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VORWORT

Fur Flachen ab einigen Hektaren ist luftgestiitztes Laserscanning die praziseste und effektivste
Technologie fur die Erzeugung von hochauflésenden, digitalen Geldndemodellen. Solche
Modelle sind unabdingbar in vielen Bereichen, wie zum Beispiel Raum- und Stédteplanung
oder Kartierung von Naturgefahren. Zusatzlich zum eigentlichen Laser-Messinstrument hangt
dieses Verfahren auch von zwei Navigationstechnologien (namentlich globale
Satellitenpositionierung und Inertialnavigation) ab, welche nicht konzipiert sind um die hohen
Genauigkeiten der Lasermessung (Zentimeter-Genauigkeit bei Distanzmessung und 10
Bogensekunden fir die Orientierung) zu erreichen. Die in der Industrie verwendeten Prozesse
zur Berechnung dieser Daten sind haufig langsam und umstandlich und erlauben nur eine
begrenzte Kontrolle der Datenqualitat.

Die Dissertation von Philipp Schér uberwindet diese Nachteile mit dem Design und der
Implementierung neuer, innovativer Algorithmen welche parallel zur Datenakquisition
ausgefuhrt werden konnen. Somit wird eine 3D-Kartographie in Echtzeit und eine umfassende
Qualitatskontrolle noch wahrend dem Messflug mdglich. Dieser optimierte Prozess ermdglicht
die automatisierte Klassifizierung der in Echtzeit berechneten Punktwolke, sowie die
Ableitung von digitalen Terrain- und Oberflachenmodellen durch Triangulation. Des Weiteren
wird fur jede Lasermessung die Prazision durch rigorose Fehlerfortpflanzung berechnet. In
Verbindung mit Geléndeneigungsanalysen, sowie Kenntnis der urspriinglichen Punktdichte
kann somit flr jeden Modellpunkt ein Qualitatsindikator berechnet werden. Diese Information
wird wéhrend dem Flug laufend aktualisiert und kann dem Systemoperator als farblich
kodierte Datenebene, zusammen mit dem Flugplan, prasentiert werden.

Die Implementierung dieser Methodologie erlaubt eine drastische Verkirzung der
Produktionszeiten sowie eine Steigerung der Zuverlassigkeit und Wirtschaftlichkeit. Dies wird
in der Dissertation mit mehreren realen Messfliigen mit verschiedenen Szenarien aufgezeigt.
Schlussendlich erlauben diese Algorithmen nicht nur eine Verbesserung der bereits
bestehenden Prozesse, sondern sie er6ffnen auch ganz neue Anwendungsgebiete, welche eine
sehr kurze Reaktionszeit erfordern (so z.B. luftgestitztes Monitoring von Naturgefahren,
Erstellung von Notfallplanen nach Naturkatastrophen, usw.).

Dr. Jan Skaloud, MER Prof. Dr. Alain Geiger
Institut fir Topometrie ETH Zirich
EPF Lausanne Président der SGK



PREFACE

Le scannage aeroporté est la méthode la plus précise et la plus efficace pour saisir des modeles
altimétriques numériques de haute resolution. Ces modeles sont essentielles dans différents
domaines tels que I’aménagement du territoire, la planification urbaine ou encore la
cartographie des zones de dangers naturels. Cette approche se base sur deux technologies de
navigation (c.a.d. le positionnement par satellites et la navigation inertielle) qui ne sont pas
congues a priori pour égaler les précisions élevées de la mesure laser proprement dite
(précision centimétrique pour la mesure de distance et 10 arcs seconds pour I’orientation). De
plus, les processus de traitement des données actuellement utilisés par I’industrie de
cartographie civile sont souvent lents, incommodes et offrent peu de moyens de contrdle de la
qualité des données.

La these de Philipp Schar surmonte ces inconvénients par le design et I’implémentation
d’algorithmes innovants qui s’exécutent en parallele a I’acquisition des données. Une
cartographie 3D en temps réel, qui inclut le contrdle de qualité durant le vol devient alors
possible. Ce processus hautement optimisé commence avec la classification automatique du
nuage de points généré en temps réel, ainsi que la genération des modeéles numériques de
terrain et de surface par triangulation. Ensuite, la précision est estimée pour chaque mesure du
laser par une propagation rigoureuse des erreurs. Cette information est combinée avec
I’analyse de la pente du terrain et avec I’échantillonnage des points afin d’obtenir un indicateur
de qualité pour chaque point du modele numérique. Cette information est mise a jour
directement en vol apres le bouclement d’une ligne de vol et peut étre présentée a I’operateur
par le biais de couches géocodées et superposables sur le plan de vol.

L’implémentation d’une telle méthodologie réduit considérablement la durée de production
tout en rendant les produits cartographiques plus fiables et plus économiques. La faisabilité est
démontrée dans la these lors de divers missions de cartographie aérienne réalisées dans des
conditions trés diverses. Finalement, cette nouvelle méthodologie ne présente pas uniquement
une amélioration des processus traditionnels, mais rend possible des nouveaux champs
d’applications qui exigent un temps de réaction tres court (par exemple: la surveillance
aéroportée des sites de dangers naturels, la cartographie d’urgence lors de catastrophes
naturels, etc.).

Dr. Jan Skaloud, MER Prof. Dr. Alain Geiger
Laboratoire de Topométrie ETH Zirich
EPF Lausanne Président de la CGS



FOREWORD

The method of airborne laser scanning is the most accurate and most effective mean of
obtaining high-resolution elevation models of the topographical surface from few hectares to
thousands of hectares. These models are essential in various fields as land management, urban
planning or supervision of natural hazards, to name a few. Apart the laser-scanner instrument
itself, the mapping approach relies on two navigation technologies (namely the satellite
positioning and inertial navigation) which were not conceived to match the scanner’s cm-level
ranging and 10 arc-seconds pointing accuracies. The conventional data processing chain as
carried out by today’s civilian mapping industry is known to be slow and cumbersome while it
offers limited control of the resulting quality.

The dissertation of Philipp Schér overcomes such drawback through design and
implementation of innovative algorithms that are executed parallel to data collection. This
results in real-time 3D mapping, which quality is evaluated directly within
the flight mission. Such highly optimized computation includes first the automated
classification of the real-time generated laser-point cloud and its triangulation to digital surface
and terrain models, respectively. Second, accuracy is estimated for each laser reflection by
rigorous error propagation. This is combined with the analysis of terrain steepness and with the
actual surface sampling density to yield quality measure for the obtained terrain model. This
information is updated within the flight after each scan line and is presented
to the operator as a color-coded layer drawn over the flight plan.

The implementation of such methodology considerably shortens the mapping cycle while
making it more reliable and therefore economical. This is proven within the dissertation
through many real mapping missions carried over surfaces of different types. Finally, this
novel methodology not only improves the traditional approach of airborne laser scanning but
opens the door to completely new applications requiring fast response time (e.g. airborne
monitoring of natural hazards, natural disaster mapping, etc.).

Dr. Jan Skaloud, MER Prof. Dr. Alain Geiger
Institute for Topometry ETH Zurich
EPF Lausanne President of SGC
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intersection of row 2 and column 3.
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brackets (e.g. D|x,y]) evaluate the value of the grid D at position x,y (in map coordi-
nates).
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Chapter 1

Introduction

1.1 Context

During the last decade, Airborne Laser Scanning (ALS!) has become a well established and
broadly employed technology in the mapping industry. The performance of the commercially
available ALS systems is increasing at an astonishing pace, going hand in hand with the
reduction in acquisition time and production cost. Surprisingly, the development of the
accompanying data processing and system monitoring software has not followed the same
evolution [131]. Although Direct Georeferencing (DG) can be considered as a well established
industrial method, a number of open questions related to its reliability and integrity are
remaining [149]. The reason for this is the tremendous complexity of the ALS technology
that groups the latest in several research fields.

Currently, no ALS system providers can claim to control the complex chain of ALS from data
acquisition, data georeferencing and system calibration to final mapping product generation.
Instruments and methods are often connected upon without rigorous links or feedbacks
among them. This leads to situations where users may encounter pitfalls due to undetected
sensor behavior, varying data quality and consistency. Fic. 1.1 illustrates some examples
of possible problems in ALS datasets: For instance, data gaps originated by poor ground
reflectance (F1G. 1.1.A) or insufficient strip overlaps (FiG. 1.1.B) can only be seen once the
point-cloud is available. Fia. 1.1.C shows another example where the bare-earth model in a
forested area is of poor quality due to reduced laser beam penetration across the canopy. This
results in few available ground points for surface modeling. Fic. 1.1.D depicts the influence
of inhomogeneous navigation accuracy that causes problems in the georeferencing of the
point-cloud visible as data discrepancies within strip overlaps.

In the classical ALS workflow, the trajectory computation (kinematic DGPS processing
and GPS/INS integration) and point-cloud generation is performed in post-processing (PP).
As a consequence, problems in data consistency and accuracy can only be detected after the

!Although ALS is used as type designation by a particular system manufacturer, in the context of this
research ALS will be used as a general term for Airborne Laser Scanning (including GPS/INS), while the term
LiDAR (Light Detection and Ranging) will be used for the scanner itself.
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F1G. 1.1: Possible problems occurring in ALS data: (A) No laser signal returns due to poor
reflectance, (B) Missing strip overlap, (C) Poor ground point density, (D) Poor navigation accuracy.

flight. The applied QA/QC (Quality Assurance/Quality Control) methods usually involve
field collection of independent survey checkpoints [193]. This may result in situations where
the quality control and problem mitigation takes an overwhelming part of the cost of the
final mapping product. Furthermore, if the QC reveals that the data does not comply with
the specifications and no ad-hoc mitigation is possible, the quality degradation either has to
be accepted or the parts failing the quality requirements have to be re-acquired. This may
lead to delays in data delivery and further increase in production cost (see Fia. 1.2.A).

(A) (B)s
Delivery H §
Advanced ) )
Processing Error detection g
2 Quality §
§ Control L - < i
(o)} H
Data : £
Georeferencing >
""""" | N D T
Acquistion reflight time time
deadline & deadline A

F1G. 1.2: Potential ALS mission workflow without (A) and with (B) in-flight QA/QC tool.

The capacity to perform parts of the ALS processing and QA/QC directly during data
acquisition (in-flight) could substantially reduce the risk to encounter unwanted quality
degradation in PP. Such tool would also have a positive economic impact for the mapping
industry by reducing the effort for quality control and preventing situations that require
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(partial) re-acquisition of data (see Fiag. 1.2.B). This would translate into increased profit
margin in conventional ALS mapping applications and could open a new field of mapping
applications, where excellent data quality and a short hand-over time are crucial (e.g. risk
management, natural hazards, security, etc.).

In 2005, the aforementioned motivations have prompted BSF-Swissphoto AG? and the
Geodetic Engineering Laboratory (TOPO-EPFL?) to launch a project called IQUAL. This
project aimed at developing a tool performing QA/QC of the recorded ALS data “on the
fly” [81]. The project ended in February 2009 and was supported by the Swiss Innovation
Promotion Agency (CTI/KTI) [75]. The research presented in this thesis is an integrated
part of this project.

1.2 Research Objectives

The objectives of this research are threefold:

1. Elaborate the theoretical concepts and methodologies needed for perform-
ing fast and automated QA /QC of ALS data. This embraces the definition of a
methodology to automatically assess the quality of laser measurements and to evaluate
the point-cloud coverage and homogeneity. A further objective is to establish a concept
to assess the accuracy of derived surface models.

2. Implement the theoretical concepts in a fully functional in-flight QA /QC-
tool embedded in an ALS system. This requires merging data streams from different
technologies (i.e. inertial navigation, GNSS positioning, laser measurements) in real-time
(RT), developing its qualitative evaluation and presenting it to the system operator.

3. Provide a thorough analysis of the system performance using data acquired
under real operating conditions. The objective is to demonstrate the usefulness
of the provided QC information in-flight and to determine the achievable accuracies
for ALS data processed in-flight. A particular attention is payed to the evaluations
of benefits using real-time Kinematics (RTK) for improving the accuracy of the RT
navigation, point-cloud generation and derivation of quality metrics.

1.3 Methodology

The development of RT algorithms is very critical as they need to be optimized for pro-
cessing speed to handle the data at their original data rates. This requires special testing
environments where the algorithms can be evaluated in PP (without speed constraints) and
in “emulated RT”. For this purpose a multi-level methodology has been designed, where
each level depends on the results of the previous one but simultaneously allows feedbacks for
adjustments at lower level.

2BSF-SWISSPHOTO AG, based in Regensdorf, is the largest private mapping company in Switzerland
providing worldwide ALS mapping services
3Swiss Federal Institute of Technology, Lausanne



Introduction

The different levels (from bright gray to dark gray) are depicted in Fic. 1.3. First, the theo-
retical concepts for in-flight quality monitoring are developed. This level mainly depends on
the inherent characteristics of the involved technologies, that are Global Navigation Satellite
Systems (GNSS) for absolute positioning, Inertial Measurement Units (IMU) for attitude
determination and LiDAR (Light Detection and Ranging) for ranging. This is followed by
the algorithmic implementation for evaluation in PP. Due to its simulation and programming
simplicity, primarily the MATLAB-environment is employed in this step. The Proof-of-
Concept (POC) can be carried out using recorded datasets. Once the algorithms are stable
in PP, they can be adapted for RT use. At this stage, the implementation has to account for
the hardware that is interfaced with the software application. For this implementation level,
the C4++ programming language is chosen.

To facilitate the code development and debugging, a “simulated RT” environment pre-
cedes the in-flight tests. For this purpose a special server application, called RFLOWS, has
been developed. This application redistributes recorded datasets (raw GPS, IMU and LiDAR
measurements) at RT data rates [151]. This step allows testing the behavior of the algorithms
under RT conditions including mission specific characteristics (terrain, point density, etc.)
without need to acquire new data. Finally, the tool is tested during flight operation, where the
user-friendliness and the ergonomics of the graphical user interface (GUI) can be evaluated.

/, ' 3 \\\

v Implementation X
Concepts for PP POC PP
for in-fliaht (MATLAB) _
L J [Recorded |

quality monitoring [ | _data set )

A 4
e Implementation
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F1a. 1.3: Methodology for the development of the in-flight quality monitoring tool.

Implementation Platform

Embedding an in-flight QA/QC-tool in an ALS system requires in-depth knowledge about
the system components and free access to all internal data flows. Yet, commercial system
providers rarely grant access to detailed information (i.e. data exchange protocols, file for-
mats, algorithms) of their systems to the customers. The commercial strategy is to sell the
systems as black-boxes, where the interacting possibilities are reduced and the input and
output interfaces are well defined.

The Geodetic Engineering Laboratory of the Swiss Federal Institute of Technology (TOPO-
EPFL) lead the built up of an ALS system called Scan2map, that combines GPS, INS,
LiDAR and a medium format digital camera, and where it controls all interfaces, internal
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data streams and has full access to the source codes (more details in CHAP. 6.1). Thus, in
the frame of this thesis, the Scan2map-system served as vector and testing platform for the
presented research.

1.4 External Contributions

The development of a fully functional in-fight quality monitoring application is character-
ized by a high complexity both on the scientific and engineering level. To achieve the afore-
mentioned objectives within the given time frame of a PhD thesis, the author could benefit of
the punctual assistance of several persons. Although the author is the main contributor, the
developments presented in this thesis are the result of a joint effort of several members of the
Geodetic Engineering Laboratory (TOPO-EPFL). The most important external contributions
are:

e The RT GPS Quality assessment tool (CHAP. 6.4)
e The RT GPS/INS integration engine (CHAP. 6.5)

e The RT point-cloud georeferencing engine (CHAP. 6.6)

Wherever external resources have been used for the development, their contribution will be
clearly referenced and the main contributions of the author emphasized.

1.5 Thesis Outline

This thesis is structured in 7 chapters and can be roughly divided into 4 major blocks:

e Review of ALS technology: Chapter 2 delivers the background material related to

ALS technology. The mathematical concept and the reference frames used for the pro-
cess of DG of laser data are introduced. Additionally, the enabling technologies for ALS,
namely laser range-finder technology, satellite positioning (GNSS) and integrated navi-
gation technology (GNSS/INS) are presented in detail.
Chapter 3 discusses the challenges related to the calibration of the ALS system and the
ALS data (strip adjustment). Furthermore, the basic principles for point-cloud process-
ing, such as spatial indexing, point-cloud classification and height model generation are
presented.

e Development of concepts for QA /QC of ALS data: Chapter 4 is devoted to the

concepts of quality assessment of a single ALS measurement. Particular focus is given
to the development of a new method to assess the influence of the scanning geometry
on the final accuracy. The validity of this method is discussed using both simulated and
real datasets.
In chapter 5, the quality concept is extended to surfaces. Methods to measure the data
coverage, data sampling rate and the internal data accuracy are presented. Special
attention is given to the construction of quality indicators for height models derived
from ALS data.
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¢ Implementation into in-flight QA /QC-application: Chapter 6 presents the avail-
able hardware infrastructure and discusses the implementation of the concepts intro-
duced in the previous chapters into a fully functional in-flight quality monitoring tool.
The adopted modular architecture for interfacing the involved hardware and software
components together with the functional principles of the modules are presented in
detail.

¢ Performance analysis and conclusions: Chapter 7 is dedicated to the analysis of
the performance of the developed application. The accuracies of the different quantities
computed by the tool are assessed by comparison with the post-processed solutions.
Additional tests evaluate the computational performances (in terms of processing speed)
of the tool and highlight strategies for improving the computational efficiency.
Chapter 8 presents a summary of the main contributions of the author, conclusions and
perspectives for future work. This is followed by bibliography and appendices.



Chapter 2

ALS Enabling Technologies

Before developing an in-flight ALS quality monitoring tool, it is beneficial to know the cur-
rent industry standards for in-flight ALS processing and quality control. Furthermore, the
constraints imposed by the enabling technologies on the process of DG should be understood.
After a short overview of the in-flight QA/QC capabilities of today’s ALS systems, this chap-
ter presents the mathematical concepts and the reference frames used for DG of laser data.
The necessary background material about the involved technologies, i.e. laser ranging, GNSS
and IMU, is also provided in this chapter.

2.1 Airborne Laser Scanning

2.1.1 History of ALS Technology

Compared to photogrammetry, which has been deployed for airborne mapping and height
model generation since the early 1920s [32], ALS is a fairly new technology. The development
of ALS has been mainly driven by hardware evolution. Initially, it became possible by pulse
lasers operating in the near infrared band, which gave clearly recordable return signals after
being backscattered on the ground [2]. Its development goes back to the 1970s and 1980s, with
an early NASA system and other attempts in USA and Canada. But the real breakthrough
of the technology came only in the 1990s, when the carrier-phase differential kinematic GPS
(CP-DGPS) became accurate enough to meet the requirements for DG. By the end of the
1990s, the technology was mature and had successfully established itself within the airborne
mapping community, quickly spreading into various practical applications.

In the last decade, the development was marked by rapidly increasing pulse repetition rates
(PRF) of LiDAR scanners and the emergence of so-called full-waveform lasers [96]. Most
recent sensor developments lead to the ability of multi-pulse systems. Such systems have
multiple laser signals in the air simultaneously [106, 124], thus greatly increasing the PRF for
high flying heights. A detailed overview of currently available commercial-of-the-shelf (COTS)
ALS systems and their technical specifications can be found in [83].
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2.1.2 Current in-flight QA /QC Capabilities

The ALS community is predominantly hardware-driven, pushing the performance of their
systems further (increasing PRF, max. flying height, etc.). The key-numbers of this evolution
are well-documented. For the associated processing software, including the flight management
system (FMS) and in-flight quality monitoring less effort has been made. Moreover, commer-
cial ALS system providers are less eager to communicate the concepts behind their software.
Hence, it is somehow difficult to obtain a “detailed picture” of what is currently implemented
for in-flight quality monitoring in commercial ALS systems. The following survey (TAB. 2.1) is
based on freely available information (mainly sales material) for some selected FMS provided
by leading ALS manufacturers. Thus, it has no pretension to be complete or exhaustive. The
selected FMS suites (with used sources) are :

(A) IGI CCNS4/AEROcontrol [46]

(B) Optech ALTM Orion/DASHmap [140]
(C) LEICA ALS50-I1/60 FCMS [82]

(D) TopoSys FALCON [173]

(E) RIEGL RiIACQUIRE [122]

FMS
In-flight computation/display options | A | B C D E
RT Position |/ v v v
RT Attitude |/ v v v
Scanner swath display X[/ |We*| X v
Point-cloud georeferencing X | X X Ve [ /P
Point-cloud density analysis X | X X X X
Trajectory quality monitoring X | X v Ve X
Point-cloud quality monitoring X | X X X X

®Not clear from documentation, *Probably only swath borders, “Only based on GPS DOP-values

TAB. 2.1: Survey of in-flight QA/QC and data processing capacities of commercial FMS.

TaB. 2.1 illustrates that the display of RT information of position and attitude is a standard
feature in the ALS industry. Also the display of the swath becomes a common feature of
these tools. However, for some FMS it is not clear if the displayed swath represents the real
swath (i.e. 2D projection of most left/right point in a scanning profile) or only a derived
swath, where borders are drawn using the field of view of the laser, an average height over
ground and the banking angle. Although RT GPS/INS integration is sometimes implemented
(e.g. used for roll compensation or stabilization of gimbaled systems), no FMS presented in
this survey implements in-flight point-cloud generation. Also the GPS/INS quality control
provided by some FMS remains rudimentary. It is essentially based on simple thresholds on
DOP values (GPS) and displaying the computed attitude angles without confidence levels.
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2.1.3 Trends in ALS

At the beginning of the year 2009, Cary and Associates of Longmont (Colorado, USA) issued
a detailed business analysis of the global ALS market [20]. TAB. 2.2 summarizes the top four
wishes of ALS system users for the future development published in this report. The increase
in point density, thus scanning rate, is placed as top answer of this survey. Responses two and
three are in line with the objectives of this research, as the possibility to perform in-flight
QA/QC has a direct influence on production time and thus production cost. In-flight point-
cloud processing capabilities would also greatly help alleviating the post-processing and data
analysis. The ever-growing clients requirements in terms of point accuracy and point density,
coupled with tight hand-over schedules, should incite the ALS system providers to enhance
their FMS by in-flight QC and processing tools, in order to allow ALS system users to gather
data with maximum control and cost-effectiveness.

Percent Top wishes 2009-2012
25% Increasing point density
18% Decreasing costs of data
14% Easier and improved post-processing and analysis software
11% Multi-sensor data / fusion

TAB. 2.2: Top four wishes of ALS service providers for developments in the ALS industry in the next
three years (after [20]).

2.2 Direct Georeferencing: Basic Relations

According to [144], georeferencing can be defined as a process of obtaining knowledge about
the origin of some event in space-time. Depending on the sensor type, this origin needs to
be defined by a number of parameters such as time, position, attitude (orientation), and
possibly also the velocity of the object of interest. When this information is obtained directly
by measurements from sensors aboard the vehicle, the term Direct Georeferencing (DG) is
used. In other words, DG comprises a long process that involves acquisition, synchronization,
processing, integration and transformation of measured data from navigation (GPS/INS) and
remote sensing instruments (such as scanners, digital cameras, radar, etc.).

2.2.1 Direct Georeferencing for ALS

Unlike airborne photogrammetry, where the georeferencing of the data (the images) can be
established a-posteriori by means of ground control points (GCP), ALS is entirely depending
on DG for sensor orientation and coordinate computation. Accordingly, every ALS consists
of two main units:

1. The navigation unit embraces all the necessary sensors to compute position and
attitude of the system. The so-called positioning sensors namely are a GPS-antenna
and receiver and an inertial navigation system (INS) or unit (IMU).
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2. The laser unit includes a laser range finder and a scanner as the remote sensing
component. This segment can further be divided: The laser ranging unit includes a
laser transmitter and receiver optics, the optical scanning mechanism reflects the laser
beam across-track (see Fia. 2.1).

The end-product of an ALS system are geometric measures in terms of distance, position,
attitude and coordinates. For each laser shot, the spatial vector from the laser platform to
the point of reflection is established, thus providing the XYZ coordinates of the footprint.
The final product after georeferencing is a so-called point-cloud.

Laser Scanner |

LASER
Control-, Monitoring- | FOOTPRINT

and Recording-Units

DGPS ' IMU

F1G. 2.1: Principal components of an ALS system (after [191]).

2.2.2 Used Reference Frames

As georeferencing of airborne laser data involves GPS and inertial measurements, computing
final point-cloud coordinates in a desired mapping frame cannot be done without using a
global reference frame and a series of intermediate frames. TAB. 2.3 and Fic. 2.2 provide
an overview of the principal frames involved in ALS point computation. All the subsequent
formulas involve the annotations listed in TAB. 2.3. The definitions follow the notations used
in [85].

Sensor Frame (s)

Most airborne laser scanners are line scanners, providing a 2D-scan across a line. A target
coordinate in the sensor frame can therefore be expressed in function of the encoder angle
6 and the range measurement p. Assuming that the scanning plane (yszs) and the encoder
angle 0 are defined as in F1G. 2.2 (positive rotation around x;), the relation can be described
by EqQn. 2.2.1.

0
x* = p | sin6 (2.2.1)
cosf

10
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ID | Frame Name Description

S Sensor Frame Frame of the laser sensor, defined by the principal axes of the scanner.
The yz-plane defines the scanning plane.

b Body Frame Frame materialized by the triad of accelerometers with an INS.

1 Local Level Frame | Also called NED-Frame, this frame is tangent to the global earth
ellipsoid (normally WGS84), with the orthogonal components North,
East and Down.

e ECEF Frame Earth-centered Earth-fixed frame. The origin is the geocenter of the
earth, the X-axis points towards the Greenwich meridian and the Z-
axis is the mean direction of the earth rotation axis. The Y-axis is
completed by the right-handed Cartesian system.

m | Mapping Frame Cartesian Frame with East, North and Up component. The easiest
implementation is the local tangent plane frame, but this frame can
also be represented by a national projection.

TAB. 2.3: Overview of reference frames (adopted after [85]).

ECEF Frame (e)

The satellite orbits of the common GNSS-systems are referred to some Earth-Centered Earth-
Fixed frame. The outcome of the trajectory computation is primarily provided in this frame. A
geocentric ellipsoid is normally attached with the ECEF frame which together with some other
geophysical parameters defines a world datum, such as WGS84 used for GPS measurements
[135]. Coordinates in this frame can either be expressed as Geocentric coordinates (z¢,y¢,2¢),
or as Geographical coordinates (latitude ¢, longitude A, ellipsoidal height h). The latter
notation is often used to output the GPS/INS trajectory of the carrier. The transfer from
geocentric to geographic coordinates can be performed as follows:

e

x (N + h) cos g cos A
x¢= |yl = (N+h)cospsin (2.2.2)
z (Z—zN + h)sinp
where a,b are semi-major and semi-minor axes of the ellipsoid and N = ——2—— is the

1—e2sin? ¢
radius of curvature in the prime vertical. The transfer from geocentric to geographic coordi-
nates can either be done by an approximate closed formula or by using an iterative approach.

The respective formulas can be found in [33].

Local-level Frame (1)

This frame is generally used as reference for the orientation angles outputted from the
GPS/INS processing. Its origin can be defined as the intersection of the local plumb line
from the actual sensor position with the world ellipsoid. The 2!-axis points along the local
meridian to the north , the y'—axis points to the east and the 2! —axis is defined along the local
plumb line. This frame may be called NED (for North—East—Down). The rotation matrix
Rj for the coordinate transformation from the I- to the e-frame can be written as follows:

—singpcos A —sin A —cospcos A
Rj.., = | —sinpsinA  cosA —cospsinA (2.2.3)
Cos 0 —sinp

11
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GPS antenna

b-frame
s-frame
I-frame
e-frame
m-frame

FI1G. 2.2: ALS observation geometry and used frames.

Body Frame (b)

In most cases the body-frame is represented by the axes of the inertial navigation system. The
origin of the b-frame is located at the navigation center of the INS. The axes are congruent
with the axes spanned by the triad of accelerometers. Normally, the b-frame axis coincide
with the principal axis of rotation of the carrier or can be rotated to them by some cardinal
rotation. According to the aerospace norm ARINC 705, the axis and the rotations describing
the 3D attitude are defined as follows. The 2’ —axis is pointing forward along the fuselage, the
yP-axis points to the right and the 2’—axis points down. The associated rotation angles are
called roll(r), pitch(p) and yaw(y) (see F1G. 2.3). Respecting the aerospace attitude definitions,
the corresponding rotation matrix that relates the [-frame to the b-frame takes the following
form:

Ry, .p = Ra(r)Ra(p)Rs(y) (2:2.4)

INED

where the composed rotation must be read from the right-hand side.

12
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roll (r) pitch (p) yawly)

North

b

horzon T

kY
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« right wing down » & Nose up » s a turn right »

FIG. 2.3: Definition of navigation angles.

Mapping Frame (m)

This frame is employed as substitute for the datum in which the point-cloud should be deliv-
ered. The easiest implementation of such mapping frame is the Local Tangent Plane Frame:
The origin is defined as an arbitrary position (g, Ag) on the ellipsoid, the z™-axis is pointing
to the east, the y"-axis pointing north along the central meridian ()\g) and the z™-axis is
pointing upwards along the ellipsoid normal at the plane origin. The rotation matrix R¢

MENU
for coordinate transformation from the m-frame (as local tangent frame) to the e-frame is

—sin g —sinygcos Ag €os \g
Ry vo = | cosho  —sinpgsinAg  cospgsinAg (2.2.5)
0 €OS Qo sin ¢g

The m-frame can also represent some other datum or projection or a national coordinate
system.

2.2.3 ALS Observation Equation

Fi1G. 2.2 helps depicting the geometrical relations between the frames presented above. Let
us first consider the relationship between the b- and s-frame. An arbitrary measurement on
some point p by the sensor can be expressed in the b-frame as

x) = al + Ri(w, ¢, k)x5 (2.2.6)

where a% is the leverarm vector between the INS center and the firing center of the laser
expressed in the b-frame, and Rg is the so-called boresight matrix parametrized by the three
Euler angles w, ¢, k. Their determination will be discussed in the section related to the system
calibration (CHAP. 3.1). Following the previous relation, the laser measurement in the e-frame
can be expressed as:

x, =%, + Ry (ab + R2x5) (2.2.7)

After rearranging and expanding EQN. 2.2.7 by EqQN. 2.2.1 to EQN. 2.2.4, the ALS observation
equation for an arbitrary laser point x, expressed in the e-frame, in function of time varying
measurements, denoted with (¢), can be written as:

0
x¢(t) = x§(t) + R ()RL(ORE(w, ¢, k) |a) + p(t) | sin Zit)) (2.2.8)
cos (¢t

13
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where
Rj(t) is the rotation matrix in function of the geographic position (p(t), A(¢))
on the reference ellipsoid measured by GPS
R! (1) is the so-called attitude matrix parametrized by the FEuler angles
r(t),p(t), y(t) measured by GPS/INS
p(t),0(t) are the range and the encoder angle measurement of the laser scanner

The GPS position can be attached to EQN. 2.2.8 by
x;(t) = R(H)agps + xGps(t) (2.2.9)

where ag pg is the leverarm of the INS navigation center to the GPS antenna center expressed
in the b-frame, and x§ pg(t) is the vector of the GPS measure in the e-frame.

2.3 Laser Scanner Technology

2.3.1 Laser Ranging

The laser ranging unit contains the laser transmitter and the receiver. The two units are
mounted so that the received laser path is the same as the transmitted path. This ensures that
the system will detect the target the transmitter points to. The size of the laser footprint is
a function of the flying height above ground and the divergence of beam. The divergence € of
the beam defines the instantaneous field of view (IFOV) of the sensor. For currently available
systems on the market, the beam divergence (or IFOV) typically spans from 0.2mrad to
3mrad (e.g. [83]).

To obtain a range measurement from a laser, the transmission must be modulated. There
exist two major ranging principles [191]:

e Pulsed ranging or TOF (Time of Flight): The transmitter generates a rectangular
pulse with widths from 4 to 15ns. The time difference between the pulse leaving the
transmitter and its detection by the receiver is proportional to the returned distance:

t= 2% (2.3.1)

where ¢t is the total elapsed time, D the range of the pulse and ¢ the speed of light.
¢ Continuous wave ranging (CW): This modulation type employs a transmitter to

emit a sinusoidal continuous light wave at a given frequency. The phase difference of
the received light wave is proportional to the travel time and thus to the range:

t= P T (2.3.2)
2

where ¢ is the total elapsed time, ¢ the phase difference of the returned wave, T the

period of the modulated signal and n the number of full wavelengths included in the
distance from the transmitter to the receiver.

14
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F1G. 2.4: Principle of multiple echos from a  FIG. 2.5: Emitted and received impulse for discrete
laser signal. echo scanners and full-waveform scanners.

Today’s ALS systems are almost solely based on pulsed ranging technology [111]. Currently,
there are two different types of commercial ALS sensor systems available:

¢ Discrete echo scanners detect a representative trigger signal for an echo in RT using
analog detectors. A discrete echo scanner can reflect multiple targets in its line of sight.
This allows gathering ground points even through the canopy (see FiG. 2.4). The gaps
between the leaves and branches permit parts of the pulse to penetrate further to the
ground, while some energy is reflected immediately. Every reflection is detectable as a
peak in the gathered return signal. Based on some threshold (see F1a. 2.5), the received
input signal is discretized into single pulses. Today’s commercial discrete echo systems
can record up to 5 returns, whereas the minimum pulse separation has reached sub-
meter level [54]. These returns can be labeled according to their returning position and
number of returns: First (of many), last (of many), intermediate and only return [105].

e Full-waveform scanners digitize the entire analog echo waveform, i.e. the time-
dependent variation of the received signal power, for each emitted laser pulse (see F1G.
2.5). Hence, they overcome the minimum pulse separation limitation of discrete echo
scanners. Digitization is performed typically with an interval of 1ns (corresponding to a
discretization resolution of 15cm). For most full-waveform systems, the determination
of the individual echoes is performed in PP. However, a new generation of ALS systems
performing full echo digitization and waveform analysis in-flight has recently emerged
on the market [121].

2.3.2 Intensity Measure

Most commercial laser rangers operate between 900 and 1500 nm (near-infrared). The trans-
mitted energy interacts with the target surface and permits the derivation of range and

15
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reflectance measurements. The intensity! of the reflected near-infrared signal can be added
as an additional attribute to the coordinates or can be used to form a grayscale orthoimage
(see FIG. 2.6) of the measured area. The amount of backscattered energy depends on several
factors:

Laser wavelength: Varying the laser wavelength results in very different reflectance
response diagrams. Lasers deploying long wavelength (> 1500 nm) have very good re-
flectance responses on dark surfaces, whereas bright surfaces (i.e. glaciers, snow) reflect
weakly [191]. On the other side, systems with shorter wavelength (< 1000 nm) have poor
reflectance on concrete and dark pavement and are less suitable for mapping in urban
areas.

Reflectance of target material: Objects with high reflectivity (or other words: high
albedo) such as street mark paintings or cement contrast distinctly with objects of low
reflectivity such as coal or soil (see F1G. 2.7).

Incidence angle of laser beam: The backscattered signal from the target surface is
a function of the integrated energy distribution across the whole footprint. Accordingly,
the bigger the incidence angle, the larger the footprint and consequently the smaller the
backscattered energy.

Atmospheric illumination and attenuation: Laser scanners are active measurement
devices as they illuminate the target by themselves. Therefore, every external illumina-
tion, such as sun light or reflectance from clouds, is considered as noise. Additionally,
light propagation in the troposphere is affected by both, scattering and absorption char-
acteristics of the atmospheric medium [186], thus reducing the beam energy proportional
to the range. Accordingly, the intensity measure is heavily subject to the actual range,
the atmospheric and meteorological conditions (air humidity, cloud cover, day time,
etc.).

500 ==
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F1G. 2.6: Point-cloud colored by F1G. 2.7: Reflectivity for different surfaces for a laser
non-normalized intensity values. operating at 905nm (after [119]).

F1a. 2.6 illustrates the large intensity disparities that can occur for points measured on a
same surface but gathered in different strips (thus different ambient lighting conditions and
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F1c. C.2: Histogram of coordinate differences (SPP -PP) for Lausanne dataset.
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F1c. C.4: Histogram of coordinate differences (RTK-GPRS -PP) for Chur dataset.
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