laser scanner operates at 1535 nm. At this
wavelength, higher energy levels can be used with-
out running the risk to hurt the eye. The higher
energy by far compensates the lower sensitivity of
InGaAs avalanche photodiodes that are used as de-
tectors at this wavelength. Due to the higher energy,

the maximum range can be extended to more than
1500 m maintaining the same ranging performance
with respect to S/N and accuracy. In addition, the
background radiation caused by the sunlight is very
low at 1535 nm. Intensive background radiation
degrades the S/N.

When discussing laser wavelength, one should
also consider the backscattering properties of the
target, e.g., the object surface. Typical diagrams
concerning reflection coefficientsfor e.g., water, sand
vegetation can be found in a handbook of Wolfe and
Zissis (1978), (Chap. 3). For example, a laser scan-
ner using 1535 nm is not a good choice for measure-
ment of glaciers because snow and ice reflect weakly
at 1535 nm. Here, an 810 nm laser may be the better
choice. Table 1 shows the typical reflectivity of
various materials for 900 nm wavelength.

The reflectivity of a target, for a given wave-
length, also influences the maximum range. Thus,
specifications of manufacturers, system providers,
etc., for the maximum range should always specify
for what type of target reflection (diffuse or specu-
lar) and percentage of reflectivity, their statement on
maximum range is valid. An example of range cor-
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Fig. 5. Correction factor for maximum laser range, depending on
target reflectivity (lasers of firm Riegl, 900 nm wavelength,
diffuse targets, maximum range in the specifications given for
80% reflectivity).
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rection based on target reflectivity for lasers of the
firm Riegl (900 nm wavelength, maximum range
specifications given for diffuse targets with 80%
reflectivity) is shown in Fig. 5. As the figure shows,
in that case, targets with 20% and 10% reflectivity
have a maximum range of only 50% and 35%,
respectively of the one given in the laser specifica-
tions.

The laser wavelength, as well as its power, relate
to eye safety considerations. Some formulas for esti-
mating the maximum laser power for an eye-safe
system are given below. The formulas are derived on
the basis of DIN VDE 0837. The area illuminated by
the laser A, (assumed to be circular; the respective
circle diameter A, is aso called laser footprint) is
given by:

A,=77:(D+R«y)2 (16)

with D the aperture of the laser, R the range and y
the angular divergence of the laser beam (y in this
equation is unitless). During flight, one can assume
that the eye of an observer is only hit once. For pulse
lengths in the range 10 ns <t, < 100 ns, the maxi-
mum eye-safe peak power P, is given in Table 2.
With respect to the formulas in Table 2, as well as
Egs. (17) and (18), the units are A, (m?), t (s), A
(nm), fi, (Hz), and then the left-hand side of the
equations (i.e., the power) is given in (W).

If the laser hits the eye repeatedly during scan-
ning, then the maximum eye-safe peak power is
calculated by:

P
Preai, = (17)

(™

with fg, the scan rate and 1 Hz < f_, < 278 Hz.

Table 2
Maximum eye-safe peak power for different laser wavelengths
(pulse laser, single shot)

Wavelength A (nm) Peak power
A—700
700—1050 5.1073-10 *®° oA
P

1
1050-1400 5.-1072 T A

P

1

> 1400 100-A,

p

For CW-lasers, the maximum eye-safe average
power P,, is computed for the wavelength range 700
nm-1050 nm by:

A—700
P, =18-10 °® 0% (18)

with t exposure duration. This formula can only be
applied for exposure times of 1.8-107° sto 10° s

3. Scanning

The scanning process was already defined in Sec-
tion 1. Fig. 1 illustrates the key parameters for a line
scan, i.e., the laser footprint and the swath width
SW. For a given flying height above ground h, the
laser footprint mainly depends on the divergence of
the laser beam vy, and the swath width on the scan
angle 6, which is aso caled the FOV. Laser foot-
print A, and SW on the ground are given by:

h

A =—— 19
Linst COSZ( gins[) 7 ( )

S\N=2htan(g) (20)

with A__ the instantaneous laser footprint and 6;.
the instantaneous scan angle with 6, €[0,+ 6/2].
Besides the parameters A, and SW, the laser point
density is of interest for surveying tasks. The point
density is strongly dependent on the used scanner
type and the airplane’s speed over ground v. Consid-
ering e.g., atypical line scan of an oscillating mirror
system (see Fig. 1), the point spacing across flight
direction d X, Mainly depends either on the pulse
repetition frequency PRF, if a pulse laser scanner is
used or on the measurement rate, if a CW-laser

scanner is applied. For the instantaneous d X, ONE
can write:

h éinst
d Xacrossing — (21)

cos?(0,,¢) PRF
with ém the instantaneous angular scanning speed
inrad/s. Along flight direction, the point spacing is
determined by the speed over ground v of the air-
plane and the period t. of one line scan:

dXgong = Vg (22)
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fiber switch fiber

Fig. 6. Scanning mechanisms (from top left, clockwise): oscillat-
ing mirror, Palmer scan, fiber scanner, rotating polygon.

Scans can be uni- or bidirectional. Typical scan-
ning mechanisms that are used for airborne survey-
ing are shown in Fig. 6. Oscillating mirrors usually
produce a zigzag-line (bidirectional scan) or with

two-axis galvanometers a bidirectional meander-type
scan of paralel lines or arcs, rotating polygon and
multifaceted mirror scanners produce parallel lines
(unidirectional scan), nutating mirrors (Palmer scan)
produce an elliptical pattern and the fiber scanner
produces a parallel line scan. The scan pattern on the
ground depends not only on the laser scan pattern
but also the flying direction and speed and the terrain
topography. The points dong a line are usualy
scanned in equal angle steps, i.e., their spacing on
the ground is not constant. Due to acceleration or
slow down of the scan mechanism, the points at the
swath borders exhibit other characteristics and are
sometimes removed from the raw data set.

The advantage of the fiber scanner (used only in
the TopoSys system) is that the transmitting and
receiving optics are identical (see Fig. 7). An identi-
cal fiber line array is mounted in the foca plane of
the receiving and transmitting lenses. By means of
two rotating mirrors, each fiber in the transmitting
and receiving path is scanned sequentialy and syn-

fiber optics
. optical filter
£> ‘
g by
[ pi
— ,: -

[ S R
I S
. inear circular . Z
optics fiber optic fiber optic  optics “mui:?;'gg '?_
. array array 2
3 [}
H : g

JR— -
[T M
v
fiber optics |
aser .
== jiode electronics
Fig. 7. TopoSys fiber scanner.
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Fig. 8. Scan pattern of TopoSys ALS system.

chronously. These mirrors relay the light either from
the central fiber to a fiber of the fiber array mounted
in a circle around the central fiber or the other way
around from the array to the centra fiber. In this
way, the light signal from the transmitting fiber is
linked to the corresponding fiber in the receiving
path. As, due to the small aperture of the fibers, only
small moving mechanical parts are required, high

DR

Ranging
it a0

un Deflecting

Mirror

e Ay e YA A RSN G

scanning speeds (up to 630 Hz) can be achieved.
This is not possible with conventional mirror scan-
ners. Up to now, arrays of 128 fibers have been
realised, 256 will be possible in the near future. In
case of the TopoSys fiber scanner, Eq. (21) cannot
be applied without modifications for the across-track
point spacing. The across-track spacing of measure-
ments depends on the realised scan angle (here + 7°

s,ISN]
20
10 e | |
/ |
N N\
\
" /
B -
2.0
-2.0 1.0 0 1.0 0

sISN]

Fig. 9. Pamer scanner: on the left, the scan principle; in the middle, the definition of the direction angles for the laser beam; on the right,

the scan pattern and its dimensions.
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= 14°), the flying dtitude h and the number of
fibers. For the TopoSys optics geometry, Eqg. (21)
becomes

0
N—-1
with N the number of fibers and 6 in rad. For a
flying atitude of 1000 M, d X, IS €gua to 2 m.
The along-track resolution depends on the scan rate
(1/ts). In the above case, with a scan rate of 630 Hz
and assuming a flying speed of 70 m/s, adjacent
scans have a ground distance of 0.11 m. The scan
pattern of the TopoSys scanner is shown in Fig. 8.
The functioning of the remaining line scanners needs
no further explanation.

A very interesting scanning pattern is generated
by the Palmer scan (see Fig. 9). The optical beam of
the laser ranging unit hits the deflecting mirror,
whose rotating axis is mounted so that the scanner
shaft and the laser beam form an angle of 45°. In
addition, the deflecting mirror is inclined by the
angle SN (see Fig. 9). This additional angle causes a
nutation of the mirror when the scanner shaft is
turning. On ground, an approximately elliptical scan-
ning pattern can be observed. Theright plot in Fig. 9
shows the scanning pattern. The coordinates in that
plot are in units of the angle SN. To obtain the actual
angles, the coordinates must be multiplied by the
angle SN. The dllipse trandates with the movement
of the airplane (see Fig. 10). Due to the dliptical
scan, most of the measurement points on ground are
scanned twice, once in the forward view and a
second time in the backward view. The redundant

dx h (23)

across

Fig. 10. Progressing Palmer scan.

information on the same ground spot can be
favourably used to calibrate the scanner and the POS
as far as the pitch angle is concerned.

4. Position and orientation system

The laser scanner measures only the line-of-site
vector from the laser scanner aperture to a point on
the earth surface. The 3-D position of this point can
only be computed, if at any time, the position and
orientation of the laser system is known with respect
to a coordinate system, e.g., WGS84. Thus, to obtain
accurate range measurements in a given coordinate
system, a laser scanner system must be supported by
a POS. As laser scanners have a potential range
accuracy of better than 1 dm, POS should alow at
least the same accuracy. Such an accuracy can be
achieved only by an integrated POS consisting of a
DGPS and an IMU. Geocoding of laser scanner
measurements requires an exact synchronisation of
al systems: IMU, DGPS and laser scanner data. A
possible scheme of time synchronisation is shown in
Fig. 11. It illustrates that POS data and laser scanner
data are stored on different devices, e.g., hard disks
of different PCs. This means that two independent
times exist: the GPS time to which POS data are
related and the internal time of PC1 to which laser
scanner data are related. The objective of the pre-
sented scheme is to realise an off-line time synchro-
nisation between laser scanner data and POS data
For this purpose, a software module, which stores
the laser scanner data with additional time data
controlled by interrupts, is used. At the start of each
scan, the local computer time of PC1 is linked into
the data stream. In parallel to this recording, the
PPS-signal (PPS = pulse per second) of GPS and the
local time of PC1 are stored in a separate protocol
file. Asthe PPS-signal of the onboard GPS receiver
triggers the interrupt IRQ7, the GPS-time and local
time of PC1 are stored at the same instant. Using this
protocol file, the POS data can be pre-processed
separately from the laser scanner data. The synchro-
nisation on the basis of 1-s time intervals enables the
determination and correction of possible time errors
between the highly accurate and stable GPS time and
the local computer time of PC1. Time synchronisa-
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Fig. 11. Synchronisation of laser scanner (ScaLARS), GPS and
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tion of better than 10 w.sis achieved operationally by
this scheme.

5. Determination of laser points

After a surveying flight, basically two data sets
are available: the POS data and the laser ranges with
the instantaneous scanning angles (see Fig. 12). As-
suming that the accuracy of POS data is better than 1
dm in position and 0.02° in orientation, already very
precise laser measurement points in an earth-fixed
coordinate system can be calculated. However, some
systematic parameters must be considered. These are
e.g., the three mounting angles of the laser scanner
frame, described by the Euler angles rall, pitch and
yaw, with respect to the platform-fixed coordinate
system (usually with origin at the IMU), the position
of the laser scanner with respect to the IMU, and the
position of the IMU with respect to the GPS. This
so-called calibration data can be derived from laser
scanner surveys, whereby certain reference areas are
flown-over in different directions. Reference areas
are e.g., flat terrain like large sport fields or stadi-
ums, buildings and corner of buildings. From the

relative orientation and position of the different sur-
veys and their absolute orientation and position with
respect to an earth-fixed coordinate system, calibra-
tion data can be derived. Typica calibration proce-
dures are described by Lindenberger (1993). How-
ever, there is no standard procedure. At present, each
laser scanning firm has its own procedure for calibra-
tion. The experiences of the authors are that these
calibration data sets are stable during a survey cam-
paign.

According to Lindenberger (1993) and Hug
(1996), laser points in WGS84 can be computed with
the help of the three data sets. calibration data and
mounting parameters, laser distance measurements
with their respective scanning angles and POS data
(see Fig. 12). The main objective of the further
processing is the calculation of digital elevation
models. First, the laser range data must be trans-
formed from WGS84 to the desired loca (map)
coordinate system. The result is a cloud of randomly
distributed laser points in elevation and position. The
distribution of the measurement points depends on
the scanning pattern of the laser scanner system.

POS Data Ranges Calibration Data

(DGPS, IMU) and _and
Scan Angles Mounting Parameters

Laser Points

X, Y, Z in WGS84
or
Lat.,, Long., H in WGS84

| Map Projection

Z
-]

Filtering

Asf

Rasterizing
and
Thinning Out

Fig. 12. Typical processing steps for laser scanner data.
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Now, the elevation measurements are sorted with
respect to their position. After the sorting process,
ground points must be separated from non-ground
points like buildings and vegetation. For this task,
different filter algorithms and procedures are applied.
Standard procedures are morphological filtering and
the application of autoregressive integrated processes
(Lindenberger, 1993). The articles in this issue and
the paper of Kraus and Pfeifer (1998) make clear
that the development of such filters is not yet com-
pleted. This filtering is performed either using the
raw data or an interpolated regular grid. The latter
has the disadvantage that it is influenced by interpo-
lation errors, but on the other hand, existing filtering
methods from image processing can be readily used.
Intelligent algorithms were developed for a regular
grid DTM interpolation because in most cases sev-
era points fal within each grid mesh (Hug and
Wehr, 1997). Thus, the interpolation requires certain
weighting algorithms. In addition, gaps must be
bridged where valid laser measurements are missing,
e.g., in thick forest. Since the generated data amount
is very high for certain applications and commercial
programmes for DTM interpolation, visualisation,
etc., can handle only a limited number of points, a
thin-out is often applied. This is (or at least should

be) performed after filtering and DTM interpolation.
Data visualisation and manual editing is necessary in
different stages of the processing chain. After study-
ing and comparing measurement results of different
laser scanners during the last years, it becomes obvi-
ous that the major advancements have been achieved
by improvement mainly of the post-processing soft-
ware and less of the laser scanner hardware. This
means that the quality of DTMs, DSMs and city
models is very dependent, besides the overall mea-
surement density and the accuracy of the laser scan-
ner system, on the post-processing software.

As the post-processing software determines to a
large extent the final result, it is clear that at present,
the filtering and interpolation programs are in-house,
proprietary programs. Once interpolated, the data can
be further processed and analysed by commercial
software as e.g., SCOP, Microstation, EASI-PACE
and ARC/Info. Currently, the processing time for a
DTM computed from laser scanner data is typically
three times the data acquisition time.

6. Some extended laser capabilities

Apart from measuring ranges, some lasers can
also record the intensity of the backscattered laser

Reflection [%]

Fig. 13. Intensity data overlaid on DSM (heights multiplied by 50), both produced using the ScarLARS laser scanner. The image shows the

shore and shallow of Friedrichskoog, Germany.
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light (with intensity measured as the maximum of
the returned pulse, or signa integration over the
returned pulse width). This can be achieved with
both pulse and CW-lasers, although the used princi-
ples and the difficulty in their implementation vary.
Fig. 13 shows a DSM generated from CW-laser
scanner data with laser intensity information. The
intensity can be used for visualisation of the scene
but also to improve filtering /removal and classifica-
tion/separation of objects in combination with the
range and other information, if available (see for an
example, Hug and Wehr, 1997). Some lasers can
also record multiple echoes for each pulse sent, i.e,
the range (and possibly intensity) of various objects
along the pulse path and within the laser footprint.
Such systems usually record both the first and last
echo of a pulse, athough there is one commercial
system that can record up to four echoes per pulse.
There are also experimental systems that record the
whole form of the returned signal (called waveform)
with waveform digitisers sampling the incoming sig-
nal with very high frequency, e.g., 250 MHz. Lasers
that record only one echo, do so for the first or last
one (some systems allow switching to first or last,
depending on the application). Recording of multiple
echoes can be useful, when the vertical profile of
multiple objects within the laser footprint (or at least
the highest and lowest object), as for example, in the
case of trees, is needed. Finaly, there are bathymet-
ric lasers, that are based on the same principles as
the topographic lasers, but emit in two wavelengths,
usualy 1064 nm and 532 nm. The infrared wave-
length is reflected on the water surface, while the
green one penetrates the water and is reflected by the
bottom surface or other objects in the water. Com-
mercial systems recording intensity and /or multiple
echoes per pulse, as well as bathymetric lasers, are
presented in (Baltsavias, 1999).

7. A short overview of applications

Some of the major applications of ALS include:

- Mapping of corridors, e.g., roads, railway tracks,
pipelines, waterway landscapes

- Mapping of electrical transmission lines and tow-
ers including ground /tree clearance

- DTM generation, especially in forested areas (in
forests also for road and path planning, study of
drainage patterns, etc.)

- Measurement of coastal areas, including dunes
and tidal flats, determination of coastal change
and erosion

- High accuracy and very dense measurement ap-
plications, e.g., flood mapping, DTM generation
and volume calculation in open pit mines, road
design and modelling

- DTM and DSM generation in urban areas, auto-
mated building extraction, generation of 3-D city
models for planning of relay antenna locations in
wireless telecommunication, urban planning, mi-
croclimate models, propagation of noise and pol-
lutants

- Rapid mapping and damage assessment after nat-
ural disasters, e.g., after hurricanes, earthquakes,
landdlides, etc.

- Measurement of snow- and ice-covered aress,
including glacier monitoring

- Measurement of wetlands

- Derivation of vegetation parameters, eg., tree
height, crown diameter, tree density, biomass es-
timation, determination of forest borders

+ Hydrographic surveys in depths up to 70 m.
Other current or possible applications include:

landscape design, generation of 3-D models for
movie, video and computer-game productions, and
computer animation, 3-D models for architectural
design and simulation in architectural or civil engi-
neering projects, visuaisation and fly- or walk-
throughs, plant growth monitoring in precision farm-
ing, snow accumulation for avalanche risk estima-
tion, etc.

It is obvious, that ALS is an accurate, fast and
versatile measurement technique, which can comple-
ment, or partly replace, other existing geo-data ac-
quisition technologies, and open up new exciting
areas of application.
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