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Abstract— Much work has been done on the development « Easy to integrate on tele-exploration robotic systems
of sophisticated sensors for mobile robotics but in the fieldf « Open architecture for customer-specific extensions

tele-exploration simple camera based systems are dominag. . Less requirements on the computation hardware
Therefore we developed a continuous rotating 3D laser scaen . .
« Operating System independent

with a camera which fits the requirements of this field very .
well. Due to its design concept it is easy to integrate on ¢ Good cost-value ratio

many mobile robot systems and has less requirements to the  The remaining paper is structured as follows: The next
computing hardware. Furthermore we implemented different g1, sections present the state-of-the-art in tele-eaptor
data processing algorithms to support the navigation task D . . . . .
the operator. robotics and three-dimensional mapping of environments.
Section Il describes the robot platform Kurt3D, the design
|. INTRODUCTION of the new continuous rotating 3D laser scanner and ex-
_ _ _ ~ plains the motivation for choosing this configuration. In
Mobile robotic systems for tele-exploration are gainingection 111 different data processing algorithms for opera

more and more importance, not only for explosive ordgssistance are presented and finally the paper is concluded
nance disposal (EOD) but also for, e.g., industrial inspect and an outlook of future work is given.

tasks and rescue operations. For many of those applications
fully autonomous systems are not applicable because ¢~
safety- or efficiency reasons. Even though much work ha:
been done on developing sophisticated sensors for mc
bile robots, today’s commercial available tele-explanati
systems are strongly focused on mobility and robustnes
but still do not provide much more visual feedback to
the operator than cameras alone. This lack of commercie
development may be driven by high development costs an
insufficient robustness of current sensor systems. Onermaijt
problem is the missing spatial information of the system
and its environment. Needless to say, that for manipulating
dangerous objects or navigating in collapse endangere
scenarios, spatial information will improve the perforroan

of the System and its Operator. At the moment laser Scanﬁ'&‘. 1. The tele-exploration robot platform Kurt3D. Lefthd@ six wheel
.. atform with two pan-tilt cameras, illumination and Pemnti Notebook.
based systems seem to be the most promising teChnOkgé%t: The continuous rotating 3D laser scanner which isethbasn a

to provide these information. A well designed continuousandard 2D Laser Range Finder, a SICK LMS200. On top of tharsr
rotating 3D laser scanner was developed by the Real Tirhgamera is mounted which creates a surround view of the edann
Systems Group of the University of Hannover [17] and jgnvironment.
used for mobile robotic systems and industrial application
This sensor is highly integrated and based on an embeddt
PC with a real-time linux operating system for sensor Most of the today’s commercially available robot systems
control and data preprocessing. Based on the principlesfof tele-exploration are designed for the inspection of
this sensor we developed a new 3D laser scanner whithuctural damages, hazardous material or EOD [2], [12].
fits the requirements of tele-exploration robotic systenmEhey are designed for high mobility to handle rough terrain
well while keeping the integration effort low and providingout the sensory equipment is mostly limited to several
an open architecture. This is achieved by using standarameras which are distributed over the system. The EOD
interfaces and technology which is common on today’s telesbotic system teleMax, developed by Telerob (cf. fig. 2),
exploration systems. In addition, we combined this 3D lasér example is a four-track driven robot, equipped with a
scanner with a camera system to provide optimal operaforDOF manipulator and 3 cameras, one front, one back
assistance. The reasons why this sensor is interesting &md one manipulator camera [2]. The camera images are
tele-exploration applications are: transmitted by a wireless connection at 2,4 GHz to the
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operator desk and the control commands by a 433 MHzA few groups are using 3D laser scanners directly [5],
wireless connection. [8], [16], [21], [22]. The RESOLV project aimed to model

A similar systems is the PackBot [1] from iRobots (cfinteriors for virtual reality and tele presence [16]. They
fig. 2). It is also a four-track system but with a differentised a RIEGL laser range finder on robots and the ICP
track setup (cf. fig. 2) and it is intended to be carriedlgorithm for scan matching [7]. The AVENUE project
by one person only. It is available in three configuratiordeveloped a robot for modeling urban environments [5],
which differ in the on-board equipment. The first uses fixedsing an expensive CYRAX laser scanner and a feature-
mounted cameras and microphones, the second providdsaaed scan matching approach for registration of the 3D
setup where these sensors are mounted on a pan-tilt usi@ans in a common coordinate system. Nevertheless, in their
and finally the third system - PackBot EOD - is additionallyecent work they do not use data of the laser scanner in the
equipped with an omni-reach manipulator. robot control architecture for localization [8]. Triebelad.

Other robot systems are designed for the examinativfes a SICK scanner on a 4 DOF robotic arm mounted on
of small tubes and corridors or cavities in rubble tha B21r platform to explore the environment [21].
maybe would be quicker to excavate but would endangerinstead of using 3D scanners, which yield consistent
other people or infrastructure. They are designed to go3® scans in the first place, some groups have attempted
bit deeper than traditional search equipment, i.e, cametasbuild 3D volumetric representations of environments
mounted on poles [12]. For example the micro-tracs “micravith 2D laser range finders [9], [20], [22]. Thrun et al.
VGTV” and “Solem” [13], are small tank-tracked vehicled9], [20] use two 2D laser range finder for acquiring 3D
that are connected to the operator by wire for transmittingd&ta. One laser scanner is mounted horizontally, the other
video signal. The operating range of those systems typicallertically. The latter one grabs a vertical scan line which
iS5 —20 m, is transformed into 3D points based on the current robot

All these systems have in common that cameras are these. The horizontal scanner is used to compute the robot
main sensors for operator assistance in the navigationpgrse. The precision of 3D data points depends on that pose
manipulation task. Therefore mapping of the environmegnd on the precision of the scanner. Howard et al. uses the
is basically not possible and navigation and obstacle avoigstriction of flat ground and structured environments [10]
ance has to be done based on the two dimensional caméfalf et al. let the scanner rotate around the vertical axis.
images only. They acquire 3D data while moving, thus the quality of the

resulting map crucial depends on the pose estimate that is
given by inertial sensors, i.e., gyros [22]. In this paper we

§ let rotate the scanner continuously around its verticad,axi
v but accomplish the 3D mapping in a stop-scan-go fashion,
/fny therefore acquiring consistent 3D scans as well.
&
&

II. THE TELE-EXPLORATION PLATFORM KURT3D

Kurt3D (fig. 1) is a mobile robot platform with a size
of 45 cm (length)x 33 cm (width) x 26 cm (height)
and a weight of about 15.6 kg, an indoor as well as an
outdoor version exist [3]. Two 90 W motors are used to
si% él-: Left: Tf;etteleMéiz robot Systeg?]fr?lr_n telglRC;b [2]{ Elolklef;_wnh a power the 6 wheels. In comparison to the original Kurt3D
7 DOF manipator ari s caneres Ine fippale our ek /e> fonot platform, the outdoor version has larger wheels
Also a flippable four track drive but with another setup. Desid to be Where the middle ones are shifted outwards. This yields
carried by one person only and equipped with a manipulatdrcameras. g larger ground clearance and a track-like utilization of
the wheels. To enhance on-the-spot turning performance
for high friction floors the front and rear wheels have no
tread pattern. The main processing unit of the robot is an

In the context of tele-exploration, 3D data primarilyintel-Centrino-1400 MHz with 768 MB RAM and a Linux
seem to be very useful for safe navigation of the robot @perating system which is connected to the embedded 16-
unknown environment. Nevertheless in the case of expldsit CMOS micro-controller, used to process the low level
ing collapsed buildings or very large areas it is useful ttommands to the motor, via a standard CAN interface.
generate a map of the explored area to guide human resut3D operates for about 4 hours with one battery charge
teams. Especially for collapsed buildings, it is desirabl@8 NiMH cells, capacity: 4500 mAbh).
to generate these maps three-dimensional. In the robotic®epending on the scenario, Kurt3D can be equipped with
community this is called "Simultaneous Localization and pitching 3D laser scanner [18] or the new developed con-
Mapping — SLAM” and is a very large field of researchinuous rotating 3D laser scanner and camera combination,
with many different groups involved. which will be described in more detail in section II-B.

B. Environment Mapping in 3D — State of the Art



Furthermore there are two front cameras, mounted on pamages of the environment at the same time. The next
tilt-units. For operating even in dark environmenRts 4 section describes this sensor in more detail.
super bright LEDs and two fluorescent tubes are used to i )
illuminate the surroundings. The LEDs are directly attache®- 1he Continuous Rotating 3D-Laser-Scanner and Cam-
to the two front cameras. Additional 8 NiMH cells are use§@ Combination
to power the light. The continuous rotating 3D laser scanner is based on
_ _a SICK LMS 200, a 2D LRF with an aperture angle of
A. 3D Laser Scanning Methods for Tele-exploratioRgy ang three different resolutions, i.e., 180, 360 or 720
Robotics scan points. The data interface is a serial RS422 connection
A common way for building a 3D laser scanner fowith a maximum bandwidth of 500k baud. This LRF is
robotics applications is to use a standard 2D laser rang®unted vertically on a dc-motor based drive mechanism
finder (LRF), e.g. a SICK LMS 200, and add another axi® build a yaw scanning devicdcf. fig. 1. On top of
to reach the third dimension. In [23] Wulf et al. analyzethe rotating scanner a standard low cost USB camera is
different possible configurations of those system. Thexyounted, a Logitech Quickcam 4000 pro with0 x 480
distinguished four different types, namely thieching scan, pixel resolution and a maximum frame rate of 15 fps with
rolling scan, yawing scan and yawing scan tdjhe original full resolution (30 fps for320 x 240 pixel). To realize the
Kurt3D platform is equipped with gitching scansystem, continuous rotation of the 2D LRF and the camera, the data-
where the 2D LRF builds a horizontal scan plane arak well as the power connections are routed over a package
is pitching up and down [18]. Our experience, especiallyf slip rings. For the drive unit a standard 24V dc motor
gained in several RoboCup Rescue [15] competitions, haith optical wheel encoder is used. Those encoders are very
shown that for tele-exploration applications frewing scan often used for driving mobile robots, e.g., in Kurt3D [3].
method is also very applicable. Here the 2D LRF builds leor those robots, it is possible to utilize the same interfac
vertical scan plane and is continuous rotating around thed hardware driver for controlling the sensor drive unit
vertical axis. A major advantage in comparison to othets it is used already for controlling the robot drive and
configurations is the 360view of the environment, since therefore reduces the integration effort. Here we are using
it simplifies the operator tasks. The operator receivesthrea TMC200 [4], a three channel motor controller board with
dimensional information of the robot’s environment whiclserial RS232 interface.q
allows safe navigation and better orientation in unknown For generating oriented 3D environment scans it is nec-
and cluttered environments. Aitching scandevice is essary to initialize the starting position for the rotating
normally used in a stop and go manner whereas the contsensor. Since the optical encoder is a relative position
uous rotation scanner acquires data continuously. Anotlesmnsor, some other reference has to be found. Steckmann
advantage is the fact that here the LRF device is net al. [17] are using an additional sensor for determining
accelerated or decelerated for each scan which on the dhe starting position. We explicitly do not use such a sensor
hand is less stressing for the mechanics and on the ottelavoid the need of an extra input interface to the control
hand is reducing the power consumption per scan. software and so keeping the integration effort on a low
In the joined RoboCup Rescue Team "DeutscHevel. Instead of this, a software-sensor is used. In the
land 1” [19] in 2005 we used a 3D laser scanner, developstarting routine of the sensor, at maximum 1 initialization
by the Real Time Systems Group of the University ofurn of the sensor is required. During this turn, the single
Hannover [17]. This device is a highly integrated 32D scan planes are analyzed for a specific and predefined
sensor and includes an embedded PC for sensor control pattern which is very close to the sensor and belongs to
data preprocessing. Since the system is using a real-tithe mount of the drive unit. The accuracy of this procedure
operating system, it is possible to acquire 3D data with higtepends on the scanning frequency of the 2D LRF and
temporal and therefore also spatial precision. This allovilse actual rotation speed of the sensor. For example: A
acquisition of consistent scans while moving the sensd80 point 2D scan takes 13,3 ms and the sensor needs
presuming correct pose information. They have shown th&i8 seconds for a rotation of 360 So the accuracy of
this sensor can also used for other applications like regitre initialization is 2 . This is less accurate than using
surveillance in industrial environments. hardware sensor based method but is sufficient for the
Inspired by these sensor we developed a continuoagplication of tele-exploration robotics. Once this stayt
rotating 3D laser scanner 1 which is technically simplgrosition is determined the 3D data generation is done by
and less expensive, but nevertheless fulfills the requingsneusing the position information of the optical encoders. The
for tele-exploration applications. Due to its design cguiceturning speed of the sensor is stable since it is controed b
it is easy to integrate on many mobile robot systems amdPID controller, integrated in the TMC motor controller,
it is even less expensive than many other, very command the timing of the SICK LMS 200 is very precise which
3D laser scanning system for mobile robotics. Anothelows to distribute the acquired 2D scans uniformly over
important feature is the camera which is attached to tlaefull rotation. The resolution of the 3D laser scanner can
continuous rotating scanner and which delivers°3é6lor be influenced by the turning speed of the sensor and the



scanning mode of the 2D LRF. Running the scanner al. [22] and there utilized for a line based SLAM algorithm.
the 180 scan point mode and rotating with a speed of 4,8
seconds per turn gives a vertical and horizontal resolution
of 1° .

In the current configuration the rotating 3D laser scanner 140
is combined with an USB camera, which is used for 500
acquiring 360 surround view images. Several images are E
taken on each rotation of the sensor and concatenated to = suo
single large image. The camera provides an aperture angle
of 45° , which means that for covering a 360iew eight : : : : :
images are required. If the camera is initialized with 10 1500 Eodeee oo oo U Lo

—1000

frames per second and the laser scanner has a rotatiol - S0 i(m) 300 1000 1500
period of 4.8s, then every 6th image is taken to create the _
large image. In this version, the images are concatenated - |
without any alignment methods which sometimes yields to , ‘virtual?d mindat’ @
visible transitions in the image. S R om—— T
B [ R e - . S e R
[1l. OPERATORASSITANCE G i %&*’;ﬁ%@@ ...........
A. Navigation based on 3D Environment Data L 500 |-+ . ‘%@9@:;@% .......... b
Our experience in the field of tele-exploration robotics — _jypq b ioooeoricononns ?% B W S B o
shows that it is very difficult or even impossible to navigate - R [ o | i o
safe in cluttered and unknown environments by using only 1000 —S00 o <00 Lg00  1S00
front cameras which gives a robots perspective. Especially xlerm)

in narrow passages it is very useful to see the robot and its

environment at the same time. Some groups generated tﬁabt e“r-lm;’ére@f;'hgf\’/ir?g;”;bbsa::r? ‘?\;I‘ag;ﬁlfrgg'ggr' ed:éﬁ \fgr(t’;‘g‘lg(‘:‘a?:

cap§p|llty by moun.t'ng a C?-mera on a pole or man'PU|at9{2 point with the largest distance is extracted. This gigkebresentation

positioned to provide a bird’'s-eye-view of the scene. Avhich gives the boundaries of the environment, here theswalbwer

more sophisticated solution is to use information from a 3y:age: The Virual 2D Scan Minimum. This representationegivthe
. L. . . obstacles of the environment. Therefore the closest pomedch vertical

I h I I d

aser Scanner' since it glyes the rea ) Sp"f‘t'a Properties &b scan is extracted. To exclude the ceiling and the flooly 8@ data

therefore improves collision free navigation. One problefrom, e.g. 10 cm up to 1 m are considered.

here is how to present this three-dimensional informaiton t ) _ )

the operator. Projecting all 3D data points into a plane to ge 1) The Virtual 2D Scan - MaximumThis method is

a top-view of the scene would not give useful informatiofiltering the 3D point cloud for the boundaries of the

to the operator as one can see in fig. 3. Some kind of d&avironment, e.g., the walls for indoor environments. Here
preprocessing has to be done. all scan points are projected onto the X-Y plane by setting

the Z-value to zero (cf. fig. 3). Next for each original 2D
scan (from 0 to 359 ) the point with the largest distance to
the sensors center of rotation is chosen and all other points
are removed. This yields to a representation where the floor,
the ceiling and the interior is removed, which is shown in
figure 4, upper image. With this method regions with doors,
windows or other larger openings are not considered as
walls or boundaries. For the operator this representasion i
useful for large area navigation, orientation and more gllob
path planning.

Fig. 3. A 3D laser scan of the Fraunhofer AIS Robotics Pawillon the
right side all 3D information are projected to the X-Y plafi@ extract 2) The Virtual 2D Scan - Minimumin contrast to the
information about the structure of the building or the irdefurther data .
processing is essential. previous method, here the close-up range of the robot
system is of interest. The procedure is similar, but instedad
The acquired 3D point cloud is raw sensor data argbarching the point with the largest distance for each-verti
includes many data points for the floor as well as faral 2D scan, the closest point is sought. If one would use the
the ceiling. Needless to say, that it is not possible t§-Y plane projection of all points, the floor and the ceiling
distinguish between those points and obstacles in a top-vievould cause obstacles all around the robot, since they are
representation. Therefore we implemented two differetite closest points. Therefore the projection is limitedrfro
methods for preprocessing the 3D data, Wigual 2D the height at which obstacles are still traversable for the
Scans This concept was originally developed by Wulf etobot up to the height of the robot. This gives the closest



objects to the robot which would collide with the robot andelf localization is erroneous, so the geometric structdire
thus supports the operator avoiding collisions even in veoyerlapping 3D scans has to be considered for registration.
narrow passages. RKirtual 2D Scan - Minimunfrom the Furthermore, robot motion on natural surfaces has to cope
original 3D point cloud of figure 3 is shown in figure 4,with yaw, pitch and roll angles, turning pose estimation
lower image. For almost empty rooms, the results of bothto a problem in six mathematical dimensions. A fast
methods is very similar. variant of the ICP algorithm registers the 3D scans in a
common coordinate system and relocalizes the robot. The
basic algorithm was invented in 1992 and can be found,
As already described in section 1I-B the 3D laser scannglg. in [7].

is combined with a USB camera to acquire surround view Gjyen two independently acquired sets of 3D poidits,
images on each turn of the scanner. Since ¥mual (model set,[M| = N,,) and D (data set,|D| = Ny)

2D Scansonly provide spatial data, additional informationyhich correspond to a single shape, we aim to find the
from camera images are provided to the operator. Thistjgnsformation consisting of a rotatidd and a translation

required if a movable object, e.g., a curtain, is obstragtin, which minimizes the following cost function:
a passage. In the 3D laser scanner data a wall and a curtain

are not distinguishable. For providing an optimal surround 9
view to the operator, the whole image is split into a front E(R,t) = Z Zwi,j [lm; — (Rd; +¢)|[". (1)

and a back view. The operator is therefore always able to =15=1

classify obstacles which are shown in tetual 2D Scans  w; ; is assigned 1 if the-th point of A/ describes the same
Because of the camera rotation and its exposure time, th@nt in space as thg-th point of D. Otherwisew; ; is 0.
images are a little bit distorted but still much better thaTwo things have to be calculated: First, the corresponding
e.g., images from omni-direcitonal cameras. Since thegeints, and second, the transformatid®, ¢) that minimize
images are intended for providing just an overview, anothé{ R, t) on the base of the corresponding points. The ICP
camera is recommended for inspection purposes, at the b&gorithm calculates iteratively the point correspondenc
mounted on a pan-tilt unit. In each iteration step, the algorithm selects the closest
points as correspondences and calculates the transformati
(R, t) for minimizing equation (1). The assumption is that
in the last iteration step the point correspondences are
correct. Besl et al. prove that the method terminates in a
minimum [7]. However, this theorem does not hold in our
case, since we use a maximum tolerable distafgg for
associating the scan data. Hekg is set to 15 cm for the
first 15 iterations and then this threshold is lowered to 5 cm.
Fig. 6 (left) shows two 3D scans aligned only according to
the error-prone odometry-based pose estimation. The point
pairs are marked by a line.

B. Navigation Assistance using 360nages

Ny, Ng

Fig. 5. A sample image of the surround view, acquired with tH&B
camera attached to the continuous rotating 3D laser scadpeer part: —
The front view, from -90 to +9C° . Lower part: The back view, from
+90° to +270 .

C. Mapping and Relocalisation

For exploring large areas or for example collapsed build-
ings as advance guards for human rescue teams, it is T e
highly desirable to create a 3D map as precise as possible
during the mission. In contrast to the navigation assiganc
task from the previous section, where the 3D data are

ey
S WA WWW
captured continuously while the robot is moving, here it

. ded he 3D | . Fig. 6. Point pairs for the ICP scan matching algorithm. Téfe image
IS recommen e_ to use the a}ser scanner in a stop- w parts of two 3D scans and the closest point pairs as bfeek The
go manner to improve the quality of the resulting mapight images show the point pairs in case of semanticallyedasatching
To avoid occlusions in the 3D data of the map muItipIéOp) whereas the bottom part shows the distribution wittsest points
' Withé)ut taking the semantic point type into account.
scans are necessary. All these scans have to be merge
into a single coordinate system to create a correct and
consistent model. This process is called registratiorhdf t 1) Computing the Optimal Rotation and Translation in
localization of the robot with the 3D laser scanner wer@D: In every iteration the optimal transformatioR(t) has
precise, the registration could be done directly based en tto be computed. In earlier work [14] we used a quaternion

robot pose. However, due to the imprecise robot sensadbased method [7], but now we are using a method which is
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