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Resumo

Ao percorrer ambientes desconhecidos, um robd deggemaovel precisa de adquirir
informacdo sobre o ambiente que o rodeia, pararpietectar e evitar obstaculos e chegar
com seguranca ao seu destino.

Esta dissertacdo apresenta uma solucdo para ep@lde mapeamento e deteccéo de
obstaculos em ambientes estruturddoteriores ou exteriores, com particular aplicaeéio
robds de servico equipados com um LADAR. Esta swmufpi desenhada apenas para
ambientes estruturados e, como tal, ambientes ddgdaeno estdo fora do ambito deste
trabalho. A utilizacdo de qualquer conhecimentajdoba priori, sobre o que rodeia 0
LADAR também esta descartada, ou seja, o sistenmaaggeamento e deteccédo de obstaculos
desenvolvido trabalha em ambientes desconhecidos.

Nesta solugdo, assume-se que 0 robd, que transpoitADAR e o0 sistema de
mapeamento e deteccdo de obstaculos, esta posici@o@re uma superficie plana, que é
considerada como sendo o plano do chdo. O LADABs&nado de uma forma apropriada
para um mundo tridimensional e é utilizado um sedddRS para aumentar a robustez do
sistema em relacdo a variagdes na orientacao @ogudy por sua vez, podem originar falsos
positivos na deteccéo de obstaculos.

Os resultados dos testes efectuados em ambiemtiss agravés da incorporacdo deste
sistema num robd fisico, sugerem que o sistemandels&do pode ser uma boa opc¢éo para
robds de servigo que operem em ambientes estroginatdriores ou exteriores.

Palavras-Chave deteccdo de obstaculos, robds de servico, robdseis) LADAR,

mapeamento, interior, exterior, AHRS.

2 . ~ ~ . . ;. ~
Nesta dissertacao, a expressdao “ambientes estruturados” refere-se a ambientes em que a superficie do chdo
devera ser plana.
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Abstract

When travelling in unfamiliar environments, a meb#ervice robot needs to acquire
information about his surroundings in order to detad avoid obstacles and arrive safely at
his destination.

This dissertation presents a solution for the pnwbbf mapping and obstacle detection in
indoor/outdoor structuréd environments, with particular application on seevirobots
equipped with a LADAR. Since this system was desilyfor structured environments, off-
road terrains are outside the scope of this wolko Ahe use of any a priori knowledge about
LADAR'’s surroundings is discarded, i.e. the develbpmapping and obstacle detection
system works in unknown environments.

In this solution, it is assumed that the robot, alihcarries the LADAR and the mapping
and obstacle detection system, is based on a ptamtace which is considered to be the
ground plane. The LADAR is positioned in a way ahbié for a three dimensional world and
an AHRS sensor is used to increase the robustrfeg® system to variations on robot’s
attitude, which, in turn, can cause false positme®bstacle detection.

The results from the experimental tests conductedeal environments through the
incorporation on a physical robot suggest thatdineeloped solution can be a good option for

service robots driving in indoor/outdoor structusstvironments.

Keywords: obstacle detection, service robots, mobile rgboS8DAR, mapping, indoor,
outdoor, AHRS.

*In this dissertation, the term "structured environments" refers to environments in which the ground surface is
expected to be planar.
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Symbols and Notations

Symbol Description

AHRS Attitude and Heading Reference System

ahrsDriv | A Player driverthat interacts with an AHRS sensor

ContDriv | A Player driverthat communicates with a controller

IFR International Federation of Robotics

IMU Inertial Measurement Unit

IP Internet Protocol

LADAR LAser Detection And Ranging or Laser Radar

ladarDriv | A Player driverthat communicates with a LADAR and acquires itaisuges
LIDAR Light Detection And Ranging

LTP Local Tangent Plane

MapOD | A Player driverresponsible for the mapping and obstacle detesiystem
NED North-East-Down

RPY Roll-Pitch-Yaw

SLAM Simultaneous Localization And Mapping

SME Small Medium Enterprise

TCP Transmission Control Protocol

Xref, X coordinate of aeference plan@oint at angler

Xint X coordinate of a point that intersects the XY glan

X¢ X coordinate of a transformed point

Vref, Y coordinate of aeference plan@oint at angler

Vint Y coordinate of a point that intersects the XY glan

Ve Y coordinate of a transformed point

Z; Z coordinate of a transformed point

Avg, The average of the heights of all computed polms ¢orrespond to each cell
b Y-intercept of a line segment

Ch Height of a cell of thelevation mapmeasured in meters

Chops Height of a cell of th@bstacle mapmeasured in meters

Cv The value of ambstacle majs cell

Cw Width of a cell of theelevation mapmeasured in meters
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Width of a cell of theobstacle mapmeasured in meters
The theoretical range provided by the LADAR’s cahtream
First measured distance

Nth measured distance

Projection of distancd onto theXY plane

LADAR'’s height

Minimum height that an object that stands belowdghmind plane must have to

be considered as an obstacle

Minimum height that an object that stands abovegtioeind plane must have to

be considered as an obstacle

Height of a hypothetical obstacle at each aagle
LADAR'’s position on the map

Number of width cells of thelevation map
Number of width cells of thebstacle map

Slope of a line segment from ZX plane

Slope of a line segment from ZY plane

Number of height cells of thelevation map
Number of height cells of thabstacle map

A 3D point at angle

Real range provided by the LADAR at each angle
Projection of distancB, onto theXY plane
LADAR’s theoretical range at each angle
Angular step of the LADAR

A threshold fompitch angle, in degrees

A threshold fomitch angle, in degrees

Field of view of the LADAR

A generic angle, in degrees

Represents each angle where the LADAR emits a beam
An angle obtained from LADAR'’s tiltgp = 90 - tilt)
A generic angle, in degrees

A new distance for theeference planat angles

XVi



Contents

F o [0 1V =T o =T 0 0= o £ Vil
=21 ] 1 [0 TP PPPUPPPUPPPPT Xi
Y 0153 1 = Lo PO PPPPPRPP Xiii
SYMDBOIS @NA NOTALIONS ......evvviiiiiiis s s s e e e e e e ettt eeeea s e e e e e e e e e eaaaaneeeaeaaeeeeeeesnnrnnnnns XV
(O] 0] (=] 0| KPP PP XVii
S 0 T T = USSP XiX
R | 1 170 To [0 [t o I TOPPRPPPP 1
1.1 Problem StatemeENt........cc.uiiiiiiiiiiiieeeeiii et 3
1.2 SOIULION PrOSPECLT .....cciiiiiiieiiitiiicmmmmmme e e e e et e e ettt s s e e e e e e e e e aaaanaeeaaaaaeeeeeennnnnns 4
1.3 Dissertation OULINE .........oooiiiiiiii et e e 5
2. STALE OF TN AT .o ettt e e e e s e bbbt e e e e e e e e aaeas 7
2.1 Flat terrain aSSUMPLION . .........u..... s e e e e e e e e eeeeeeeeeeeeeesssesnne s seeseesaaaaaeeeeeaeeeees 7
2.2 Obstacle detection in terrains with slightlyiable slope ...........ccccceeiiiiiiiiiiiiiiceen 8
2.3 TraverSabIlity ........ueeeeie e 10
2.4  Representations of the enNVIFONMENT ... oo 10
2.5  StatistiCal @NalYSIS .......cooiiiiiiiiiiiit e ————————— 11
2.6  Geometrical relationShiPS ........ouuiiimmm e 12
3. SUPPOITING CONCEPLS ..eeuunniiieeeeeee e ettt s s e e e e e e e e e e e eeeeeeeeeeaeess s annnsssn e e e e e eeeaaeas 15
3.1 Coordinate Systems and Coordinate TransformatiQ..............ccccceevveeeviiinnnnnn. 5.1
31,1 LTP COOMINAIES ...t eeeeee ettt ee e a e e e e e e e e 15
3.1.2  RPY COOMAINALES ....cceeeiiiiiiiiiii s s e e e e e e e e e eeeeetebbb s e e e e eeeaa e s e e e e eeaaaas 15
3.2 Player/Stage PrOJECT........ccc ittt e e e e e e r e e e ee e e e e 19
4. Mapping and Obstacle DeteCtion SYSIEM ..cuuueeeceiiiiiie i e 25
72 g R AN J AN & 38 o o 111 11 o 25
A - o o] T 27
4.2.1  Computation of the reference plane... .. coveeieeeeiiiiiiiiiiie e, 27
4.2.2  Map BUIIAING ...cooeeeeeeeeee e ————————— 29
4.3 ODStacle definitiON ...........uuuueiieet ettt e e e 31
N O ] o Y= Tod [0 [ (=T ox 1o o PP U PP PP PP PP PPPPPPP 32
S V=Y o IR o] |11 Vo USSR 33
4.6 Robot’s Attitude COMPENSALION ..........cceeeeeiiiiiiee e e 36



4.7  Implementation 0N Player SEIVET ........uc i eee e 41

5. EXperimental RESUILS .........cooiiiiiiieeceee e e e 45
5.1 Changing resolution and Size Of MaAPS. . coocceeviiiiiiiii e 47
5.2  The reference Plane ... 51
5.3 Changing orientation of ground plane......c....iiiiiiies 52
5.4 MaP SCIOING .. .ottt e e 54
5.5  Pitch-Roll COMPENSALION .......cooiiiiiieeeeie e e eeeeeees 59
5.6 YW COMPENSALION ....coeiieiiiiiienennns s s s e e e e e e e e e e eaeeeeeeeessssnnnnnn s aaaseeeeas 64

6.  Conclusions and FULUIE WOTK .............cemmmmm e oeeeeeeeieeeeeeiiiiie e ae e e e e e e e 69
00 R O] o] [0 1 [0 o - T PP 69
6.2 FULUIE WOTK ..ttt s s e e e e e e e e e e e e e eeeaeeeaeeeeeeeensnnnnnns 71

2] ] [ToTe =T o] 0 ) Y/Z% PRSPPI 73

XViii



List of Figures

Figure 2.1 - Visual processing diagram proposefKioyolige et al., 2008]..........ccccceenn.. 8.
Figure 2.2 - Overview of the obstacle detectioroatgm proposed by [Batavia and Singh,
12200 )2 ST PPPPPPPRPR 9
Figure 2.3 - The three classes used by [Lalon@é ,e2006] to classify the 3D point cloud..11
Figure 2.4 - Compatibility relationship defined [iWanduchi et al., 2005]..........ccccevvvvn 12
Figure 3.1 — Roll, Pitch and Yaw axes [Grewal t2001]. ........cccoeevieieiieeeiiirrieeeeeieeeeennn 16
Figure 3.2 — Vehicle Euler Angles defined by Grej@ilewal et al., 2001]. ..........ccvvunenn. 6.1
Figure 3.3 — Rotations through Roll, Pitch and Yawles [ACME, 2009]. .............eeeeeveeeee. 17
Figure 3.4 - Transformation from RPY coordinate®tD coordinates [Grewal et al., 2001].
........................................................................................................................................ 18
Figure 3.5 - Euler Angles defined by Craig [Crél@05]. ......ccooeiviieiieeiiiiieeeeeeeev e 18
Figure 3.6 - Global architecture of Player/Stag@ét............ccccoeeeeeeeiiiiiiiiceeiiieeeeee e, 21
Figure 3.7 - Run-time process oP&yerdriver [PSU Robotics RoboWiki, 2010]. ......... 23
Figure 4.1 — LADAR features,dnd g are measured distancess the angular step afids

the FIEIA OF VIEBW. ...ttt e e e e e e e e e e e e e e e e bt s 26
Figure 4.2 — Two types of maps obtained using a ARD(a): Hallway; (b): 2D map of (a);
(03 251D I 1 4 =T o o 1 = ) RO O SRR PPPTRPPRRTRN 26
Figure 4.3 — LADAR'’s positioning for this Model...............oouiiiiiiiiieeeee 27
Figure 4.4 — Calculation of the reference plangsi@e view, (b) front view.................... 28
Figure 4.5 - Side view of the height computing s Example for an obstacle placed on the
positive Z axisH, is the height in meters apds an angle in degrees. .............cccceveeenee. 29
Figure 4.6 - Side view of the height computing s Example for an obstacle placed on the
negative Z axisH, is the height in meters apds an angle in degrees. .........ccccoeeeeeeeee. 30

Figure 4.7 - Elevation map representationepresents the number of height cells and the
number of width cellsc,, andc;, represent cell’s width and height, respectivelgasured in
metersL symbolizes LADAR’S position 0N the Map. ....ceceeeeeeeiiiiiinniieeeeeeeeeeeeeeiiiiiiinnns 31
Figure 4.8 - Obstacle mapypsrepresents the number of height cells aggl is the number of
width cells.Cwyps andChyps represent cell’s width and height, respectivelgasured in
metersL symbolizes LADAR’s position on the mag.represents each cell’s value. ........... 32
Figure 4.9 - Flowchart of the mapping and obstdel@ction system. .........ccccceevveeiiiieion 34
Figure 4.10 — Effects on theferenceplane caused by variations on robot’s attitudeafal

(b) - side view of pitch changes. (c) and (d) -hfreiew of roll changes. (e) and (f) — top view

Of YAW CRANGES. ... et e e e et as 35
Figure 4.11 — Computation of each XY point of teterence plane. (a) — side view, (b) top
1= OO PPPPPPPPPTR 36
Figure 4.12 — Example of point transSformMation.. ceuu.....ccooevveeeeeiiiiiceee e 39
Figure 4.13 - Implementation of this system on Bleyerver .........ccccoveeieiiiiiiiieeeeeeeees 41
Figure 4.14 — Run-time processlaflarDriv driVer.............ccccvvvvieeiiiiiiiiccciee e e 42
Figure 4.15 - Run-time processMBPOD ArVEr. ......cccooeieieiiiiiieeeeee e e e 43

XiX



Figure 5.1 — The robot with which these experimevese performed. This robot is being
developed by Holos, S.A., the mapping and obst@&lection system being the work of the

= LU 11 0 0 ) TSRS UPPPPPPTRPPPPPPPN 45
Figure 5.2 — Elevation and obstacle maps with wBfiesizes and resolutions, all built in the
same hall. (a) — real image of the hall. (b) and-(elevation and obstacle maps with 401x401
cells and resolution of 0.05 m. (d) and (e) — dieveand obstacle maps with 201x201 cells
and resolution of 0.1 m. (f) and (g) — elevatiod abstacle maps with 101x101 cells and
resolution of 0.2 m. (h) and (i) — elevation andtalsle maps with 41x41 cells and resolution

[0 018 o SR 49
Figure 5.3 — Reference plane experiment. (a) apd (bal scene. (c) — elevation map. (d) —
(0] 0151 r= Tt [N ¢ F= T o PSSR 51

Figure 5.4 — Experiment in which the robot goes davamp. (a) — real scene representing
the ramp. (b) and (c) — elevation and obstacle redfen before the robot start to go down the
ramp. (d) and (e) - elevation and obstacle mapentaken the robot was already going down
LT > 0 11 o 53
Figure 5.5 — Scrolling Procedure, first experim@&@#ginning of the path: (a) — real scene, (b)
— elevation map, (c) — obstacle map. End of thb:{d) — real scene, (e) - elevation map, (f)
— ODSTACIE MAP. ittt e e e e e et ettt e ettt bbb e e e e e e e e e e e e e eeeeeeareee 55
Figure 5.6 — Scrolling procedure, second experireginning of the path: (a) — real scene,
(b) — elevation map, (c) — obstacle map. End ofthih: (d) — real scene, (e) - elevation map,

(1) — ODSIACIE MAP. ...t rreee e s s e e e e e e e e e e e e e eeeaerbaane 57
Figure 5.7 - Corridor where this experiment wadqrened. (a) is the real scene, (b) the
elevation map and (c) the obstacle Map. ......ccccoevvviiiiieiiiiiiic e 59

Figure 5.8 - Negative Pitch example. (a) — robdhwiegative pitch. (b) and (c) - elevation
and obstacle maps with Pitch-Roll compensationafd) (e) - elevation and obstacle maps
without Pitch-ROIl COMPENSALION. ...t e e e e e 60
Figure 5.9 — Positive Pitch example. (a) — robdhwiositive pitch. (b) and (c) - elevation and
obstacle maps with Pitch-Roll compensation. (d) @)d elevation and obstacle maps
without Pitch-ROIl COMPENSALION. ... 62
Figure 5.10 - Negative Roll example. (a) — robatwiegative roll. (b) and (c) - elevation and
obstacle maps with Pitch-Roll compensation. (d) @)d elevation and obstacle maps
without Pitch-ROIl COMPENSALION. ...t e e e s 63
Figure 5.11 — Yaw compensation example. Beginnirtepath: (a) — real scene, (b) —
elevation map, (c) — obstacle map. Middle of thiapg@l) — real scene, (e) - elevation map, (f)
— obstacle map. End of the path: (g) — real so@gme,elevation map, (i) — obstacle map. .... 65

XX



1.Introduction

Nowadays, robots perform important roles in ourietyc They are present on many
different areas such as automotive industry, eaitertent, military operations, among others.
In particular, mobile service robots employment basn widespread in the last years and
today these kind of robots can perform severalstdde, for example, guiding tourists in
museums [Chella et al., 2007], house cleaning rigldare [Graf et al., 2004], interplanetary

exploration [Cheng et al., 2005], or humanitariame¢hing [Santana et al., 2007].

The International Federation of Robotics (IFR) de§ a service robot d6..) a robot
which operates semi- or fully autonomously to penfeervices useful to the well-being of
humans and equipment, excluding manufacturing djmersi [IFR, 2009]. Through this
definition one can notice that autonomy is a kegtiee for a service robot. Therefore, and
mostly on mobile service robots area, mapping isegaly considered as one of the most
important topics [Thrun, 2003]. In fact, once explg an unknown area, the mobile service
robot needs a process to construct a representdtithre environment (map) and this can be
used for navigation tasks such as path planningpbetacle detection and avoidance. Despite
the fact that obstacle detection is often performtlout using maps, it is also common to
find approaches where mapping and obstacle deteat® interconnected, which is the case
in this dissertation. In this thesis, mapping isf@ened with the purpose to detect obstacles,

i.e. obstacle detection will be accomplished wisisib on the construction of terrain maps.

In order to build a map, a robot must be equippél sensors that enable it to perceive
its surroundings such as LADARS, Stereoscopic Camer Ultrasonic Range Sensors. Also,
there are additional sensors that are often usedaipping including Inertial Measurement
Units (IMU), Attitude and Heading Reference Syste(@1RS) or Global Positioning
Systems (GPS).

Ultrasonic Range Sensors are very popular and @aheypresent in many mobile robots
nowadays [Lee et al., 2009]. They have good charattcs including low power
consumption and low cost. However, comparing tceottange sensors they exhibit low

angular resolution.



LADARs and Stereoscopic Cameras are complementargg are often used
simultaneously [Moghadam et al., 2008], [Matthigs a&, 2002] and they both have
advantages and disadvantages. A LADAR generallyiges fast and accurate range
measurements and works with big fields of view atdlong ranges. However, it only
provides information along the plane of the scagrimser beam and its performance is
affected by weather conditions (such as fog or)ramd by objects reflectivity. On the other
hand, Stereoscopic Cameras can provide 3D dataalodcolor and texture information.
Nevertheless, it generates large amounts of dauding noisy data) comparing to a
LADAR, which can be computationally expensive tmgass and its measurements are
affected by lightning conditions and by non-textlesvironments.

As mentioned before, the fusion of these two typesensors is a common attempt to
overcome their disadvantages and to take part @f thain capabilities in order to build
precise and reliable maps. However, in the coraéittis work a LADAR will be used as the
only sensor for environment perception, mainly dodats accuracy and lower amount of
generated data comparing to stereo vision. Alsofdkion of two or more range sensors will
not be focused in the context of this thesis aneketfore, integration of stereo vision cameras
and LADARs is discarded.

In the 1980s and early 1990s, two approaches fqopmg were used: metric and
topological [Thrun, 2003]. Metric maps can represggometric features of the environment
and two examples of this kind of maps are occupayr@y maps [Elfes, 1987] and feature
maps [Chatila and Laumond, 1985]. In the formeecasnvironments are represented by an
occupancy grid where each cell can indicate thegmree of an obstacle and in the latter case
maps contain parametric features such as linegcsrtlaat intend to describe the environment.
Topological maps can represent environments thraagimectivity between different places
and an early example of this approach is the wéiklwipers and Byun [Kuipers and Byun,
1991]. In this case, the map contains a set ofifsignt places that can be connected by arcs.
These arcs are usually labeled with informationuéipavigation from one place to another.

Since the 1990s, mapping has generally been nam8dAM (simultaneous localization
and mapping) because many researchers have bas ttrysolve mapping and localization
(determining a robot’s pose) problems in conjunc{ibhrun, 2003]. However this thesis does
not try to contribute to this field of research dese we will deal with the mapping problem

assuming that robot’s pose is known at any instatine.



Over the last decades, several approaches haveppeeosed on the research field of
obstacle detection systems for service robots. Safntiee most successful ones are based on
assumptions about terrain’s geometry [Konoligelet2908], [Batavia and Singh, 2002], on
performing traversability analysis of the robot'srreundings [Hamner et al., 2008], on
creating representations of the environment andguiiem to detect obstacles or safe paths
for the robot [Lacaze et al., 2002], on using statal analysis of a 3D point cloud in order to
characterize obstacles [Lalonde et al.,, 2006], or describing obstacles in terms of
geometrical relationships between 3D points [Mahd@t al., 2005]. These approaches are

reviewed with more detail on chapter two.

The main goal of this dissertation is to presebABAR-based solution for mapping and
obstacle detection in structured environmentsgeithdoor or outdoor. Off-road terrains are
often unstructured environments and, consequehty, are beyond the scope of this work. In
the context of this work it is assumed that the piag and obstacle detection system travels
in an unknown environment, i.e. the use of anyiaripknowledge about its surroundings is

discarded.

1.1 Problem Statement

As previously stated, this dissertation intendptesent a solution for the problem of
mapping and obstacle detection in indoor/outdawicstired environments that is targeted to a
service robot equipped with a LADAR. In the develegmt of such a solution, some main

problems must be taken into consideration:

1. The proposed model must be suitable for structaretironments (indoor or outdoor),
where structured surfaces must be correctly mappedclassified either as obstacles
or freespace. As previously referred, off-roaddies are not considered in the context
of this dissertation. Thus, unstructured surfaces/ mot be correctly mapped or

classified.

2. The proposed model must be robust to variationservice robot’'s attitude, i.e.
changes in pitch, roll and yaw angles. These changeobot’s attitude could lead to

false positives on obstacle detection which, intshould be avoided.



3. The proposed model must be computationally efficiend cope with real-time

constraints, so that service robot’s safety caadseired.

1.2 Solution Prospect

In order to overcome the problems mentioned onptia¥ious section, this dissertation

proposes the following solutions:

1.

3.

In this model, obstacles are defined as surfacasstiand above or below the plane
where the service robot is based and that can prevevheeled service robot from

passing through. The LADAR is positioned in orderenable the system to detect
obstacles that stand below LADAR'’s height and alsgative obstacles (obstacles that
stand below the plane where the service robot sedja which are common in these

environments.

The robustness in terms of variations on robotuate is achieved with the help of
an Attitude and Heading Reference System (AHRS)ghavidespitch, roll andyaw
angles. This information is added to the mappingj @lostacle detection algorithm so

that it can be adapted to the current attitudeeslu

Although this model is based on the constructioneofain maps, which can require
considerable storage capabilities, efforts wereentadnaintain low complexity on the
algorithm and low computational cost on the perfamnoe of the system, mainly in the

choice of an appropriate size and resolution ferrttaps.

This system is implemented on a framework for nebibotics applications named

Player/Stage Projecthat improves the communications between diffemaotules of the

system and increases computational efficiency bgceting several navigation tasks

simultaneously.



1.3 Dissertation Outline

This dissertation is organized as follows:
Chapter 1: introduces the reader to the subject of mapping abslacle detection using a
LADAR and lists some problems related to this scijé solution prospect for these

problems is also presented;

Chapter 2: exposes a brief overview of the state of the astiabbstacle detection for service

robots;

Chapter 3: gives an introduction to some supporting concepéslun this work;

Chapter 4: describes the mapping and obstacle detection systeposed;

Chapter 5: presents the experimental results;

Chapter 6: encompasses the conclusions about the developédandrpresents some future

work possibilities.






2.State of the Art

In the last decades, there have been a large nushlgentributions on the research field
of obstacle detection systems for service roboliss €hapter presents an overview of some
approaches that were proposed on this area. Irsg¢hons of this chapter, the author’s
intention is to present different approaches tograblem of obstacle detection for service
robots, and not a historical evolution of the reskan this area.

On section 2.1 an approach that uses the flatnesissumption is presented. This method
takes advantage of simplifications in order to dim@nd speed up the process of detecting
obstacles. Section 2.2 presents a method that esignéd for terrains that show smooth
slope changes and that uses gradient techniquastécot obstacles. A different approach is
exposed on section 2.3. It uses traversabilityyasmalof the robot’'s surroundings instead of
taking considerations about terrain’s geometry.tiBe.4 exhibits a method that creates a
representation of the environment and uses it tectlsafe paths for the robot. Section 2.5
shows an obstacle detection algorithm that perfatatistical analysis of a 3D point cloud in
order to characterize obstacles. Finally, a teamithat describes obstacles in terms of
geometrical relationships between 3D points is leixdl on section 2.6.

2.1 Flat terrain assumption

When travelling in outdoor conditions, an autonosioaobile robot may be confronted
with structured environments such as urban terrainman-made facilities, or with rougher
terrains with great slope variations like the af&d case. Despite that, it is often possible to
find a dominant ground plane. The presence of airgtgplane simplifies processing and
reduces the complexity of obstacles characterizatio fact, if a relatively flat ground plane
is assumed, it is possible to simply define obsta@s salient surfaces standing above or

below the ground.

Konolige et al. [Konolige et al., 2008] proposedanstacle detection algorithm based on
the assumption that the robot travels on a lod&lyground. The authors use a stereo vision

camera to obtain the disparity and color image® dikparity image is used to compute a 3D



point cloud of the environment and then the gropimhe is determined by a RANSAC

technique [Fischler and Bolles, 1981]. In this nlpdbéstacles are defined as points that lie
too high above the ground plane, but lower thanrtéi®t's height. Sight lines are used to
infer freespace to more distant points and themmatation is achieved by finding columns of
ground plane pixels that lead up to a distant abstarhe color image is applied in path

analysis. This work is illustrated in Figure 2.1.

e 3D local map
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Figure 2.1 - Visual processing diagram proposefKmnolige et al., 2008].

This approach presents good results on flat tegrdiat, at the same time, is very
susceptible to fail on rough ones where the deteatiun of the dominant ground plane,
which is the key feature of this kind of methodsnot very reliable. Besides that, the authors
only consider obstacles as points that stand alibee ground plane not taking into
consideration “negative obstacles”, i.e. obstattias stand below the ground plane, and this is

a great drawback in outdoor navigation.

2.2 QObstacle detection in terrains with slightly varialde
slope

In the previous section, obstacle detection wasopeed on the assumption of a flat
terrain. In this section a more generic method thab deals with non-flat terrains is
presented.

Batavia and Singh [Batavia and Singh, 2002] progase@rocess for obstacle detection

that uses a two-axis laser scanner to obtain et idata. This approach is suitable for cases



where the terrain changes his slope smoothly endiogliefine obstacles as discrete
discontinuities.

The two-axis laser scanner used by the authorgstertd a single line laser range finder
that operates as a two-axis scanner by being thtatehat the laser scans vertically instead of
horizontally, and then mechanically swept from smiside to provide horizontal coverage. In
their work, the authors consider a “scan” as one bf laser data, scanned vertically, and a
“sweep” as a set of scans, collected by mechagisaleeping the laser from side to side.

Single-scan profile Cartesian View
NN Fusing Filtered Results
0 (-

®

Figure 2.2 - Overview of the obstacle detectiorpaitipm proposed by [Batavia and Singh, 2002]

The obstacle detection algorithm is summarizedigufe 2.2 and consists of two phases:
classification and fusion. In the classificatioraph, each scan line is converted to Cartesian
coordinates and terrain’s gradient is computedgtbe scan line. A threshold is then applied
to the gradient to classify each pixel as ‘obstaark dots on Figure 2.2) or ‘freespace’
(white dots on Figure 2.2). Each classified scathénh saved in a buffer containing a time-
history of scans. This buffer is represented onbilloek named “Cartesian View” on Figure
2.2. The duration of this ‘time window’ establishitte amount of data that will be fused. In
the fusion phase, obstacle pixels are clusterenigusinearest neighbor (NN) criterion and

candidate obstacles are then filtered based onrttass and size.

The two-axis scanning procedure used by the authaistained by sweeping a common
(single-axis) laser scanner. In some cases, depgnain the purpose of the robot that
incorporates the obstacle detection system, tloisnigue may consume too much time for

real-time operation.



2.3 Traversability

Rather than taking geometric considerations aldwuterrain, there are some approaches
that employ traversability analysis. Instead ofed®mining if a certain region of the
environment is an obstacle or freespace, this kindbstacle detection systems try to avoid
such a binary decision assigning to each regioth@frobot surroundings a cost value that
represents the degree of difficulty for the rolwotrtove across that region.

Hamner et al. [Hamner et al., 2008] present anaghbstdetection system that performs
traversability analysis. The authors use two laaage finders (one that is fixed and another
that sweeps about an orthogonal axis) and a slidimglow of point cloud data (obtained
from both lasers) that is registered over time. i®leksized planar patches are fit to the point
cloud data and this process allows the settlemietitree parameters: plane orientation (roll,
pitch), terrain’s roughness (obtained by the rediahi the fitting process) and the height of
data points above the plane. This method produagsdabased traversability map and the
plane fitting process is applied to each cell @ thap, in order to acquire the parameters that
are used to compute a hazard score that correspomios traversability measure of each cell.
Furthermore, the authors complement the traversakihalysis with gradient analysis from

[Batavia and Singh, 2002] presented in sectionr2dtder to improve their results.

The plane fitting process performed in this work hdarge computational cost and this is
a main concern in real-time obstacle detectionnfimbile robots. Although it compensates
some weaknesses of each individual algorithm, i@ of combining two different kinds of
analysis for obstacle detection increases the oaxitpl of the system. This system is also
more expensive than other approaches because g#smae of two laser scanners and a

sweeping system.

2.4 Representations of the environment

Another well-known method to perform obstacle detec consists in creating
representations of the environment and using tremletect obstacles or safe paths for the

robot.
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Lacaze et al. [Laca&zet al., 2002] propose the creatiol an elevation map of the terra
in order to detect the support surface for the ale and toavoid obstacle. First, the
measurements of a LADAR are geometrically transémnmto an elevation map centered
the vehicle andhiis is done as the vehicle moves through the te During this process ea
tile of the map is assignewith the number of times it has been segrhe sensor. /height
threshold is applied to thelevation map to determine the suppsutface for the vehicl
Then, the authors try to predict safe trajectories foe trehicle aloncthe elevation map
through the computation of cost functi for each potential trajectc. These cost functions
depend on several parameters such as exi: of protruding objects, roughness of -
terrain, number of times each cell has been seghdgensor and pitch and roll along e
trajectory. he authors use a vehicle model predict pitch and rollalong each path by

placing vehicle masks along e¢potentialtrajectory in the elevation mz

Instead of assessing the content of each tileytdotifind obstacles, the authors use
elevation map to estimate safe trajectories forrtimt by calculating cost functions. Tl
makes the methodomputatinally heavy, especialljpecause of the multiple placing

vehicle masksand causes it to hadifficulties to deal with reatime constraint:

2.5 Statistical analysis

Lalonde et al]Lalonde et al., 200! propose a different technique to perform obst
detection. In this work the authors present a ntethat employs statistical analysisa 3D

point cloud that is builincrementally as the robnavigates througthe terrair
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Figure 2.3 -The three classes used by [Lalonde et al., 2006]assify the 3D point clot
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This analysis tries to classify the 3D point clomtb three classes: surfaces (ground
surface, rocks), linear structures (wires, branclasl scattered regions (vegetation). The
classification is based on the comparison of tgereralues obtained from the calculation of a
covariance matrix for all the points within a ndigihhood of a certain point.

As shown on Figure 2.3, scattered regions haveamoirthnt eigenvalue whereas linear

structures present one main eigenvalue and surfexestwo eigenvalues that prevail.

This obstacle detection algorithm is suitable fegetated terrains and the authors present
good results using measurements from laser scanmets nonetheless, for structured

environments simpler approaches can be used.

2.6 Geometrical relationships

A method that examines geometrical relationshipsvéen points of a 3D point cloud
was developed by Manduchi et al. [Manduchi et 2005]. These authors try to detect
obstacles by analyzing slant and altitude of vesgurface patches directly in the range image
domain. A visible surface patch is considered astaube if its slope is larger than a certain
valued (the maximum slope a robot can climb) and if &rspa vertical interval larger than a
thresholdH (the minimum height an obstacle must have to blotlot's passage). Slant and
altitude measures are taken from the search fos dicompatible points in the 3D point
cloud.

Figure 2.4 - Compatibility relationship defined fiWanduchi et al., 2005]
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This compatibility relationship is illustrated ingtre 2.4 and is expressed by the authors
as follows:“The points compatible with a surface point p al®de belonging to the two
truncated cones Yand L, with vertex in p, axis oriented vertically, andhited by the two
planes of equation y = Hmin and y = Hmax respedtyivefManduchi et al., 2005].

Each point is considered an obstacle point if & ha least one compatible point that
belongs to the same surface. The authors use stisien images and, for each image pixel, a
search for compatible points is executed with thed finding obstacle points.

This obstacle detection system has attracted p&tignterest by several researchers,
mainly due to the distinct definition of an obs&clwhich is based on the concept of
compatibility between 3D points. However, this a@gwh has limitations regarding real-time
obstacle detection because its computational @sstyedbecomes a problem as the number of
3D points increases. Also, this method is very i@esto incorrect 3D points generated by

stereo-vision, commonly known as outliers.
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3.Supporting concepts

This chapter summarizes some concepts that helpedeodevelopment of this mapping
and obstacle detection system. Section 3.1 descsitnme coordinate systems and coordinate
transformations that are useful in mobile roboti€ection 3.2 presents the Player/Stage
Project, which is an open-source framework thatp$ifras the development of control

architectures for several applications, includingpite robots.

3.1 Coordinate Systems and Coordinate Transformations

There are many ways of representing a locatiohenvtorld by a set of coordinates. This
section presents some coordinate systems that f@e osed in navigation with Inertial
Navigation Systems [Grewal et al., 2001]. Coorden&tansformations that are useful in
mobile robotics and, in particular, in this worke @lso exposed in this section.

3.1.1 LTP coordinates

Grewal defines Local Tangent Plane (LTP) coordmass “(...) local reference
directions for representing vehicle attitude andoedy for operation on or near the surface
of the earth”[Grewal et al., 2001]. A frequent orientation farstkind of coordinates has one
horizontal axis (the east axis) in the directionnafeasing longitude and the other horizontal
axis (the north axis) in the direction of incregslatitude. A common LTP coordinate system
is the North-East-Down (NED).

In NED, the direction of a clockwise turn is in tpesitive direction with respect to a
downward axis. This coordinate system is used inyvapplications because its coordinate
axes coincide with vehicle-fixed roll-pitch-yaw (RPcoordinates when the vehicle is level
and headed north [Grewal et al., 2001].

3.1.2 RPY coordinates

Grewal [Grewal et al., 2001] defines roll-pitch-yd®RPY) coordinates &f...) vehicle-

fixed, with the roll axis in the nominal directiof motion of the vehicle, the pitch axis out the

15



right-hand side, and the yaw axis such that turningthe right is positive” Figure 3.1
illustrates this coordinate system.

Roll Axis

Pitch Axis
Yaw Axis

Figure 3.1 — Roll, Pitch and Yaw axes [Grewal et 2001].

The angles of rotation about the vehictdl, pitch andyaw axes are called thEuler
angles [Grewal et al., 2001]. These angles canifgpthe attitude of the vehicle body with
respect to local coordinates.

Figure 3.2 — Vehicle Euler Angles defined by Greyatewal et al., 2001].

A common convention for Euler angles is illustratd Figure 3.2 and is defined by
Grewal [Grewal et al., 2001] as a set of threetimta, starting with the vehicle level withll
axis pointed north, as follows:

16



» First rotate through thyaw angle ) about the vehiclgaw axis to the intended
azimuth (heading) of the vehicroll axis. The azimuth is measured clocky

(east) from nortt

* Then, rotate through trpitch angle P) about the vehicl@itch axis to bring the
vehicleroll axis to its intended elevation. Elevation is meadysositive upwar:

from the local horizontal plar

* Finally, rotate through throll angle R) about the vehiclroll axis to bring the

vehicle attitude to the specifiedientation.

Figure 3.3illustrates how the rotatiorthroughthese angles can affect the orientatiol

an object, in this case an airple

Figure 3.3 -Rotations throug Roll, Pitch and Yaw anglg®\CME, 2009]

This set of three angular rotations is often ugeddfine a coordinate transformation
bring onecoordinate frame to coincide to another. To achikig, the rotation of each axis
specified by a rotation matrix. For example, theordmate transformation from RF
coordinates to NED coordina is given by the produdaf three rotation matrices, as sho

on Figure 3.4Grewal et al., 20(].
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Figure 3.4 - Transformation from RPY coordinateNteD coordinates [Grewal et al., 2001].

A similar convention for Euler angles is given bsai@ [Craig, 2005]. Given two frames
A andB, the order of rotations is as follows: startinghmirameB coincident with a known
frameA, rotate firstB aboutZg by an anglex, then about's by an anglds, and, finally, about

Xg by an angle. This set of Euler-angle rotations is exemplifeegdFigure 3.5.

A

r AN di’r X
‘j?H # i K]

Figure 3.5 - Euler Angles defined by Craig [Cra2@05].

The final orientation oB relative toA is also given by the product of three rotation
matrices, as follows:

BRzyx(a B, Y) = Rz()Ry(B)Rx(Y)

cosa —sina 0 cosB 0 sinf7 1 0 0
=|sina cosa Of- 0 1 0 |-|0 cosy -—siny|=

0 0 11 L—sinf O cosBl L0 siny cosy
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cosacosf3 —sinacosy+ cosasinfsiny sinasiny+ cosasinf3cosy
= |sinacos cosacosy+sinasinfsiny —cosasiny+ sinasinf3cosy| Equation
. . 3.1
—sinf3 cos siny cosfcosy

If one considers that the Euler angles of Crai@€sajg, 2005] conventiony, 3 andy,
correspond, respectively, to the Euler angles @wal's [Grewal et al., 2001] convention,
P andR, one can see that the results from Figure 3.4rand Equation 3.1 are equivalent.

3.2 Player/Stage Project

The Player/Stage Project provides open-source tablat simplify controller
development, particularly for multiple-robot, dibtrted robot, and sensor network systems
[Vaughan et al., 2003]. This project includes Hayer server, and the robot simulat@tage
andGazebo According to its authors and developers, Bteeyer server(...) is probably the
most widely used robot control interface in the Mdr[Player Project, 2010].

Playeris a network server for robot control [Player BobjWiki, 2010]. When operating
on a robot,Player provides a straightforward interface to the robattuators and sensors
over an IP network. The user can creaféliant program that configures devices, reads data
from sensors and writes commands to actuatorstbyaicting withPlayerover a TCP socket.

Stageis a 2D multiple-robot simulator from the Playaoject [Player Project Wiki,
2010]. It can simulate a group of mobile robotsvidig and sensing a two-dimensional
environment. This simulator is prepared to prowd&ual robots that make use of simulated
devices instead of physical sensors, taking adgentd several sensor models including
sonars, laser rangefinders, cameras, etc.

Gazeboais a multi-robot simulator for outdoor environmefPlayer Project Wiki, 2010].
Its basis is similar t&tage but the robots and sensors are simulated onea-ttimensional
environment.

Player server is the only component of the Player/StaggeBt that will be used in this
work and, thus, it's also the only one of the thceenponents that is explored in more detail
in this chapter.

Player defines a set of standainterfaces each of which is a specification of the ways
that you can interact with some class of devicdaygt Manual, 2010]. For example, the

laserinterfacespecifies a format (messages and their contemtghich a laser range finder
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can return its measurements (generally, a lisenfes and some scanning parameters). This
interfacecan be used to interact with different kinds @fllarange finders, such as SICK and
Hokuyo Laser Range Finders.

Another key concept ifPlayer is the concept ofiriver. It is defined by the authors of
Player Project asA piece of software (usually written in C++) thaiks to a robotic sensor,
actuator, or algorithm, and translates its inputadaoutputs to conform to one or more
interface$ [Player Manual, 2010]. Thdriver's job is to adapt the specific language of an
equipment or algorithm to the format of the cormstinginterface This way, two different
sensors of the same class can provide data iname $ormat toPlayer, using the same
interface. MostPlayer drivers communicate directly with hardware, big @lso possible to
use a different kind of driver - thabstract driver- that communicates with other drivers
instead of hardware componenBayer has a lot ofdrivers and abstract driversalready
developed and that are ready to be used by thdapere

The concept ofleviceis closely linked with the concepts above menttbn& device
represents a connection betweatriger (or anabstract drivej and annterface Eachdevice
is assigned with a specific address that is usednissage exchange which occurs between
devicesand with the help ohterfaces[Player Manual, 2010]. This address can be conthose
by several fields such as host, robot (port), fater or index. Only the last two fields are
mandatory [Owen, 2010].

The connection between dxiver and aninterfaceis specified in a configuration file,
namedconfig file The user must write this file containing all iheormation thatPlayer must
know about the equipment that will be used. THes tills Player which drivers will be used
and whichinterfacesthey provide or require. The declarationsdakers or abstract drivers
on theconfig file can also contain some parameters related to theser algorithm that
corresponds to thdriver or abstract driver respectively.

The relationships between these three importantequs ofPlayer (interface driver and
devicg can be easily understood with the help of an g@tamAs mentioned before, there are
several drivers that came witPlayer. One of them is thaickims200driver. This driver
controls a SICK LMS200, which is a laser range dinthat is popular in mobile robotics
applications. Thidriver is able to communicate with the SICK LMS200 ovesegial port
and receive range data from it. Moreover, $iekims200driver translates the range data
received in a specific SICK format to the formafimed by thelaser interface Thus,Player
must know that thislriver provides daser interface To achieve this, theickims20Qdriver
and thelaser interfaceare associated to creatdevice This is performed in aonfig file An

example of a declaration ofdaiver on aconfig filecan be given by:
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driver

name "sickims200" // name of the driver
provides ["laser:0"] // [“interface:index”]

scanning frequency 50 // parameter

On this example, driver with the namesickims200s declared. The device address is
defined on the ‘provides’ section. This addressoimiposed by thiaser interfacethe
interfacethrough which thelriver provides data) and thedexof thedevicewhich isO. It
also has a parameter named scanning frequencyheittalue 50.

The Player/Stage Project has also a set of litwanamed Client Libraries, which allow
the user to communicate with thBlayer server from an external program. This
communication can be achieved by uskgpxiesthat are defined in the Client Libraries.
Proxiesare C++ classes that offer methods to requestahatéor send commands from and to
the Player server and they are closely related toittterfacesdefined orPlayer, i.e. for each
interfacethere should be a correspondiigpxy in the Client Libraries. The user must build a
Client program that useBroxiesto communicate witliPlayer, in order to request data from
sensors and send commands to actuators.

The global architecture of the Player/Stage Praogeitiustrated on Figure 3.6.

Client Player
Libraries Server
!

Sensor

S Abstract

Figure 3.6 - Global architecture of Player/Stagejé&ut
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This figure shows that th€lient program built by the user requests data or sends

commands through the methods containeBrioxies These methods offered IB®yoxiesare

prepared to send messageddtwvers in order to deliver those requests and/or commands

These messages are routedPgyer Servethat knows whichinterfaceseachdriver supports

and whichProxiescorrespond to thoseterfaces Finally, the drivers communicate with the

hardware of the robot to perform the actions dddmetheClient

As referred beforePlayer has severatirivers and abstract driversalready developed.

However, the user may not have the hardware or nmaywant the algorithms that these

drivers control. In these situations, the user should lbgvés owndriver. For this, it's

important to know the methods contained adriger and its run-time process. The methods

that should be present ordaver are:

Driver (ConfigFile* cf) : The constructor of theriver. It reads all the
information present on thenfig filethat is related to thidriver, including the
interfacesit provides and/or requires and some parametatsiay have been

defined. The parametef represents theonfig filethat loads thériver;

MainSetup() : This method allocates resources before ergdaha main loop.
It is also useful to perform initializations or errchecking before the main
loop becomes active. In general, the developerldhmut here everything that

only needs to be done once;

pthread_testcance() : This function is prepared to check whetherdhger’s
thread should be killed and to cause the drivdaréak out of théviain() loop
and go to thé/lainShutdown() method,;

ProcessMessagé€s : A very important method that processes the sagss
present on the message queue. In this methodlriver can receive data (e.g.
from otherdrivers) and requests (e.g. fro@lienty. Thedriver can publish its

data here, if it receives requests for it;

Main() : The core oflriver's functioning. This method should contain a main

loop and have specific function calls to criticalettods, such as
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ProcessMessagép or pthread_testcance(). If the driver doesn’'t need a

request to publish its data, it can be publishettiénMain function;

* MainShutdown() : This method is called when thdriver is about to be
stopped byPlayer. It's useful to deallocate resources, disconneminfports,

etc;

» ~Driver () : The destructor of thériver.

The run-time process of Rlayer driveris exemplified on Figure 3.7 [PSU Robotics
RoboWiki, 2010].

Process

Class
Constructor
Setupl)

IMezzazes
Function Call g

Internal data
mznagemeant
|
.'I.I

Main() Loop or

Update{) call

Class Destructor o ==
sh‘ut’dﬂ‘ﬂ'ﬂ‘} .' lru‘i:'-.-__-j-_-

Figure 3.7 - Run-time process oP#ayerdriver [PSU Robotics RoboWiki, 2010].

First, theConstructorand theMainSetupmethods are executed. Then, thizer enters in
its core function, i.e. th&ain loop. In this loop, thariver continuously verifies ifPlayer
wants it to be stopped and also checks for new agess executes the corresponding actions
and publishes new data. Finally, when tirever is stopped, thévlainShutdownand the

Destructormethods are performed.
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4.Mapping and Obstacle Qetection system

This chapter presents a mapping and obstacle aetesystem for service robots that
work in indoor/outdoor structured environments ahdt are equipped with, mainly, a
LADAR and an AHRS sensor. Section 4.1 shows how LABAR is positioned in this
system, in order to buildlevation map®f the environment. Section 4.2 exposes the mgppin
procedure that is responsible for the creationhefedlevation map On Section 4.3, it is
described the obstacle definition used in this rhodis definition and the previously
obtainedelevation mapsire used by a simple obstacle detector, whiclessribed on Section
4.4. This obstacle detection procedure generai@sy@ pbstacle mapthat represents only
obstacles and freespace and that is more suitableetused by a path planner than an
elevation mapSection 4.5 presents the scrolling procedureithased for thelevation map
and depicts the overall functioning of this mappamgl obstacle detection system. Section 4.6
describes the attitude compensation procedure osetiis system. This algorithm uses an
AHRS sensor and allows this system to be more tohgainst variations on robotjstch,
roll andyaw angles. Finally, Section 4.7 describes the implgateon of this mapping and
obstacle detection system on a platform for robapiglications nameRBlayer/Stage

4.1 LADAR’s positioning

The LADAR is a range sensor that is based on timee“of flight” principle, i.e. each
distance provided by this sensor is computed frieengropagation time that a pulse of light
takes to travel from the source to the target aackko the receptor. At each scan, the
LADAR provides a set of distances computed alosgfigld of view (see Figure 4.1).
Usually, the emitted laser beams are deflectecgusimirror and, thus, the LADAR scans the
surroundings in a circular manner. The measuremmmletected at regular angular steps
and each scan proceeds counterclockwise aboutADAR, i.e. fromd; to d, on Figure 4.1.
This figure illustrates some of the features ineolvon LADAR’s operation. This kind of

range sensors is also called LIDAR (LIght Detectord Ranging).
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Figure 4.1 — LADAR features.;@nc d, are measured distancesis the angular step arf is the field of
view.

Typically, the LADARcan be used to build two dimensional or three dsimeral map:
of the environment. The 2D approach is normallyi@ad bysettingthe scanning plan
parallel to the floorlf we consider he hallway presented in Figure 4&), a typical map
obtained with this method is shownFigure 4.2 (b).

@ (b) ()

Figure 4.2 -Two types of maps obtained usia LADAR. (a): Hallway; (b): 2D mapf (a); (c): 2.5D map
of (a).

This kind of maps is acceptable for a two dimenasiavorld where all the objects sho
have specificshapes and should be tall enoc to be detected by the scanning ple
However, this method faces many problems preséntede real world such as jects below
or above the height of tHeADAR, tables, sidewalks, fencings, ditchason¢ others. In this
dissertation the LADAR isisecin a way suitable for a three dimensional wc¢ With this
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approach it is possible twuild two and a half dimensional n's, similar to the ne presented
on Figure 4.2 (c).

As stated beforehts model uses a singleADAR which is placed on top of a mobi
robot with the scanning plane angled dc towardsthe direction of motio, as shown in
Figure 4.3 As the robot moves forward, the laser sweeps spaee in front of the robot a

a 2D Y2 map is being built.

Figure4.3 — LADAR'’s positioning for this model.

4.2 Mapping

This section exposes tlprocedure that is behind tlueeation of theelevation map It
describesthe computation of threference plangsection 4.2.1) and also how to get
information that will be dded to theelevation mapand how the mafs represente (section
4.2.2).

4.2.1 Computation of the reference plane

One of the first operations the mapping procedure is titemputatiol of areference
plang which is the plane that the LAD/ “sees”, positioned as dfigure4.3, without having
any objectinside its field of viev. In other words, it's an “empty plaheomposed by a set of
ranges thathe LADAR woulc provideif it only scans the surface where the robot isditac

and no other object or surface is detecin its field of view. This reference planes
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continuously updatedue to changes in LADAR’s attitucand isused to compare with tt
real plané provided by the LADAR in order to obtain informatiabout terrain’s elevatic

The calculation of theeference plar is based on some simple trigonomeconcepts,
which are illustrated on Figure4 In these calculations it is assumed that the LADs\RNS
is on the position (0, ) according to the coordinate syss of Figure 4.4. Distanced
represents the theoretical raqgevided by the LADAFs centralbeam, i.e. the beam that
emitted ato = 90°. LADAR’s height is represented th and ¢ is an angle obtained fro
LADAR's tilt (¢ = 90 - tilt).

() (b)

Figure 4.4 — @lculatior of the reference plane: (a) side view, (b) froim@w.

On Figure 4.4 (a) i possible to see that tanced can be computed by the followil
equation:

h

d =
cos ¢

LADAR'’s height and tilt remain always with the same vakie¢ce the LADAR isfixed
in a fix position. Thusit would be expected thdistanced would always remain the same
long ash and ¢ remain consta and no obstacles are detectedfact, this will not happe
becausal will have to be updated due to changes in robdtitide, but thisproblem will be
explored on section 4.5.

Then, distancel is used to computthe LADAR’s theoretical range at each ans (R,)

as follows:

*In this dissertation, the term "real plane" refers to the plane that contains the set of ranges measured by the
LADAR at each scan.
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The angles represents each angle where the LADAR emits a bThese angles are
obtained by iteratively adding the angular s« (see Figure 4)1to the starting angle of tt
field of view.

Thereference planevill be composed by the set R, ranges computed along the field
view of the LADAR.Summarizing, the procedure to compthereference plan consists of
first computing distancel andthen using this distance to determine the reR, for each

angles of the field of view.

4.2.2 Map building

As stated before, threference plands used to obtain information about terrai
elevation by comparing it with threal planeprovided by the LADAR. Hencevery time a
scan is performed, and for each arg, the real range provided by the LAD: (Reai) iS
compared to theorrespondin rangeR, of the reference planéo compute the height @

hypothetical obstacl@his prccedure is illustrated on Figure 4.5 dfidure4.6.

Lb Obstacle

X

Figure 4.5 -Side view of the height computing proc. Example for an obstacfdaced on the positive Z
axis.H, is the height in meters apdis an angle in deges.

By looking at Figured.5 it's possible to see thtdte height of a hypothetical obste (H,)

can be computebly the following equatin:

H; = cos (p) X (Ro - Rreal((,))
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The angle is obtainecfrom laser’s heighbh and each range, as follows

For “negative” obstacled.e. obstacles placed on the negative Z the procedure is

similar but, in this casdReas) has a bigger value thdR,, as shown offrigure4.6. Hence, as
expected, the value obtainedHpis negative.

X Obstacle

Figure 4.6 -Side view of the height computing proc. Example for an obstacle placed on the negati
axis.H, is the height in meters arp is an angle in degrees.

If there isn’t anyobstacle at a given angte Reair) andR, will have approximately th
same value and the value computecH, will be very close to zero.

Finally, the computedheigh (H,) is saved in arelevation map(system’s interng
representation of theerrain’s elevatio) on a cell corresponding to tihenge provided by th
LADAR. A grid map was adopted to represent terrain’s é¢i@van a suitable we (see
Figure 4.7).This map can be represented by the follovexpression:

j=n

(AVGheignt)ij
0

I
3
0

o

i=

J

The elevation maps a twc-dimensional array of cellsi{ X n) containing informatiot
based on the measures taken from the LADAR amslLADAR-centered i.e. thesensor is
placed on the center celf the maj, which is also considered # origin of the XY plan.

Each cell in theelevation mapepresents an ar, (¢, X c¢,,) m°. Therefore, the totearea of
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the map is(m x ¢,,) X (n x ¢;,) m?. Each cell contains the average of the heightsllof
computed points that correspond to that cell. Arespntation of thelevation mapused in

this work is shown on Figure 4.7.

m
< > Co.
W
A +—>
M Avg, Ich
n
L \T_’
X
A

Figure 4.7 - Elevation map representatinmepresents the number of height cells amnis the number of
width cells.c,, andc, represent cell’'s width and height, respectivelgasured in metert. symbolizes
LADAR’s position on the map.

Every time a LADAR scan is performed, tlevation mapis updated with new
information obtained from the scan. To achieve,thie average height of each cell that
contains new information is updated with the cgoggling height values computed from the

new scan, as explained before.

4.3 Obstacle definition

As previously stated, this model intends to beadust for structured environments. These
environments usually have large planar surfaces rayhagenerally, obstacles are
distinguishable. Thus, in this case, an obstacte i understood as an object that stands
above or below those large planar surfaces whexesénvice robot is based and that can
prevent a wheeled service robot from passing throlg this model, it is assumed that the
surface where the robot stands is considered agrthmd plane and obstacles are classified

in terms of their heights in relation to this grdymlane. The obstacle definition used is:

Definition 1: A cell (i,j) of the elevation mapis considered an obstacle if the following

condition is met:
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1. Avgh(irj) > Hpos U Avgh(irj) < Hneg

where Avg, (i, ) is the average height of the céll,,; is the minimum height that an object
that stands above the ground plane must have tormdered as an obstacle dfd,, is the
minimum height that an object that stands belowgtteeind plane must have to be considered
as an obstacle. All the cells that have averagghtewith values betwedi,,; andH,,., are
considered as free space. Consequently, the védugsarameterdt,,; and H,,, must be

chosen according to the service robot’s dimensiomsder to prevent the robot being damage

when travelling cells considered as free space.

4.4 Obstacle detection

The obstacle detection procedure of this modeéry gimple and consists in applying the
obstacle definition of section 4.3 to each celtlefelevation mapThe information obtained
on the obstacle detection procedure is saved @mbstacle magsee Figure 4.8) that is more
suitable to be transferred to and used by a pattmgr.

The obstacle mapis similar to theelevation mapin terms of their appearance.
Nonetheless, the content of each cell is differentheobstacle mapeach cell holds a value
(cy) that represents an obstacle or free space.

« e > CWabs
r'y
e
Tobs -
YL
i X

Figure 4.8 - Obstacle mapeps represents the number of height cells ang is the number of width cells.
Cw,ps andChgps represent cell’s width and height, respectivelgasured in meters. symbolizes
LADAR'’s position on the mapc, represents each cell’s value.
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Also their heights and widths can be different,shese if theobstacle maps intended to
be used by a path planner its size could be smiiléar theelevation map’ssize in order to
reduce the amount of information that is transtkriéor example, th@bstacle mapcan
represent only a “window” of thelevation mapmaintaining the same resolution (cell’s size).
However, these details must be taken in considerattcording to the chosen strategy for the
path planning.

As previously mentioned, the value assigned to eatitof theobstacle mapmlepends on
the results of applying the obstacle detectionnikdin to theelevation map This value is

assigned according to the following conditions:

C. = {_1’ Hneg < Avgh(lr]) < Hpos
v 1, Avgh(i;j) > Hpos U Avgh(i;j) < Hneg

If a cell of theelevation maps considered an obstacle, the correspondingodethe
obstacle mapis assigned with the value 1. If the cell is cdesed as free space, the
corresponding cell of thebstacle mapis assigned with the value -1. This procedure is
performed only for the cells of theevation maghat contain information in order to increase
the computational efficiency of this procedure. Tle#ls of theobstacle maghat correspond
to those of theelevation maghat have no information are assigned with thee/dl, which

means “unknown terrain”.

4.5 Map scrolling

Before the calculation and addition of new inforimat there is the possibility of
elevation majs cells being repositioned according to LADAR’spliacement, but only when
this displacement is larger than a cell’s size.this scrolling procedure, cells are only
repositioned across the Y axis, i.e. each cell nesnm the same column, changing only its
line. Therefore, in order to decide if the scrajliprocedure must be executed, the Y axis
projection of LADAR'’s displacement is computed (ugyaw angle) and this value is the one
that is compared with the cell's size. Also, onhetcells that contain information are
repositioned, which increases the computationatieffcy of this procedure.

In summary, for every LADAR scan the mapping andtable detection system is

executed as exemplified by Figure 4.9.
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LADAR's
displacement

Yaw
Compensation
F -
Scroll Map
Pitch-Roll

Compensation

Save new
reference plane

Compare reference
plane and real plane

Add new info to the
map

Obstacle Detection

End

Figure 4.9 -Flowchart of the meping and obstacle detection syst
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First, and only if LADAR'’s displacement is biggdran the size of a cell, ttelevation
map is scolled according to this displacement aYaw compensatic is performed. The
procedure folYaw compensaticis addressed on section 4.6. After that,reference planés
updated according to the LADARpitch androll angles. This procedure, namec Figure
4.9 asPitch-Roll compensatic is also explored on section 4.6. Then, the reference plane
Is stored so it can be used the next time thatwhisle procedure, representec Figure 4.9,
is performed. Afterwards, the nereference planand theeal planeare compared in order
obtain information about terrain’s elevation ani$ thew information is added to televation
map Finally, the obstacle detection procedure isqreared in order to build thobstacle map,

as explained on section ¢

() (d)

Figure 4.10 Effects on thereferenceplane caused by variations on robot’s attitude afed (b)- side
view of pitch changes. (c) a (d) — front view of roll changes. (e) and (ffep view of yaw change
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4.6 Robot’s Attitude compensatior

This section explains the proceds Pitch-Roll compensatioand Yaw compensaticof
Figure 4.9 As stated before, changing robot’s attitude (pitoli,and yaw anglesmay affect
the mapping system and increase the number of falsiéive: on obstacle detecti. Namely,
pitch and roll variations will affect the referenpglaneand, consequentlyhé elevation mg,
whereasyaw variations will affect only the elevation m Figure 4.10present examples of
how these variations may may notaffect the reference plane.

In this figure the ground plane is representedhgyXY plane and the originreference
planesare repreented by dashed lineBy observing Figure 4.16ne can see that whene
LADAR'’s pitch or roll change, thaeference planenust be updated because these cha
affect the distances that belong to this plane. Owtiher sideyawvariations only change tt
orientation of thereference plar but they don't interfere on its distances. Theref
whenever there are variations pitch or roll values, the distances that comprisereference
planemust be updated so that the corireference planés used on the comparison with i
real plane

The update of theeference plar is achieved as follows: each distafeat each angle

is converted into aXY plane poir (for example, point A of Figure 4.},2as shown c Figure

4.11.
, @ v
v " U
Rors Zz X

() (b)

Figure 4.11 -Computation of each XY point of the reference plaf@@— side view, (b) top viev

X

Assumingthat the LADAR lens is on the position (0, h) according to the coordina

systems of Figure 4.11he distancR,y, can be obtained by the following equat

Ryys = Rg - sinw
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The anglew is obtained from LADAR'’s height and each rang®, as follows:

Finally, pointP, (x,.f, ; yrer,) IS computed using distan&®y, and angle, as follows:

xrefd = RXyo' * COS (O-) ) yrefd = nyo- - Sln (O-)

Then, this point is transformed by a rotation mxatcontaining the three axes (X, Y and
Z) and the three rotation anglgst¢h, roll andyaw), which is presented on Equation 3.1. As
mentioned before, this step is only performed fatch and roll variations, thus the
transformations are performed using zero valuey&w Also, pitch androll angles used in
these transformations are not absolute, i.e. thegiaen by the variation between the current
angle and the angle used for the previous scamedf ADAR.

The transformed point will then be obtained bypheduct between the rotation matrix of

Equation 3.1 and the point,(y, , Vref,, 0), as follows:

Xt
Ye| =
Zt
cosacosfp —sinacosy+ cosasinfsiny sinasiny+ cosasinfcosy Xref,
sina cos f3 cosacosy +sinasinfsiny —cosasiny + sinasincosy| - |Vref,
—sinf3 cos Bsiny cos cosy 0

, Whereq, [3 andy represent, respectivelyaw, pitch androll angles.

The next step consists of finding the line segmieeween the transformed point
(x¢, ¥t Zz¢) and the point where the LADAR lens is plad@g0, k) and its intersection with
the XY plane. The point where this line segment intessdot XY plane (assumed to be the
ground plane) will then be used to compute the destance for theeference planeThe
calculation of this line segment is performed faotplanes —ZY and ZX — and uses the

characteristic equation of a line which is given by

zZ=my, 'y +b ,forplanezy,
zZ=my, x+b ,for planezX
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In these equationsy,y andm,y are the slopes of the line segments lamelpresents the y-
intercepts. In this case, the slopes and y-intésca@ computed as follows:

- (z¢ — h)
= Ve

The intersection of each line segment with K¢ plane is computed through the

following equations:

b h'yt
Z=O<—>mzy'y+b=0<_>yint=_m =(Z_h)
zy t

b h'xt
z=0<—>mzx-x+b=0<—>xint=—m :(Z—h)
zZX t

The point(x;,:, Vine, 0) IS then used to compute the new distance fordfexence plane
This distance will be given by the calculation & tEuclidean distance between point

(Xint» Vine, 0) and point(0,0, h) as follows:

nNeWgist(o) = \/(xint - 0)2 + (yint - 0)2 + (0 - h)z

This last step can be easily understood with tHp bkan example of itch variation
presented in Figure 4.12. Point B is obtained bymating a 3D transformation of point A
with the matrix presented in Equation 3.1. But,have a newreference planehat is
consistent with real LADAR measurements, it's neaeg to know point C, because the
ground plane XY plane) is often the “lower limit” of the distancesturned by the LADAR
(laser beams can't “drill” through the ground). Kving points B and D (considered to be the

point of coordinates (0, @)) it's possible to find point C, as explained abov
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Figure4.12 — Example of point transformation.

The new distance that will appear on ireference plands the Euclidean distance
between points C and D. It is wh mentioning that, in some cases suclroll variations,
some transformed points have bigz coordinates than thecoordinate of point D. In thes
situations, the previous operations are not perdorrand the new distance of treference
planewill be the maximum distance that the LADAR can measure. filocedure explaine
so far is performed for each distarof the reference plangreviously store (the one that
was updatedhe last time the procedure Figure 4.9 was carried ouhd only for variation
in pitch androll, asstate(« before. As previously explaineéigure 4.9, Yaw compensation
procedure is called to action right before the Ko procedure but, however, these t
procedures are not always carried out toget.e. whereas the scrolling procedure is alwn
performed when the displacement of the LADAR isgeigthan the size of a ceYaw
compensations carried out only when necessary. For example, whenrobot is driving
straight ahea®aw compensatic will not be performedHowever, wherboth procedures are
performed simultaneouslyYaw compensations always made first an, after that, the
scrolling procedure is done, i.e. first the map rigatec (Yaw compensati) and,
subsequently, cells are transferacross the Y axis of the mggcrolling'.

On Yaw compensati(, the reference plands not modifiedand the compensation
performed on theelevation ma, i.e. the map is rotated according to tvariation ofyaw
angle, because it must maintain e of its main characteristicsyhich is being LADAF-
centered. Just as éhtch-Roll compensatic, theyawangle used in the rotation of the ma)
not absolute, i.e. it is given by the variationvibetn the current angle and the angle use
the last time thatYaw compensaticwas carried out.

The timing for the rotation of the map depends loa size ofits cells, otherwise there
will be occasions when the variation of tyaw angle is not sufficient for cells to chan
position inside the mag hus, or the map to be actually rotat&thw compensatic should be

made only when the angle corresponding to the tamiaf yaw is such that the XY poini
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corresponding to each cell change significantlyirtpesition inside the map when rotated
with this angle, i.e. when the rotation of a XY mpiocorresponding to a cell allows this point
to be moved to another cell. Thus, the systemi@lthe next procedure in order to decide
whenYaw compensatiors ready to be made: first, it searches for th& fiell of the central
column of the map (i.e. the central column’s chhttis closest to the LADAR) that has
information. Then, this cell is converted to an X¥int which is rotated by the rotation
matrix of Equation 3.1 withw = -yaw, and 3 ang with zero value. Finally the distances
between the X and Y coordinates of the originalnp@nd the corresponding X and Y
coordinates of the transformed point are computet] & one of these distances is bigger than
the size of a cell, then the information contairmBdthis cell is ready to be moved to a
different cell. In this model, it is assumed thithe cell of the central column of the map that
is closest to the robot is ready to be rotated) sweis the rest of the map. The rotation of the
whole map is achieved by the following proceduEchecell of the map is converted to an
XY point that is rotated by the rotation matrix Bfuation 3.1 witho = -yaw, and 3 ang
with zero value. Then, the information presenthia original cell is copied to a new cell that
corresponds to the transformed XY point. Finally thformation that remained in the original
cell is erased.

In summarypitch androll compensation consists of continuously updatingdie&ances
of thereference planso that the comparison with theal planecan be reliable, wheredaw
compensations responsible for the rotation of tleéevation mapn order to maintain this
map centered on the LADAR.

As aforementioned, this whole mapping and obstdekection system is based on the
assumption that the robot that carries the LADARNnds on a flat surface, which is
considered to be the ground plane. Therefore, wldrek for this system happens when the
ground plane changes its orientation, as for examwpblen the robot tries to go down a ramp.
In this situation,Pitch-Roll compensationill not help because it will try to adjust the
reference planavhen it is not supposed, since the attitude vanahat affected the LADAR
was caused by a modification on the orientatiorthef ground plane and not by an object
through which the robot was passing. This can cdlaseemergence of false positives on
obstacle detection and, therefore, an additionalrisiéc is necessary to prevent these
problems and to make this system more robust tosled on navigation and path planning,
since it is mainly in this area that this system ba useful. Thus, each time the variation over
time in LADAR'’s orientation, since the start of iperation, reaches a significant value, i.e.
whenever the total variation of thpgtch angle exceeds a threshealdthe reference planes

recalculated as explained on section 4.2.1 anceligtationand obstaclemaps are erased.
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Maps are erased in order to delete all the erranetayvation information obtained and all the
false obstacles detected during the transition éetwa ground plane and the other, and the
reference planes recalculated to prevent that fictional obstagdeow up in the next scans.
However, this is only performed in those cases wehhbepitch angle didn’t vary abruptly
since the last iteration (i.e. whepitch variation since last scan didn't exceed a certain
thresholdy), since this is what happens when the robot’s Vgheass through an object. This
second condition has to be verified, so that thet Gondition doesn't interfere with tik&tch-

Roll compensatioiby giving order to clear the maps and re-compligereference plana
situations where variations on robot’s attitude geaed due to the passage of the robot

through some object and not due to variations erotientation of the ground plane.

4.7 Implementation on Player Server

As stated on section 1.2 of Chapter 1, this moded imnplemented on a framework for
mobile robotics applications namBthyer/Stage ProjeciSection 3.2 of Chapter 3 has further
information about this framework and the concepét will be addressed in this section.

In particular, this model was incorporated on a ponent of this framework, named the
Player Server. To achieve this, it was developedaastract driverto perform the tasks
related to this mapping and obstacle detectioreaystnd ariver to acquire measures from a
LADAR.

"

Obstacle Map

MapOD

Displacements data Attitude LADAR data

data

Figure 4.13 - Implementation of this system on Rla§erver
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Figure 4.13 illustrates the hierarchy of tBkyer server architecture used and where the
developeddrivers fit into this architecture. The components of thrghitecture that were
developed for this work are thedarDriv andMapODdrivers

The ContDriv and ahrsDriv drivers were not developed specifically for this work but
they are also used to provide their datdiepOD. These twdrivers are responsible for the
computation of robot’s displacements through thenoetry data provided by two optical
encoders@ontDriv) and for the acquisition of data from the AHRSsser@hrsDriv).

Thedriver ladarDriv is responsible for the communication with the LARAensor and
provides the acquired measurements toMapOD driver. Its operation is based on a simple
sequence of actions (Figure 4.14): when it's laedglit reads some configuration parameters
of the LADAR (measurement frequency, angular stiépaddress, port, etc.) from tleenfig
file and connects to the LADAR on ti@onstructormethod. Then, every milliseconds the
Main loop is executed. HertadarDriv gives orders to the LADAR to perform a scan,
receives the set of distances given by this seasiapts this information to thaser interface
format and provides it to the drivers that may usén this case thévlapOD driver This
driver can also receive requests to send the currenigcoafion parameters of the LADAR

(scanning frequency, angular step, etc), througtPtbcessMessagest)ethod.

,__..---':7
Constructor
Process
-Read configuration Messages -
parameters ';rece“:;g‘;t;
-Connectto LADAR o

W

Convert LADAR
data to laser

\

Sleep thread
Destructor

interface format

Figure 4.14 — Run-time processlaflarDriv driver.

The MapODdriver is responsible for all the mapping and obstactead®n system and,
thus, it needs to receive measures from the LADAR iaformation about robot’s attitude
(AHRS) and robot’s displacements (Optical Encodélrk)sdriver provides arelevation map

and also amobstacle map which is more suitable for a Planner that maystexin the
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architecture. Therefore, Figure 4.13 shavMapOD providing anobstacle mapo anabstract
driver that represents a Plann& &nnerDriv drivel). MapOD starts its operation by reading
from the config file some parameters for the maps (resolution, width lagight) and the
identification numbers of the drivefSontDriv, ahrsDriv andladarDriv (Figure 4.15). The
driver MapOD needs these identification numbers in order tabdish connections with the
correspondinglrivers through thePlayer Serverso that it can receive data from them. These
connections are established in thlainSetup()method. The main action of thdriver is
present on theProcessMessages(nethod. Here, it receives LADAR measures from
ladarDriv and attitude and displacements data frammsDriv and ContDriv, respectively.
Whenever a message frdadarDriv is received byMapOD, the whole mapping and obstacle
detection system illustrated on Figure 4.9 is etestuEach map obtainedlévation magmand
obstacle mapis provided in tiles (as specified by theap interfacg as soon a$lapOD
receives the corresponding request orRteeessMessagesf)ethod.

Constructor MainSetup

__RE ad. -Connectto other .
configuration driversin Player Main Loop Destructor

parameters; Server

e

pthread_test Process Messages
cancel
~ Depending on the type of
,ﬂ \ received message:

! -Receive Displacements
» data;
sl ProcessMessages _ .
Sleep - -Receive Aftitude data;
Thread e

e LADAR dataand
execute mapping and

obstacle detection system;

-Provide maps;

Figure 4.15 - Run-time process apODdriver.

Besides the developing of thedevers it was also created @lient program that uses
someProxiesto interact with the correspondimgivers. This Client allows the user to view
the maps in real-time and also, if desired, to mrithe movements of the robot through the
computer’s keyboard. Its operation is quite simatel basically consists of periodically
requesting (through thdapProxy theelevationandobstacle mapso theMapODdriver and
display them using OpenGL [Shreiner et al., 2007].
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5.Experimental Results

This chapter presents a set of experiments that wemied out in order to demonstrate
the capabilities and weaknesses of the developggimgand obstacle detection system and
its applicability to indoor/outdoor structured emriments. This system was developed to be
part of a service robot that is being developedHwnlos, S.A. The experiments were
conducted in real environments and with the dewadogystem incorporated on this service
robot, which is illustrated on Figure 5.1.

(a) (b)

Figure 5.1 — The robot with which these experimamse performed. This robot is being developed by
Holos, S.A., the mapping and obstacle detectiotesydeing the work of the author.

This robot carries several sensors, including a ARDwhich is the main sensor used in
this system. It also has an AHRS sensor and twicaphcremental encoders, which are also
necessary for full operation of the developed systa the context of these experiments, the
AHRS sensor is used to obtaioll, pitch andyaw angles and the encoders are a means for
capturing the distance travelled by the robot.
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The LADAR used in these experiments is a SICK LMB#hich has a maximum field
of view of 270° and a scanning range up to 20 msetiércan be configured to scan with
angular steps of 0.25° or 0.5° and with a measunéerfrequency of 25 or 50 Hz [SICK,
2008]. The communication is achieved through Etéeconnection.

The AHRS sensor is an Xsens Mti that is compose@drbyaccelerometer, a gyroscope
and a magnetometer, all with three axes [Xsens8]20he communication protocol is RS-
232 and it has an RS-232/USB converter. The Xsetnsa handle 5G accelerations and has
a rate of turn of, approximately, 300°/s.

The optical incremental encoders have 0 (points per revolution) and output pulses
as they rotate. By counting these pulses it isiples$o obtain how many revolutions (or
fractions of) the motor has turned and thereby admphe displacement of the robot. These
encoders are connected to two 150W Maxon motorgtendumber of pulses of each encoder
is provided by a Roboteq AX3500 motor controlleof®teq, 2007].

If nothing is said otherwise, in the following expeents the LADAR is configured with
a field of viewd = 120° (between 30° and 150°), a measurementeneguof 25 Hz and an
angular step of 0.25°. It is placed on the top of the roboatapproximate heigftt of 1.08
meters and with a tilt angle of approximately 7€gekes, i.e¢ is set to 82.5 degrees.

The widths, heights and cell’s sizes of #levationandobstaclemaps have also been set

to the values presented on Table 5.1, if nothirgaid otherwise.

Name Description Value
m Number of width cells of thelevation map 101
n Number of height cells of theevation map 101
Cw Width of a cell of theelevation mapmeasured in meters 0.2
Ch Height of a cell of thelevation mapmeasured in meters 0.2
Mobs Number of width cells of thebstacle map 101
Nobs Number of height cells of thabstacle map 101
CWobs Width of a cell of theobstacle mapmeasured in meters 0.2
Chops Height of a cell of thebstacle mapmeasured in meters 0.2

Table 5.1 - Widths, heights and cell’s sizes of ¢levationandobstaclemaps.

Therefore, thebstacleandelevation mapsave a range of approximately 20x20 meters.

Hpos andHneg have been set to +10 cm and -10 cm, respectively.
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As described in the previous chapter, this systexrs implemented on tHelayer Server
and aClient program was developed to display the results efakperiments. BotRlayer
Serverand Client run on the operating system Linux with Ubuntu riisttion. ThePlayer
drivers responsible for all the mapping and obstacle dietesystem, as well as th@&ient
program, have been implemented in C++. Hiagyer Serveruns on the robot’s side, on a
ZOTAC GeForce 9300 — ITX with an Intel Q9650 Cor®@ad 3 GHz and 4GB RAM. The
Client runs on a laptop equipped with an Intel Core 2 DU GHz processor and 1GB
RAM.

The results of all experiments are presented bpsas or measurements taken on the
Client side. In these experiments, in order to allow teader a better visualization and
understanding of the results, each type of celtaans drawn in a different color. Therefore,
and if nothing is said otherwise, cells from #evation mapvith average heights between -3
and +3 centimeters are considered as belonginget@tound plane and thus are drawn in
blue. Also, cells that are below tgeound planeare drawn in yellow and cells that are above
the ground planeare drawn in black and grey. In tlbstacle mapcells considered as
freespace are drawn in green and cells considesembstacles are drawn in red. The cell
drawn in orange in each map represents LADAR’s tosi Moreover, every map image
contains a line segment of 1 meter length (alswdia orange) that intends to be a scale for
the map in order to enable the reader a bettelepgon of the distances between the robot

and the obstacles and, also, of the displacemétite oobot.

5.1 Changing resolution and size of maps

This experiment intends to demonstrate the alihitgustomize the size and resolution of
elevation and obstacle maps and the effects of this customization on the dedéithe
information presented in these maps and also padaton the algorithms that use these maps.

As explained on chapter 4, both maps built by #ystem are represented by two-
dimensional arrays of cells. Therefore, the nundfecells of each map is always given by
m X n, in the elevation majs case, and byn,,; X n,,s in the obstacle majs case. The
amount of memory occupied by these maps and theepsing time of an algorithm that uses
these maps depend on their size (number of cEltg)example, in order to draw tkévation
mapon OpenGL, thélayer Clientruns through every cell of the map. Thus, the nemd$
iterations of the drawing algorithm can be giventty number of cells of the map. Table 5.2
represents this number of iterations for four défe map sizes.
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Map width,m Map heightn Number of iterationsit = m X n
41 41 1681
101 101 10201
201 201 40401
401 401 160801

Table 5.2 — Number of iterations for the algorithmat draws the maps with four different map sizes.

By observing Table 5.2 it is clear that the larjee map, the greater the number of
iterations of the drawing algorithm. The procesdinge of this drawing algorithm is closely
connected with the number of iterations neededtoptete the algorithm.

As aforementioned, the amount of memory occupiethbge maps also depends on their
size. Considering that the content of each celthef elevation mapoccupies 4 bytes of
memory and the content of each cell of distacle mampccupies 1 byte of memory and that
both maps have the same size, mg;, = n,,s = m = n, Table 5.3 shows the number of

bytes occupied by each map with four different rsiaps.

Map Map Memory occupied by elevation Memory occupied by obstacle
width,m | height,n map =m X n X 4 (bytes) map =m X n X 1 (bytes)

41 41 6724 1681

101 101 40804 10201

201 201 161604 40401

401 401 643204 160801

Table 5.3 — Amount of memory occupied by the elmratand obstacle maps with four different map
sizes.

The values presented in Table 5.3 are also in daoce with what was said previously,
i.e. as the map size increases, the amount of nyemsed also increases.

In order to evaluate the effects of the configuratof these maps on the detail of the
information, it was performed an experiment wheéneds taken a set @levation mapsand
the correspondingbstacle mapsrepresenting the same scene - the hall from Eigu (a) -
but with different sizes and resolutions. All oé#e maps have a range of approximately 20 x

20 meters but each one achieves this range wightaic size and resolution.
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(h) (i)

Figure 5.2 — Elevation and obstacle maps with défife sizes and resolutions, all built in the saraB. l{a)

— real image of the hall. (b) and (c) — elevatiow @bstacle maps with 401x401 cells and resoludion

0.05 m. (d) and (e) — elevation and obstacle mas 201x201 cells and resolution of 0.1 m. (f) &)l —

elevation and obstacle maps with 101x101 cellsrasdlution of 0.2 m. (h) and (i) — elevation and
obstacle maps with 41x41 cells and resolution 6fr@.

49



Elevation mapsare illustrated in the left column of Figure 5i@&m images (b) to (h), by
increasing order of cell's size and descending rradenumber of cells. The corresponding
obstacle mapare represented in the right column of Figure 5.2.

By observing Figure 5.2 one can clearly see thatlution decreases as the size of the
cells increases. On the one hand, the map shoulkl $raall cells in order to present a good
resolution because in this way the area occupietthéybjects and its position relative to the
LADAR is more consistent with the real scene. Qndther hand, if the map has small cells it
is necessary to have a big number of cells in ai@enaintain the range of the map and this
can be computationally heavy, as discussed eanlithis section. In fact, in thelevationand
obstacle mapsf Figure 5.2 (b) and (c) there is a good accu@atyhe information as can be
seen, for example, by the distance between thepiiltar and the left wall that is consistent
with Figure 5.2 (a) (approximately 1.7 meters). ldoer, these maps have a large number of
cells which can make them too heavy to be usedhisy happing and obstacle detection
system or to be transferred by RiRyer driverto some othedrivers of the architecture, such
as a Plannedriver, or to aClient that wants to draw the maps. Tékevationand obstacle
mapsof Figure 5.2 (h) and (i) have a much smaller $iaethe resolution decreases a lot and
the information’s accuracy is affected, as showrteoagain, by the distance between the first
pillar and the left wall, which is now 1 meter imese maps. The maps from Figure 5.2 (d),
(e), (f) and (g) can achieve a much better accutlaay the ones from Figure 5.2 (h) and (i)
presenting a much smaller size than the ones fligoré5.2 (b) and (c).

Another experiment was made to measure the praggssie of the algorithm that draws

theelevation mapsf Figure 5.2. Table 5.4 represents the resulthisfexperiment.

Map width (cells),| Map height (cells), Resolution Processing time
m n (meters) (milliseconds)
41 41 0.5 0.863
101 101 0.2 4.838
201 201 0.1 24.095
401 401 0.05 85.074

Table 5.4 — Processing time (@lient side) for the algorithm that draws the elevatioapnwith four
different map sizes.

The results of Table 5.4 show that, as expectes ptiocessing time of the algorithm
increases with the size of the map. As also exdedtese results are consistent with the

information from Table 5.2.
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In this experiment, the maps that show more baldmet®veen the accuracy of the
information and the computational load are the gresented on Figure 5.2 (d), (e), (f) and
(g) which have a resolution of 0.1 meters and a siz201x201 cells ((d) and (e)) and 0.2
meters of resolution and a size of 101x101 cef)saf{d (g)). These maps have good accuracy
and they don’t imply a very high computational loatherefore, in all the remaining

experiments of this dissertation, the maps willhaxe of these two configurations.

5.2 The reference plane

The purpose of this experiment is to prove theemircomputation of theeference plane
As explained on chapter 4, tmeference planes composed by a set of ranges which the
LADAR, positioned as on Figure 4.3, would provifi& ionly scans the ground plane and no
other object or surface is detected inside its eaawgd field of view. Theeference planes
very important for the creation of tledevation magbecause it is used on the computation of
the heights of each cell by being compared tad¢laéplaneprovided by the LADAR.

In this experiment the robot was positioned in @&plwide enough so that the LADAR
can “catch” the ground plane in its entire fieldvgw. This place can be seen on Figure 5.3
(a) and (b).

(b)

(©) (d)
Figure 5.3 — Reference plane experiment. (a) ahé- (fleal scene. (c) — elevation map. (d) — obstawe.
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The field of view of the LADARJ, was configured with an angle of 90 degrees (betwe
45 and 135 degrees) in this experiment. Also, itthéd among which it is considered that a
cell belongs to the ground plane were extendedverage heights between -6 and +6
centimeters.

If the reference plands correct, theelevation mapshould only show cells from the
ground plane, because, at each angle where a b®amitted, both distances from the
reference planend thereal planehave similar values and the computed heights shbel
close to zero. As expected, tekevation maprom Figure 5.3 (c) presents only blue cells,
which together approximately make up a horizorited.| This line represents the portion of
the ground plane which is detected by the LADARe ®hstacle magFigure 5.3 (d)) is also

in agreement considering all cells as freespace.

5.3 Changing orientation of ground plane

As explained on section 4.6, situations where ttwigd plane changes its orientation
bring problems to this mapping and obstacle detectiystem. An additional heuristic that
uses two thresholds for tipgtch angle (also explained on section 4.6) was impleatkto try
to solve these problems. The purpose of this exyasni is to evaluate the usefulness of this
additional heuristic, placing the robot in a sitaatwhere the orientation of the ground plane
is altered. In this experiment the robot is askedravel straight on towards north (top of
maps) at a speed of 0.2 TsDuring its path, the robot will descend a rampich is
illustrated in Figure 5.4 (a). Prior to the expegih the threshold fgpitch total variatione
was set to 0.5 degrees and the thresholgitoh variation relative to the last scarwas set to
0.1 degrees. The snapshot of Figure 5.4 (b) andvés) taken before the robot start to go
down the ramp and the snapshot of Figure 5.4 (d)(epwas taken at a time when the robot
was already walking down the ramp.

In the elevation mapof Figure 5.4 (b) the main problem caused by ckangn the
orientation of the ground plane is evident. In timap there are a large number of yellow
cells, which are cells with negative average haighhis is not incorrect because, in fact, the
points where LADAR’s beams touch these surfacesbatew the ground plane where the
robot is standing. However, this will mean that mai these cells are regarded as obstacles
on the obstacle map(Figure 5.4 (c)), leaving the robot in a dead-esitdation. Thus, it
becomes necessary that, when the robot is on thye, this situation can be corrected.
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sagisinaaicicy

(d) (€)

Figure 5.4 — Experiment in which the robot goes dawamp. (a) — real scene representing the ramp. (
and (c) — elevation and obstacle maps taken befm@obot start to go down the ramp. (d) and (e) -
elevation and obstacle maps taken when the robstaa@ady going down the ramp.

During the passage of the robot to the ramp, tted W@riation of thepitch angle reaches
the threshold because, in the ramp, the robot presemitca angle of +1 degree. Therefore,
during this transitional period threference planés recalculated and the two maps are erased
and, once on the ramp, the robot builds a e#svation maghat is much more consistent
with the real scene, as can be seen on Figuredh./A$ a consequence, tbhbstacle maps
now much more realistic because it has severattsable cells that correspond mostly to the
portion of ground plane "swept” by the LADAR. Undikhe former, thi®bstacle mags now
able to be provided to a planner to be used fdan p&tnning or navigation and this was the
main concern that led to the incorporation, in thystem, of this heuristic that deals with

variations on the orientation of the ground plane.
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5.4 Map scrolling

This section exposes the results of some expersmeatried out to evaluate the
performance of the scrolling procedure. As mentiboe chapter 4, this procedure is executed
only when robot’s displacement is greater thansike of a cell of the map, i.e. each time the
displacement of the robot reaches the size of latbel map is scrolled by one cell. In these
experiments, the measures of two optical increnhegnaoders are used to compute the
displacements of each front wheel of the robot afigr that, it is computed the average of
these two displacements. Since the robot doesru# hay sensor that provides its curvature
angle, it is not possible to compute the displacenoé the central point of the front axle of
the robot through kinematic equations. Therefoteisiassumed that the average of the
displacements of each wheel corresponds to théadement of the central point of the front
axle. As explained on chapter 4, cells are onlysémwned across the Y axis. Therefore, in
order to decide if the scrolling procedure mustelxecuted, the Y axis projection of the
displacement of the central point is computed @gaw angle) and this value is the one that
is compared with the cell’s size. If the robot revishg straight ahead, the displacements for
the two wheels are almost equal, as also will leedisplacement of the central point, which,
in turn, will be approximately equal to its Y axisojection.

In these experiments the robot is asked to traweaitds north (top of maps) at a speed of
0.2 ms. It will be expected that the robot walks straight not making any turns, so that the
scrolling procedure can be analyzed without thiiarfce from Yaw compensation.

In the first experiment, the robot is asked to étev small path with a total extent of 4.2
meters, which is a little more than the distandevben the two pillars of Figure 5.5 (a). This
figure shows images of the real scenes, and mosheofdata contained oglevationand
obstacle mapsaptured by the LADAR at the beginning and atehd of this path. Prior to
this experiment, the threshold fpitch total variatione was set to 0.5 degrees and the
threshold fompitch variation relative to the last scarwas set to 0.1 degrees.

By comparing theelevationandobstaclemaps at the beginning of the path with the same
maps at the end of the path, one can see thaidteences between the various surfaces of the
scene suffer a few changes, mainly due to incarsigts between the scrolling procedure and
the addition of new information to the maps. Desgibat, theelevation mapremains

essentially consistent with the real scene.
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(d)

(e)

Figure 5.5 — Scrolling Procedure, first experimédgginning of the path: (a) — real scene, (b) vati®n
map, (c) — obstacle map. End of the path: (d) +seane, (e) - elevation map, (f) — obstacle map.
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Moreover, the positioning of the robot in relatimnthe several existing surfaces is also in
agreement with the real scenes, as can be seemgare 5.5 (b) through the position of the
robot in relation to the first pillar at the beging of the path, and also on Figure 5.5 (e)
where one can see that, at the end of the patholioe is positioned next to the second pillar,
which is in line with the real scene of Figure §. There is also a small deviation on the
right side wall due to the fact that the robot dat exactly travel in a straight line, i.e. there
was a small deviation in its path and, becauseeticeis have a considerable size (20x20
centimeters), this effect becomes more visible. ®hstacle mapsre consistent with the
respectiveelevation mapsas can be seen by tbhéstacle mapf Figure 5.5 (f) where the
majority of cells considered as freespace belonghéo portion of ground plane that was
“swept” by the LADAR.

When the robot reached the end of the path, thgladement computed through the
encoders had a value of 4.4 meters. Thereforeg ikean error of 0.2 meters in relation to the
total extent of the path (4.2 meters), i.e. in teiperiment the total error of the encoders
represents less than 5% of the total extent. Howyea® the reader will see in the next
experiment, this error tends to increase over taesehe path increases its extension.

In the second experiment, the robot travelled gdompath between two marks drawn on
the ground. The total extent of this path is 20arseeaand, this time, the threshold fatch
total variation §) was set to 0.7 degrees. Also, the limits amonghvh is considered that a
cell belongs to the ground plane were extendedverage heights between -6 and +6
centimeters. Once again, Figure 5.6 shows imagetheofreal sceneglevation mapsand
obstacle mapat the beginning and at the end of this path.

By looking at theelevation map®f Figure 5.6 there is one detail that gets otendibn
immediately. In these maps there is an area of gedlg (more visible on the map of Figure
5.6 (e)) on the left side, between the robot amrdsidewalk at his left, where, at first, there
should only be cells that belong to the ground @lérlue ones). Along this path the robot
maintains aroll angle around -2 degrees and tRéch-Roll compensatiorprocedure
continuously adjusts theeference planelue to variations on this angle and also onpibeh
angle. However, the surface on the left side ofrthmt (where the parking lines are drawn) is
not exactly on the same plane (it is slightly aasethe surface where the robot is standing.
This means that, for each LADAR beam that touchesdrea, the real distance provided by
the LADAR is smaller than the corresponding distan€ thereference planebecause the
latter is adjusted in relation to the surface whaeerobot is standing which, once again, has

not exactly the same orientation of the surfacéherleft side of the robot.
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(b)

(d)

(f)

Figure 5.6 — Scrolling procedure, second experimBaginning of the path: (a) — real scene, (b) —
elevation map, (c) — obstacle map. End of the p@h: real scene, (e) - elevation map, (f) — otlsta
map.
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The comparison between these two distances wik gise to cells with a reasonable
average height. In fact, there is a slight grad@n¢levation between the robot and the left
sidewalk. This situation could pose a problem ® rthbot because thabstacle mapin line
with elevation mapbelieves that most of this area is an obstactelheless, this is not a
serious problem because, if, by chance, the robotet! left towards the sidewalk, the
threshold forpitch total variation §) would be exceeded (because, for the robot, thangt
plane changes its orientation) and the maps wowdetased and theeference plane
recomputed. Thus, these obstacles, which in redditgiot exist, would probably disappear.

Moreover, in theelevation mapobtained at the end of the path it is possiblede that
there are some cells that were left without infarora(white cells). This may be due to small
errors in the discretization of LADAR’s measures. iwhen the elevation information
computed based on LADAR’s measures is added to elbgation map and also to
inconsistencies irYaw compensation, which, in turn, should not be exatuiut, since the
robot does not travel exactly in a straight limere are always small deviations in its path and
Yawcompensationurns out to be made, leading to small errorhénttansfer of information
between cells. The existence of these “empty” celis the elevation mapcauses the
corresponding cells of tr@bstacle mapo be considered as “unknown” terrain.

Despite that, thelevation mapemains essentially consistent with the real scasdhe
majority of the cells belong to the ground planésoA the LADAR “catches” other surfaces
on the right side of the robot, such as some végatand two vehicles which can be seen on
Figure 5.6 (a). On thelevation mapof Figure 5.6 (e) there are some blue cells belted
ones that represent the vehicle that is next tordbet. This is not incorrect because, the
LADAR first detects the ground surface that is lahehe vehicle (represented by those blue
cells) and, only when it moves a little forwardtisat it starts to detect the vehicle. The
obstacle mapsare consistent with the respectieevation mapsas can be seen by the
obstacle mapf Figure 5.6 (f) where the majority of cells calesed as freespace belong to
the large area of ground plane that was “sweptthieyl ADAR and other surfaces such as the
two vehicles, the sidewalk on the left side, soragetation on the right side and also a part of
the ground plane on the left side of the roboefgdained before) are labeled as obstacles.

When the robot reached the end of the path, thelatement computed through the
encoders had a value of 21.41 meters. Therefoeeg tB an error of 1.41 meters in relation to
the total extent of the path (20 meters), i.e his experiment the total error of the encoders
represents approximately 7% of the total exterthefpath. Thus, as mentioned earlier in this
section, there is an increase in the total errahefencoders as the distance travelled by the

robot becomes larger. Finally, the positioning loé tobot in relation to the several existing
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surfaces is not totally in agreement with the szanes, due to this error of the encoders. For
example, on the real scene at the end of the plligugh is not possible to see on Figure 5.6
(d), the vehicle is a little further away from tabot than the maps from Figure 5.6 (e) and (f)

suggest.

5.5 Pitch-Roll compensation

This experiment was carried out to try to provedbdaptability of the mapping procedure
to some changes in robot’'s attitude, so that thetaske detection procedure can be more
reliable. As explained on chapter 4, the main idd¢aPitch-Roll compensations to
continuously adjust theeference plando the current attitude of the LADAR, so that the
comparison between theference planendreal planeprovided by the LADAR, which, in
turn, is the basis for the creation of the map thiedsubsequent detection of obstacles, can be
as much consistent as possible.

The first experiment of this section intends to wdimte the passage of a robot through

objects that interfere significantly in its orietiten.
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Figure 5.7 - Corridor where this experiment wasf@ened. (a) is the real scene, (b) the elevatiop @ad
(c) the obstacle map.

Figure 5.7 represents the real scene where thisriexgnt was performed as well as its
elevationandobstaclemaps In this experiment, the threshold foitch variation relative to
the last scam is set to 0.1 degrees and the thresholgiiwh total variations was set to 0.5

degrees.
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Figure 5.8, Figure 5.9 and Figure 5.10 represaretldifferent cases of attitude changes
caused by the objects through which the robot vessipg. By passing through these objects
the robot was positioned at, respectivelypitah of -4.5 degrees, pitch of 2.5 degrees and a
roll of -5.2 degrees. In this experiment, each casmayzed through maps built with and
without Pitch-Roll compensatignso that the reader can have a better percepfiaieo
advantages of usinBgitch-Roll compensationMoreover, the reader should notice that the
shapshots presented on the following figures of s@ction were taken after the maps have
been erased and redrawn at the exact moment whewolibt is on top of objects, so that the
reader can clearly see the effects of this elermerthe whole mapping and obstacle detection
system.

(b) (€) (d) (€)

Figure 5.8 - Negative Pitch example. (a) — robatwiegative pitch. (b) and (c) - elevation and abkt
maps with Pitch-Roll compensation. (d) and (e)evakion and obstacle maps without Pitch-Roll
compensation.

In the first case, the two front wheels of the ot@ passing through the objects (Figure
5.8 (a)). In this situation, the attitude of thédabis affected angitch has a negative value,
which in this case is -4.5 degrees. With this pasihg, the LADAR is able to “see” further
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ahead and, consequently, its beams “touch” thengtdaw meters ahead and “touch” the
walls a little higher. Therefore, Pitch-Roll compensatiororrectly adapts theeference
planeto thereal plane these changes should be reflected oretéeation mapBy looking at
Figure 5.8 (b), one can see that the heights bfaled right walls increased in comparison to
theelevation mamf Figure 5.7 (b). The ground plane is not detcte this map because it is
outside its range when the robot has this posignihus, the map doesn’t show any blue
cells. In line with theelevation mapthe correspondingbstacle mamf Figure 5.8 (c) only
presents red cells, which means that all the datdesuirfaces are obstacles for the robot.

If the elevation maps built withoutPitch-Roll compensatiqrthereference planés not
updated in order to be aligned with theal plane and this will origin the emergence of
fictitious obstacles and errors on the computedttsiof the detected surfaces. Ebevation
map of Figure 5.8 (d) presents some of these problérhse. heights of left and right walls
didn’t increase and some surfaces with negativghtei (yellow cells) and some other
surfaces considered to be from the ground planee (bélls) appeared. In yellow cell’'s case
this happens because the distances fromedleplaneare bigger than the distances from the
reference planedue to the fact that the two planes are not atigand the computed height is
negative. Negative and ground plane surfaces shv@dpear because, as mentioned earlier,
at this positioning the LADAR cannot detect theugrd plane inside the range of the map.
As a consequence, tbhbstacle mapf Figure 5.8 (e) considers some cells as freesphere,
actually, it should only “see” obstacles.

In the second case, there is the reverse procéssiwio rear wheels of the robot are
passing through the objects (Figure 5.9 (a)) aedathitude of the robot is also affected but,
this time, pitch has a positive value of 2.5 degrees. With thidtipmsng, LADAR’s range
decreases when compared to Figure 5.7. Therefoeegtound plane should be detected
closer to the robot. By looking at Figure 5.9 (bj)e can confirm this circumstance because
blue cells are drawn much closer to the robot. ilve Iwith the elevation map the
correspondingbstacle mamf Figure 5.9 (c) has some green cells (freespacainly across
the ground plane’s extension, considering the remgicells as obstacles.

On theelevation mapwvithout Pitch-Roll compensatigronce again theeference planés
not aligned with theeal planeand theelevation magFigure 5.9 (d)) presents a small wall
where it should show the ground plane. This small 18 obtained because, across this set of
angles, the distances of theal planeare much smaller than the distances ofréference
plane which leads to objects with positive and insurmtable heights for the robot. The

obstacle magFigure 5.9 (e)), in line with thelevation mapconsiders all the surfaces as
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obstacles and puts the robot in a dead-end sitydbacing him to back off to avoid obstacles

that do not actually exist.

/

(b) () (d)

Figure 5.9 — Positive Pitch example. (a) — robahwositive pitch. (b) and (c) - elevation and @lcée
maps with Pitch-Roll compensation. (d) and (e)evation and obstacle maps without Pitch-Roll
compensation.

The third case shows a different situation. Hehne, right front and rear wheels of the
robot are the ones that pass through the objextsh@vn by Figure 5.10 (a). In this situation
the robot has ell of -5.2 degrees. In this position, LADAR’s beanmsitted to the right of
the central beam “touch” the ground a little ahe&dhe central beam, whereas LADAR’s
beams emitted to the left of the central beam ‘tdube ground a little behind the central
beam. Also, the walls of the right side are alstected a little higher than left side walls.
Thereby, instead of having a horizontal line whitiee ground plane is detected, #levation
maphas now a diagonal line, as shown by Figure ) @rd by the green cells considered as
freespace on thebstacle mapf Figure 5.10 (c).

On the maps withouRitch-Roll compensatigrthereference planavas not updated and

is positioned as if the robot was still placed asFagure 5.7. Therefore, the comparison
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between thereference planeand thereal plane will not be correctly performed and the

elevation mapwill have errors, as can be seen on Figure 5.0 (d

(b) (©) (d) (€)

Figure 5.10 - Negative Roll example. (a) — robaothwiegative roll. (b) and (c) - elevation and obkta
maps with Pitch-Roll compensation. (d) and (e)evation and obstacle maps without Pitch-Roll
compensation.

In this figure one can see that, on the right ii€ADAR’s central beam, some cells
with negative heights show up becausal planés distances are bigger thaeference
planés distances. On the left side of LADAR’s centraan, real planés distances are
smaller tharreference plans distances and some cells with positive heightsasup. The
ground plane almost disappears and it is only sgmied by a few blue cells that are
positioned on the direction of LADAR'’s central beawhich is correct because the central
beam is not affected broll variations. Theobstacle mapof Figure 5.10 (e), as expected,
incorrectly considers some cells located on thgahal line of the ground plane as obstacles
but still considers several cells as freespace taltlee fact that theoll angle caused by these

objects is not very high. If this angle had a geeatalue, the errors committed by the
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elevation mapshould be clearer on thebstacle mapbecause the heights of the cells that
belong to those fictitious objects would increasd anly the cell corresponding to the central
beam would be considered as freespace.

5.6 Yaw compensation

This section presents the results of an experirtheritwas carried out in order to assess
the performance of th&aw compensatioprocedure. As explained on section 4Yaw
compensatiorns performed by the rotation of tledevation mapccording to the variation of
yawangle. In this experiment, first the robot is akke travel straight ahead at a speed of 0.2
ms! and, at a certain moment, the robot is asked teenaaleft turn of, approximately, 90
degrees, finishing his path after the end of theeuAt the end of this path, the total variation
for theyawangle given by the AHRS sensor is approximatelg&grees.

The path taken by the robot is shown on Figure $a)1(d) and (g), which represent,
respectively, the beginning, middle and end of pla¢h. Theelevationand obstaclemaps
taken at each of these moments are representemyare 5.11 (b) and (c) (beginning), Figure
5.11 (e) and (f) (middle) and Figure 5.11 (h) aiadend).

(b)

64



Figure 5.11 — Yaw compensation example. Beginnihthe path: (a) — real scene, (b) — elevation nfap,
— obstacle map. Middle of the path: (d) — real cdRr) - elevation map, (f) — obstacle map. Enthef
path: (g) — real scene, (h) - elevation map, (@bstacle map.
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In this experiment, the threshold fpitch total variation §) was set to a high value (0.9
degrees), so that the maps were not deleted amg],dhe can observe the whole map rotation.
Also, the limits among which it is considered thatell belongs to the ground plane were set
to average heights between -5 and +5 centimeters.

In theelevation mapbtained at the beginning of the path one carseeeral aspects of
the real scene of Figure 5.11 (a), such as the avathe right side of the robot, a portion of
the ground plane and a wall and some vegetatiotheneft side of the robot. Also, the
LADAR captures some cells beyond the portion ofgh@und plane that was also captured.
This portion of ground plane is placed immediateéfore the walls and door which are in
front of the robot. Therefore, the only reason g LADAR captures points that are beyond
these two surfaces is because these are madesefagid this is a kind of material that causes
problems to the LADAR. In the next two situatiomsstdetail will be clearer. Thebstacle
mapis consistent with thelevation mapas it considers all surfaces as obstacles, eXoept
the portion of ground plane, which is correctly siolered as freespace.

After the robot has traveled half way, tekevation maphas been significantly rotated
(Figure 5.11 (e)). Although there is some drag wkiem map rotates (which leads to an
increase on the areas of the surfaces previousbpea, the different surfaces maintain their
position relatively to the robot. At this pointetieal scene (Figure 5.11 (d)) shows that the
robot is facing the vegetation (the same vegetatibith, on the beginning of the path, was
on the left side of the robot), and thlevationandobstacle mapare consistent with this fact.
Also, the portion of ground plane previously “catighy the LADAR is now overlapped by
cells corresponding to the glass wall that is nawtlee right side of the robot (to avoid
confusion, from now on this wall will be referred &s “main glass wall”’) and which,
meanwhile, was also captured by the LADAR. As nwered before, the number of cells that
correspond to surfaces which are beyond the massghall is now much higher than at the
beginning of the path. Thebstacle mapnow considers almost all cells of the scene as
obstacles (except for some of those surfaces teabeyond the main glass wall) due to the
fact that the portion of ground plane previouslptoaed is now almost entirely covered. In
the same place where previously were freespace ttedl corresponded to this portion of
ground plane, are now several obstacle cells wi@phesent a part of the main glass wall.

When the robot reaches the end of the patheldheation magFigure 5.11 (h)) suffered a
rotation of approximately 90 degrees relative te ithitial elevation mapFigure 5.11 (b)).
The areas of the previously captured surfaces diirdnge substantially in relation to the
previouselevation magFigure 5.11 (e)) and the positions of these sanmfaces relative to

the robot are consistent with the real scene (Eigutl (g)). For example, the positions, on
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the real scene, of the vegetation on the right eidine robot and, also, of the wall and the
door in front of the robot are consistent with gesitioning of the cells that represent those
surfaces on thelevation mapin the second half of the path, the LADAR conéduo detect
surfaces that are beyond the main glass wall (whiobe again, is the wall that the robot was
facing at the beginning of the path) but, on theeothand, the LADAR didn’t detect any
surfaces beyond the wall (also made of glass) ighat his front at the end of the path,
because, in the real scene, this glass wall hablih@s closed preventing the LADAR from
detecting anything beyond that. Thbstacle maponce again, is in line with thelevation
map as it has several obstacle cells and only a feespace cells, which correspond mostly

to the blue cells of thelevation map
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6.Conclusions and Future Work

This chapter summarizes this dissertation, dissusemain capabilities and weaknesses
showed by the proposed mapping and obstacle datesyistem on the experimental results,
provides a set of conclusions and suggests somevwaments to be made in future work.

6.1 Conclusions

This dissertation presented a solution for the lerobof mapping and obstacle detection
in indoor/outdoor structured environments, with tigatar application on service robots
equipped with a LADAR. This solution works in unkmo environments and it is based on
the assumption that the robot, which carries theDRR and the mapping and obstacle
detection system, is based on a planar surfacewidhiconsidered to be the ground plane.

The mapping module of the system creates a temap, which is then used to detect
obstacles. The obstacle detection module geneaatesp that represents only obstacles and
freespace. An AHRS sensor is used to increaseothesmess of the system to variations on
robot’s attitude, which, in turn, can cause falssifives on obstacle detection. It were also
developed a scrolling procedure that updates thesrmaaccordance with the displacements
of the robot and an additional procedure to dedh gituations where the ground plane
changes its orientation. Moreover, the developddtisn was implemented on a framework
for mobile robotics applications namedPlayer/Stage Projectthat improves the
communications between different modules of thetesgsand increases computational
efficiency by executing several navigation tasksudianeously.

Several experimental tests were conducted in near@nments and, by analyzing the
experimental results, some conclusions can be drawn

The need for this system to comply with real-tino@straints makes it very important to
choose an appropriate size and resolution for thesmGiven this choice, it is also clear that
there is a relationship between the detail of ttiermation and the computational load of the
maps (processing time and amount of memory occypied needs to be respected so that
real-time constraints are met and robot’s safetylmassured.

The computation of theeference planés very important for the creation of tekevation
map and it was shown that threference planés computed properly because, in a situation
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where the LADAR only captured the ground plane, riéference planecorresponded very
closely to theeal planeprovided by the LADAR and, as a result, the magyg showed cells
that belong to the ground plane.

The component of this system that deals with sidunatwhere the ground plane changes
its orientation makes this system more reliable aseful for navigation and path planning,
because, when the transition between two groundeplaccurs, it allows the removal of
fictitious obstacles and the creation of new mapghmmore consistent with the real scene.
However, the use of two thresholds leads to thel méeheir adjustment depending on the
environment where the robot will operate.

Experimental results also demonstrate fidth-Roll compensatiors a very important
element for this system because, as shown, it altbe construction aflevation mapsvhich
are more consistent with what is “seen” by the LADAt each moment and, consequently, it
helps to reduce the number of false positiveslmstacle mapswvhich contributes to a greater
efficiency and reliability on obstacle detectiort. was also demonstrated thataw
compensatino works well in its essence, because the map gepiorotated and the captured
surfaces change their position relative to the rab@agreement with what happens in reality.
However, this procedure has a considerable drawhlzetause there is some drag when the
map is rotated, especially at the beginning ofdbeves, which leads to an increase on the
areas of the surfaces previously mapped. This neagalised by errors on the algorithm of
rotation of the map (especially in the decisionwbehen the map is ready to be rotated), but
also on the acquisition of thy@w angle. In this system, thy@w angle is obtained through the
AHRS sensor and, among the three angles providdadi®ysensor, thgaw angle is the one
which is less accurate because it is computed lynatameters, which are very sensitive to
external influences. This lower accuracy of ytlaev angle may have influence on the drag of
the maps. This drawback can cause significant ssgue¢he robot, especially if it intends to
change direction in a tight space, such as makingreto enter an indoor corridor.

The experiments also indicate that the map’s sagplbrocedure fulfills its mission but,
still, it suffers from some errors related to ches@n the distances between the various
surfaces and objects of the real scene with theemewt of the robot (mainly due to
inconsistencies between the scrolling procedurethadaddition of new information to the
maps) and also errors related to the computatiagheotlisplacement of the robot through the
encoders (that may arise in the calculation ofdisplacements, but also on odometry data
provided directly by the encoders), which, in tuemd to increase as the distance travelled by

the robot becomes larger.
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In general, the experimental results indicate ttiet proposed model provides an
appropriate solution for the problem of mapping as$tacle detection in indoor/outdoor
structured environments. Throughout the severakexents, most structured surfaces and
objects were efficiently mapped and those whichHdctwe an obstacle for the robot were also
correctly detected by the algorithm of obstacleedigbn. However, the experiments carried
out seem to indicate that the system finds moreblpros in outdoor than in indoor
environments, mainly due to changes (smooth, utsth influence) on the ground surface,
which, in turn, can produce false positives in abl detection. The author believes that, as a
first approach, these problems could be minimizgddolucing the range of the LADAR (by
increasing its tilt angle and/or lowering its heighvhich would reduce the area of the surface
considered by the system as the ground plane. Tireigrobability of having changes on that
same surface within the field of view of the LADARuId be reduced. Nevertheless, due to
reasons related with the construction of the serviobot for which this system was
developed, it was not possible to change the positg of the LADAR and perform more
tests. This and other improvements will have toaienfior future work.

6.2 Future Work

Below, this section suggests some possibilitiedudture work based on the experimental

results obtained and on the conclusions of theipus\section:

e Try to reduce the errors in the scrolling procedofrehe maps through the use of a
complete localization system to obtain the disptaeets of the robot. Instead of using
robot’s odometry, it would be used a more precismlization system, which could
lead to a reduction on the errors, as well as @i foropagation over time, as the
distances traveled by the robot increase;

* To improveYaw compensatiorExperimental results revealed that there is sdrag
on the cells when the map rotates, which can bélgmmatic for the robot when
moving in tight spaces. As explained on the previsection, one cause for this drag
may be related to the fact that thaw angle provided by the AHRS sensor is not
accurate. Thus, it would be interesting to explarenew method to obtain the

yaw/heading of the robot to try to improve the fesu
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To develop a mechanism to regulate and fix (“o#ffinthe positioning of the LADAR,
so that it is possible to modify its range depegdin what is needed. For this system
in particular, the possibility of reducing LADARnge would reduce the area of the
surface considered by the system as the groune plamch could lead to improved
results on outdoor structured environments, sihesd environments, although in a
smooth way, are a bit rougher than the indoor enwrents. Within this subject, it
could also be investigated the possibility of depalg an algorithm for detection of
smooth slopes on thedevation mapin order to improve obstacle detection when the

robot is faced with such situations;

To explore the detection of dynamic obstacles. &9 this system considers all
surfaces as static, i.e. each detected surfaceimeroa the maps until eventually the
maps are erased. However, there are objects thahoge in front of the robot (like a
human that passes in front of the robot) and, adcgly, it would be interesting to
develop a mechanism that could distinguish betvadgects that remain in front of the
robot and those who are no longer there, so tleataitt ones could be removed from

the map;

To investigate the detection of some unstructuréjeats. Even in structured
environments, there is often the existence of unsired objects such as grass or low
vegetation. In this system, such objects will oftenconsidered as obstacles when, in
many cases, they could be overcome by the robattefdre, it would be interesting
that this system had the ability to distinguish samstructured objects, either by the
integration of new sensors (e.g., to have inforamatbout the color of the objects) as
well as by the development of algorithms that, Hase the maps built, could detect

some unstructured surfaces.
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