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Series Editor’s Foreword

By the dawn of the new millennium, robotics has undergone a major trans-
formation in scope and dimensions. This expansion has been brought about
by the maturity of the field and the advances in its related technologies. From
a largely dominant industrial focus, robotics has been rapidly expanding into
the challenges of the human world. The new generation of robots is expected
to safely and dependably co-habitat with humans in homes, workplaces, and
communities, providing support in services, entertainment, education, health-
care, manufacturing, and assistance.

Beyond its impact on physical robots, the body of knowledge robotics has
produced is revealing a much wider range of applications reaching across di-
verse research areas and scientific disciplines, such as: biomechanics, haptics,
neurosciences, virtual simulation, animation, surgery, and sensor networks
among others. In return, the challenges of the new emerging areas are prov-
ing an abundant source of stimulation and insights for the field of robotics.
It is indeed at the intersection of disciplines that the most striking advances
happen.

The goal of the series of Springer Tracts in Advanced Robotics (STAR)
is to bring, in a timely fashion, the latest advances and developments in
robotics on the basis of their significance and quality. It is our hope that the
wider dissemination of research developments will stimulate more exchanges
and collaborations among the research community and contribute to further
advancement of this rapidly growing field.

The monograph written by Andreas Nüchter is yet another title in the
series belonging to the fertile research area of self-localization and mapping
(SLAM) for mobile robots. The main contribution of the work is certainly
in the derivation of SLAM algorithms for building 3D maps, as opposed to
the majority of existing algorithms for 2D maps. When tackling the problem
for a 3D geometry, all six degrees of freedom are considered to reconstruct
the robot pose. Results span from theory through a rich set of experiments,
revealing a promising outlook toward benchmarking SLAM robot maps in a
wide range of applications.



X Series Editor’s Foreword

Expanded from the author’s doctoral dissertation (finalist for the Seventh
Edition of the EURON Georges Giralt PhD Award) and overall eight years of
research and teaching on SLAM, this volume constitutes a very fine addition
to STAR!

Naples, Italy, Bruno Siciliano
August 2008 STAR Editor



Foreword

Have you ever jumped to bang on the emergency stop button of your mobile
robot, to prevent it from crashing into an open drawer above its collision
avoidance laser scan plane? That was the moment when you learned that the
world is a 3D place. Well, maybe you guessed it before, which is the reason
why you would painstakingly avoid to let the robot get close to staircases:
You do know, but your robot may not know, that this wide open area so
tempting in the 2D scan on which its heading direction control is based, is
right above the flight of stairs down.

While it has always been possible to calculate 3D geometry from stereo
images, recent years have witnessed creative usage of 2D laser scanners to get
it – be it by having scanners rotate or pitch, or by mounting them at angles
between the scan plane and the robot motion direction. Given the rocketing
in performance of SLAM for 2D maps during the same period, it is only
natural to think about building 3D geometry maps using these sensor data,
so: How turn into a consistent 3D geometry map the point clouds generated
by a 3D laser scanner on-board a mobile robot?

The obvious approach to do this is: Take your favorite SLAM algorithm for
building 2D maps, say, a Particle Filter algorithm, and apply it to 3D rather
than 2D points. That could work, but there is a problem. When thinking
about 3D geometry, it makes sense to consider for the robot rigid body motion
in 3D, i.e., in six degrees of freedom (6 DoF: x, y, z, yaw, pitch, roll). A typical
SLAM algorithm for building 2D maps from 2D laser scans would consider
only robot motion on a plane, i.e., 3 DoF poses. If it uses for building the
map an approximation of the full posterior distribution of robot poses in pose
space, then changing from 3 to 6 DoF poses lets explode the distribution. Put
briefly, not all that works well in 3 DoF pose space is practical in 6 DoF.

Andreas Nüchter’s book is a comprehensive introduction into approaches
that do work well on 3D scan data in 6 DoF – in fact, it is the most compre-
hensive that I know of. It is based on Andreas’s own research and teaching on
the topic since about the year 2000. This has involved a number of different
robots, and a healthy number of applications; it has earned him a diploma
degree and a doctorate; it has yielded for his respective working groups grants
and awards, such as a vice-championship in the RoboCup real rescue league
(2004 in Lisbon), not to mention papers in all major robotics conferences and
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journals. So one can safely say, this author knows his topic well. Moreover,
Andreas could exploit various teaching events for annealing the presentation.

The basic technique that underlies 6DoF SLAM here is the good old ICP
(iterative closest/corresponding points) algorithm for registering 3D point
clouds. If you don’t know ICP yet, you will learn it from Chapter 4; read
Chapter 4, too, if you ever wanted to know how to implement and use ICP
really efficient, or how to choose between different versions of the math behind
the required 6 DoF transformations or of the algorithms behind finding corre-
sponding points. Then, scan registration is the basis of mapping here, but left
alone would normally produce maps with unbounded errors. To build good
maps, SLAM needs information about closed loops in the robot trajectory –
this is no different for 6 DoF than it is for 3 DoF. Chapter 5 describes how
this works in 6 DoF. The noblest technique here is a version of the Graph-
SLAM algorithm, maximizing the joint probability of 6 DoF scan poses. So
we are back at a probabilistic approach, yet a uni-modal one, for the good
reason stated above.

The book also contains a healthy amount of results on data from real ap-
plications, where many of the data sets can be downloaded from an online 3D
scan repository, to reproduce the results or do own experiments. Here, I think
the topic of Benchmarking is particularly interesting in terms of methodology.
You find many papers with SLAMmed robot maps that “look good”; you find
few papers, at least if it comes to 3D maps, that question explicitly whether
their maps are also truthful. In fact, that question is often hard to answer if
the mapped area is thousands of square meters in open terrain with significant
elevation differences. Section 6.4 tells you how it could be answered anyway.
Finally, there is a section about Semantic Mapping in 3D: If benchmarking
is a hot topic for applications, bringing semantics into robot-generated maps
and into the mapping process is most probably the emerging hot topic for AI
related robotics research.

So if you are interested in getting serious with 3D geometry in robotics, I
recommend strongly that you read and understand this book. If you aren’t
interested in robotics, but only in 3D maps, there may be good reasons to
read it anyway: The map building algorithms presented here don’t really
care whether their data is taken on-board a mobile robot or on a surveyor’s
tripod or on some hand-held scanning device. Give them 3D point clouds
with rough 6 DoF pose estimates, and they allow consistent maps to be built
without further manual interference. I am looking forward to seeing a lot of
applications of that – in robotics and beyond.

Osnabrück, Germany Joachim Hertzberg
Juli 2008



Preface

Intelligent autonomous acting in unstructured environments requires 3D
maps with labelled 3D objects. 3D maps are necessary to avoid collisions
with complex obstacles and to self-localize in six degrees of freedom (x-, y-,
z-position, roll, yaw and pitch angle). Meaning becomes inevitable, if the
robot has to interact with its environment. The robot is then able to reason
about the objects; its knowledge becomes inspectable and communicable.
These arguments lead to the necessity of automatic and fast semantic envi-
ronment modelling in robotics. A revolutionary method for gaging environ-
ments are 3D scanners, which enable robots to scan objects in a non-contact
way in three dimensions. The presented work examines and evaluates the
algorithms needed for automatic semantic 3D map building using a 3D laser
range finder and the mobile robot Kurt3D.

The first part of this book deals with the task of registering 3D scans in a
common coordinate system. Correct, globally consistent models result from
a 6D SLAM algorithm. Hereby 6 degrees of freedom of the robot pose are
considered, closed-loops are detected and the global error is minimized. 6D
SLAM is based on a very fast ICP algorithm. While initially written for the
mobile robot Kurt3D, the algorithms have also been applied in many other
contextes. The second part presents a wide variety of working experiments
and applications, including the results of presentations, like the Kurt3D pre-
sentation at RoboCup.

In the last part semantic descriptions are derived from the 3D point model.
For that purpose 3D planes are detected and interpreted in the digitalized 3D
scene. After that an efficient algorithm detects objects and estimates their
pose with 6 degrees of freedom.

Of course, this book is the result of my active cooperation with many
researchers. I would like to express my thanks to my supervisor Joachim
Hertzberg who has always supported me. I am also thankful for the joint
preceding research on 3D robotic mapping with: Dorit Borrmann, Thomas
Christaller, Jan Elseberg, Simone Frintrop, Dominik Giel, Matthias Hennig,
Joachim Hertzberg, Achim Lilienthal, Kai Lingemann, Martin Magnusson,
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Stefan Stiene, Hartmut Surmann, Sebastian Thrun, Bernardo Wagner, Oliver
Wulf. Special thanks go to Alexander Loktyuhsin for proofreading the book.

My intention is that the reader of this book will use this compilation of
algorithms and results to build smarter robotic systems that can cope with
real world environments using 3D sensor data.

Osnabrück, Germany Andreas Nüchter
Juli 2008
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Notation

� set of reel numbers

� identity matrix

M, D set of measured data, subset of �3

x, y, z, . . . scalars

x, y, z, . . . vectors

q̇, ṡ, . . . quaternions

R, H , . . . matrices, including rotation matrices

M,G, . . . matrices and vectors that have been concatenated

tr (M) trace of the matrix M

θx

θy

θz

x

y

z

Definition of the coordinate system.
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