EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Context-aware design and motion planning for autonomous
service robots

Citation for published version (APA):
Lunenburg, J. J. M. (2015). Context-aware design and motion planning for autonomous service robots. [Phd
Thesis 1 (Research TU/e / Graduation TU/e), Mechanical Engineering]. Technische Universiteit Eindhoven.

Document status and date:
Published: 24/06/2015

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023


https://research.tue.nl/en/publications/36881191-79c0-4d41-a782-ecbc06a8ed07

Context-aware design and motion planning for
autonomous service robots

Janno Lunenburg



The research presented in this thesis is part of the research programme of the Dutch Institute of
Systems and Control (DISC). The author has successfully completed the educational program
of the Graduate School DISC.

The research leading to these results is part of the R5-COP project, funded by ARTEMIS
and the Bobbie project, funded by NL Agency (Dutch Ministry of Economic Affairs)

A catalogue record is available from the Eindhoven University of Technology library
ISBN: 978-90-386-3870-6

Typeset by the author with the pdfIATEX documentation system
Cover design: Janno Lunenburg
Reproduction: Ipskamp Drukkers B.V., Enschede, the Netherlands

(© Copyright 2015 by Janno Lunenburg. All rights reserved.



Context-aware design and motion planning for
autonomous service robots

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Technische Universiteit Eindhoven,
op gezag van de rector magnificus, prof.dr.ir. F.P.T. Baaijens
voor een commissie aangewezen door het College voor Promoties,
in het openbaar te verdedigen
op woensdag 24 juni 2015 om 16.00 uur

door
Janno Johan Maria Lunenburg

geboren te Veghel



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de promotiecom-
missie is als volgt:

voorzitter: prof.dr. L.P.H. de Goey
promotor: prof.dr.ir. M. Steinbuch
copromotor: dr.ir. M.J.G. van de Molengraft
leden: prof.dr. H. Nijmeijer
prof.dr. H. Bruyninckx
prof.dr.ir. E.J. van Henten
prof.dr.ir. S. Stramigioli
dr.ir. M. Wisse

KU Leuven)

Wageningen University)
Universiteit Twente)
Technische Universiteit Delft)

(
(
(
(



Societal summary

As a result of the aging population, the need for care is increasing while the amount of home
care and nursing staff available to provide this care is decreasing. Developing domestic service
robots is a possible solution to anticipate this shortage. However, there is still a long way to
go before service robots can be part of our daily lives. Both the hardware and the software are
not yet at the level that robots can perform a variety of tasks as quickly, reliably, flexibly and
robustly as humans do with costs comparable to or even lower than care personnel.

This thesis introduces a new domestic service robot. This is an open hardware design:
researchers and developers are free to copy and improve this design. Similar to open source
software, this should eventually lead to better robot hardware and lower costs.

Furthermore, a number of advances in motion planning for mobile robots are introduced.
These will allow future service robots to move quickly and safely through a domestic or care
environment.

The hardware as well as the motion planning developments contribute to the introduction
of domestic service robots in our daily lives.






Summary

Context-aware design and motion planning for autonomous ser-
vice robots

As a result of the aging population, the need for care is increasing while the amount of home
care and nursing staff available to provide this care is decreasing. Developing domestic service
robots is a possible solution to anticipate this shortage. However, there is still a long way to
go before service robots can be part of our daily lives. Both the hardware and the software are
not yet at the level that robots can perform a variety of tasks as quickly, reliably, flexibly and
robustly as humans do with costs comparable to or even lower than care personnel. There are
two important steps to be made: i) make robust, reliable and capable service robots available to
a large community of researchers and developers and ii) develop skills for these robots, of which
the ability to quickly and safely plan motions through a domestic or care environment is one
of the most important ones. This thesis discusses four aspects related to hardware design and
motion planning.

To make service robots available to a large community, a new modular, open hardware
domestic service robot is developed that has a fully holonomic platform that can robustly cope
with indoor surfaces and an upper body that combines the vertical range and stability of a linear
vertical actuator with the dexterity of a rotational joint. Furthermore, the robot has a modular
setup with clearly defined mechanical and electrical interfaces.

The second main topic of this thesis is motion planning. Over the past fifty years, the amount
of literature discussing motion planning has grown so large that it has become extremely difficult
to select a combination of representations and search algorithms that are suitable for a particular
application. To aid this selection process, a methodology is developed that discusses the relevant
criteria to select appropriate environment representation classes, search algorithm classes and a
suitable approach to combine these into a navigation system.

Existing navigation systems for domestic service robots usually suffer from the trade-off
between being quick and being robust against changes in the environment. To improve this
behavior, an existing three-dimensional environment representation that probabilistically fuses
sensor measurements to represent the occupancy probability of volumes is extended with a time-
dependent occupancy probability model. Additionally, a proactive approach is used to deal with
unpredictably moving obstacles. This navigation system is extensively tested in simulations,
laboratory experiments and real life experiments.

Finally, it is demonstrated how a single, centralized, object-oriented world model can be
used for multiple modules, e.g., task planning and execution, localization, navigation and ma-
nipulation, in the software stack of a service robot instead of having separate world models for
each module. For the specific use-case of navigation, it is shown how this approach increases
robustness and safety: i) while using this object-oriented world model as a basis for the planning
representation, ii) while using task context to determine the goal regions with respect to world
model objects and iii) while using symbolic knowledge of the task and goal to coordinate the
motion planners.
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Samenvatting

Als gevolg van de vergrijzing van de bevolking is er een toenemende behoefte aan zorg, terwijl
de beschikbare hoeveelheid zorgpersoneel afneemt. Het ontwikkelen van zorgrobots is één van
de mogelijkheden om te anticiperen op het toekomstige tekort aan zorgpersoneel. Er is echter
nog een lange weg te gaan voordat robots deel kunnen uitmaken van ons dagelijks leven. Zowel
de hardware als de software van robots is nog niet op het niveau dat benodigd is om een
verscheidenheid aan taken net zo snel, betrouwbaar, flexibel en robuust uit te voeren als mensen
dit kunnen. Tevens zijn de kosten voor zorg- of huishoudrobots momenteel nog veel te hoog. De
ontwikkeling van robuuste, betrouwbare en capabele robots die op grotere schaal beschikbaar
zijn is een eerste stap om deze robots in ons dagelijks leven te introduceren. Vervolgens is één
van de belangrijkste vaardigheden van zorgrobots het vermogen om snel en veilig bewegingen te
plannen in een huis- of zorgomgeving. In dit proefschrift komen vier onderwerpen aan bod die
gerelateerd zijn aan het ontwerpen van robot hardware en het plannen van bewegingen.

Op de eerste plaats is een nieuwe modulaire, open hardware huishoudrobot ontwikkeld met
een volledig holonome basis die robuust in een binnenomgeving rond kan rijden en een boven-
lichaam dat het verticale bereik en de stabiliteit van een lineaire verticale actuator combineert
met de behendigheid van een draaigewricht. Tevens is de robot modulair opgebouwd met goed
gedefinieerde mechanische en elektrische interfaces.

Het tweede hoofdonderwerp van dit proefschrift is het plannen van bewegingen. In de
afgelopen decennia is er dusdanig veel literatuur over het plannen van bewegingen geschreven dat
het erg moeilijk is geworden om een combinatie van omgevingsrepresentaties en zoekalgoritmes
te vinden die geschikt is voor een specifiek probleem. Om dit selectieproces te ondersteunen
is een methodologie ontwikkeld die de relevante criteria beschouwt om de juiste klasses van
omgevingsrepresentaties en zoekalgoritmes te selecteren alsmede een plan van aanpak om deze
te combineren.

Bestaande navigatiesystemen voor huishoudrobots moeten vaak een afweging maken tussen
tussen snel bewegen en robuust zijn tegen veranderingen in de omgeving. Om dit gedrag te ver-
beteren is een bestaande drie-dimensionale omgevingsrepresentatie die probabilistisch metingen
integreert uitgebreid met een tijdsafhankelijk bezettingskansmodel. Tevens wordt een proactieve
aanpak toegepast zodat de robot om kan gaan met onvoorspelbaar bewegende obstakels. Het
gedrag van dit navigatiesysteem is uitgebreid getest in simulaties, experimenten in een testlab-
oratorium en experimenten in de universiteitsbibliotheek.

Ten slotte is aangetoond hoe een enkel, centraal, object-georiénteerd wereldmodel kan wor-
den gebruikt voor verschillende software modules, bijvoorbeeld taakplanning en -uitvoering,
lokalisatie, navigatie en manipulatie in plaats van een specifiek wereldmodel voor iedere taak.
Met navigatie als specifieke toepassing is aangetoond dat deze aanpak de robuustheid en vei-
ligheid verbetert: i) door dit object-georiénteerde wereldmodel te gebruiken als basis voor de
planningrepresentatie, ii) om taak-context te gebruiken om doelregio’s ten opzichte van objecten
in het wereldmodel te berekenen en iii) symbolische kennis van de taak en het doel te gebruiken
om de planners te coérdineren.
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Chapter 1

Introduction

1.1 The need for service robots

The worldwide ageing population is putting increasing pressure on the home care system. While
the number of elderly people in need of care is increasing, the number of personnel available to
provide this care is decreasing. In the Netherlands, the ratio between the amount of people above
the retirement age and the potential labor force is expected to increase from 0.27 in 2012 to 0.39
in 2040 (van Duin and Stoeldraijer} [2013). This trend is visible in almost all countries in the
European Union (Robustillo et al, |2013) as well as in Japan, Canada, Australia, New Zealand
and the United states (Anderson and Hussey, 2000). As a result, there will be a shortage of
assistance in daily activities such as cleaning the house, preparing and serving food and doing
the laundry (Bugmann and Copleston, 2011)). This will make it potentially difficult for the
elderly to live independently at home.

Robots are a possible solution to this shortage. Hereto, these robots should be able to
robustly perform a variety of tasks in a domestic or a care environment. Furthermore, the costs
for such a robot should at most be equal to the costs of care personnel and preferably even
lower.

Ever since Unimate joined a General Motors assembly line in 1961, robots have been used in
industry to automate production processes such as welding (Figure , painting (Figure
and pick-and-place tasks (Figure [1.1¢). In [IFR| (2012), it was estimated that at the end of
2011, between 1.2 and 1.4 million industrial robots are being used throughout the world. These
robots can perform repetitive tasks quickly, accurately and reliably and therefore do jobs that
are, either too heavy, too dangerous or too boring for humans. Due to the repetitive nature of
their tasks and due to the invariance of their environments, it is possible to pre-program exact
trajectories for each joint of the robot for one specific task. As a result, industrial robots are not
able to react to changes in their task or in the environment: even slight changes in the task or the
environment requires reprogramming of the robot, which is often a costly and time-consuming
task.

More recently, robots have found their way to domestic environments, examples of which
can be found in Figure Like industrial robots, these have been programmed for a specific
purpose, e.g., vacuum cleaning, lawn mowing or pool cleaning. The big difference, however,
is that they do not operate in a static environment and hence, their trajectories are not pre-
programmed. Often, these robots simply drive randomly in their designated area, under the
assumption that they will eventually cover the entire environment this way. Since these robots
are not aware of their environment, this approach results in suboptimal trajectories, e.g., robots
have cleaned a certain part of the floor many times while another part is still dirty, and robots
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(a) A welding robot. (b) A painting robot. (c) A pick-and-place robot.

Figure 1.1: Three examples of industrial robots.

can easily get stuck in unforeseen situations.

Therefore, to really support people in their activities of daily living, a whole new type of
robot is required: service robots that are not designed for a specific purpose but are designed
—both in hardware and software— to perform a wide variety of tasks in an arbitrary domestic
environment. Such robots contain a moving base platform to move through the environment
and one or more manipulators to perform manipulation tasks. Furthermore, these robots need
various sensors to perceive their environment. Examples of such robots can be seen in Figure|l.3

Unlike industrial robots, it is not possible to pre-program all motions due to the diversity in
tasks and environments. On the other hand, the robots cannot complete their tasks by simply
executing random motions such as vacuum cleaners. Therefore, it is essential that service robots
plan their motions based on the task at hand and the environment in which they operate.

1.2 Putting service robots into practice

There is still a long way to go before service robots will be part of our daily lives. Significant
improvements on both the hardware as well as the software are required before robots can
perform a variety of tasks as quickly, reliably, flexibly and robustly as humans do with costs
comparable to or even lower than the costs of care personnel. Large-scale availability and the
ability to navigate through their environment quickly as well as safely are key prerequisites to
put service robots into practice. Therefore, the main problem definition of this thesis is defined
as:

(a) A vacuum cleaner robot. (b) A lawn mower robot. (¢) A pool cleaner robot.

Figure 1.2: Three examples of domestic robots.
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(a) The AMIGO robot (Photo (b) The PR2 robot. (c) The Care-O-bot 3 robot.
courtesy of Bart van Overbeeke
Fotografie.)

Figure 1.3: Three examples of domestic service robots.

Design a modular, affordable service robot and develop a navigation system that is robust against
the dynamics and uncertainties of the environments a service robot operates in.

In this thesis, four highly relevant issues in robot design and motion planning will be addressed:

e fully functional service robots are not available on a large scale for developers. Many
research groups use custom robots that are not available to other researchers and the
robots that can be purchased are either too expensive or not adequate.

e despite the large amount of literature on motion planning, it is extremely difficult to select
a combination of representations and search algorithms for a specific motion planning
application.

e navigation systems of service robots are either too slow or not robust against the uncer-
tainties that are present in the environments they operate in.

e software modules such as motion planning, localization, task planning and execution all
usually have their own specific environment representation, limiting performance because
of the replication of processing steps and the absence of reuse of information.

The related work concerning these issues is discussed in the following sections, followed by the
main contributions of this thesis.
1.2.1 Robot hardware

Today’s service robots have a number of common drawbacks:

e Fully functional service robots are only available to large research institutions who can
afford to develop one. The robots that are available are far too expensive.

e They are not modular. Modular components with standardized interfaces i) allow the
use of hardware components for a specific task, ii) allow a robot to be assembled from
components of multiple developers and iii) eases maintenance of the robots.
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e They are closed source. Similar to open source software, open hardware benefits from dis-
tributed developments and reviews, leading to better quality and lower costs. Furthermore,
the availability of open hardware implementations of standardized interfaces makes it more
likely that these standards are adopted since these act as reference implementations, as is
argued in Reynolds and Wyatt| (2011) for open-source software.

e Their manipulation capabilities are inadequate. Today’s service robots are able to pick-
and-place objects such as bottles and cans. However, their mechanics are not suitable for
the fine manipulations skills that are required to, e.g., prepare dinner, nor do they have
sufficient strength to physically aid people.

Making robust, reliable and capable service robots available to a larger community is therefore
a first step towards the introduction of these robots in our daily lives. Furthermore, the devel-
opments of these robots can be encouraged by introducing a standard, modular architecture, in
which the components of various robots can be easily exchanged.

Over the past ten years many service robots have been developed. Common examples are the
PR2 (Figure based on the design in [Wyrobek et al (2008)), Care-O-bot (Graf et al, 2004,
2009) (see Figure[1.3d), Rollin’ Justin (Ott et al, [2006; [Fuchs et al, [2009), ARMAR-III (Asfour
et al, 2006]), Dynamaid (Stiickler and Behnkel [2009), TWENDY-ONE (Iwata and Suganol [2009)
and HoLLiE (Hermann et al, 2013). Unfortunately, most of these robots are unique research
platforms that are not available to other research institutions (Fuchs et al, 2009; |Weisshardt
et al, 2010)). The platforms that are available such as the PR2 (Wyrobek et al, 2008)) and the
Care-O-bot 3 (Graf et al, [2009) are too expensive for many research institutions.

The importance of modularity has been acknowledged in a number of service robot designs.
In Wyrobek et all (2008)) it is recognized that a modular approach makes it possible to add
specialized hardware and end-effectors. The Care-O-bot 3 also has a modular setup (Weisshardt
et al, 2010) and has a modified, existing manipulator connected to an existing end-effector.
Rollin’ Justin (Ott et al, [2006; Fuchs et al, [2009)) also has a separately designed base, torso and
arms. Similarly, ARMAR-III (Asfour et al, [2006) and HoLLiE (Hermann et al, 2013)) have been
designed as a mobile platform with a modular upper body. However, only the PR2 contains
open interfaces to use different grippers, arms or sensors and the designs in [Stuckler and Behnke
(2009); Iwata and Sugano| (2009) are in general less modular.

In the field of humanoid, walking robots, the importance of open hardware has long been
recognized, with the iCub (Metta et al, 2008), DARwIn-OP (Ha et al, 2011) and NimbRo-
OP (Schwarz et al, [2014) as well-known examples. These robots, however, are not suitable
as service robots: at this point, a driving robot is more suitable than a walking robot and
furthermore, the manipulation abilities of these robots are inadequate for service robots.

To boost the development of service robots, a modular service robot is required with stan-
dardized interfaces. Furthermore, it must be open hardware so that it can act as a reference
implementation for future developments.

Contribution 1 The first contribution of this thesis is SERGIO: a modular, open hardware
design for a domestic service robot.

SERGIO is an acronym for Second Edition Robot for Generic Indoor Operations. SERGIO
has a fully holonomic platform for domestic service robots that can robustly cope with rigid,
uneven surfaces and smoothly drive over thresholds such as doorsteps. Furthermore, it has an
upper body that combines the vertical range and stability of a linear vertical actuator with
the dexterity of a rotational joint using only two actuators. Finally, it is equipped with two
7-DoF anthropomorphic manipulators. The mechanical and electrical interfaces between the
base platform, upper body and arms are clearly defined, allowing easy exchangeability of these
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components. Its CAD drawings, part lists and electrical schemes will be released under an open
hardware license on the Robotic Open Platform{]

1.2.2 Motion planning

As was discussed in Section one of the most important skills of a domestic robot is to plan
and execute its motions quickly and safely. In practice, a motion planner is typically desired to
be complete, i.e., to return a solution if one exists to report failure otherwise, and to return a
solution that is optimal and correct. However, there exists no motion planner able to achieve
all these requirements in real-time while satisfying the robot constraints in presence of moving
obstacles and uncertainty (Cannyl, [1988). Therefore, the motion planning problem at hand is
often approximated by a simplified but still realistic version (Latombe, [1990), which introduces
a trade-off between the various requirements. Due to the importance of motion planning for
robotics, this subject has been thoroughly researched over the past fifty years. In fact, the
amount of literature discussing motion planning has grown so large that it has become extremely
difficult to select a combination of representations and search algorithms that is suitable for a
particular application.

Motion planning consists of two steps: i) representing the robot and its environment and ii)
searching a path in the represented environment (Hwang and Ahuja;, 1992). In literature, either
only a single step of the motion planning problem, i.e., either the representation or the search al-
gorithm, is discussed or, in more cases, not all requirements are discussed as some are considered
not relevant for a specific robot or goal. In [Ferguson et al (2005) some combinations of algo-
rithms are discussed that, given a specific representation of the environment, find a path. The
work in Giesbrecht| (2004)) gives an overview of algorithms that represent the environment and
algorithms that find a path and discusses combinations of both. How the combined algorithms
can deal with robot constraints is not discussed. There is also an overview of combinations
of algorithms that find a path for robots with certain kinematic constraints (Laumond et al,
1998)). It does, however, not consider how to deal with moving obstacles or a partially known
environment. Also, motion planners are compared that combine multiple algorithms but with
a focus on unmanned aerial vehicles (UAVs) (Goerzen et all 2010; |Dadkhah and Mettler, |2012)
instead of mobile robots moving only on the ground plane. Moreover, these references do not
consider how combined algorithms provide robustness against a dynamic environment. Next,
there is an overview that discusses planners that have ‘covering’ as a specific goal (Choset, |2001)).
These planners assume a mostly static environment and thereby exclude robustness against a
dynamic environment. Also, robot constraints are not taken into account. There are examples
of combinations of multiple algorithms that make a well-performing motion planner in practice
for a specific mobile robot (Thrun et al, 1999; Brock and Khatib, [1999; |Stachniss and Burgard,
2002; Hsu et al, 2002; van den Berg et al, 2006; Dolgov et al, 2008; Marder-Eppstein et al, 2010).
Such motion planners give insight in the choice for a combination of algorithms with respect to
predefined requirements, but they do not give generic directions on how to get to this choice.

To design a motion planner for a practical situation, a generic methodology is required to
select appropriate representations, search algorithms and an approach to combine these.

Contribution 2 The second contribution of this thesis is a recipe for the selection of a combi-
nation of motion planning algorithms for navigation of mobile robots.

This recipe consists of three parts: In the first part, an appropriate approach to combine repre-
sentations and search algorithm classes is selected. In the following two parts a representation
class and search algorithm class to accomplish the two steps of motion planning are selected.

"http://www.roboticopenplatform.org/wiki/SERGIO
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1.2.3 Environment representations for motion planning

Among the motion planning problems the robot faces is navigation, i.e., the ability of the
base platform to move through the environment. The environment representation the robot
uses for navigation needs to be three-dimensional in order to deal with typical obstacles in a
human environment such as tables and chairs. Even if a prior representation is present, this
representation needs to be updated using 2D sensors such as laser rangefinders and 3D sensors
such as the Microsoft Kinect to account for changes in the environment, e.g., furniture that has
moved or people walking around in the environment. The obstacles that the robot encounters
generally vary in size and shape and can be static as well as dynamic. Uncertainty typically
arises from three sources (van den Berg et al, 2011): i) sensing uncertainty due to noisy and false
sensor measurements, ii) uncertainty about the environment due to (partially) unknown parts
of that environment and iii) robot position uncertainty due to localization errors and external
disturbances acting on the robot. In the presence of this uncertainty, a robot still needs to
guarantee that it is safe, 4.e., that it can ensure to come to a timely stop when a collision is
imminent. As a result, existing navigation systems for domestic service robots usually suffer from
the trade-off between being quick and being robust against uncertainties in the environment.

To achieve safe behavior, the objects in this environment are typically inflated with a ‘safe’
distance that encompasses the robot position uncertainty as well as the robot sensing uncer-
tainty (Hsu et al, [2002; Chung et al, 2004). While this may ensure that a robot keeps a greater
distance from obstacles, it may also prohibit a robot to traverse tight spaces. This is undesirable
as tight spaces such as doorways are typically present in a domestic environment. Other ap-
proaches limit the robot’s velocity based on distance to obstacles on the robot’s path (Lingemann
et al, 2005) or the amount of clearance on both sides of the robot (Fox et al, [1997). The former
approach will fail when a moving obstacle emerges from occluded regions, e.g., a doorway in a
corridor. The latter approach is conservative in that it will scale down its velocity in a narrow
corridor, while in such a confined part of the environment the robot could safely drive at higher
velocities.

Instead of these approaches to approximate the uncertainty due to robot position inaccuracy
and the limited sensor range, these sources of uncertainty can also be explicitly modeled to
prevent collisions. A range of approaches estimate the probability of collision of the robot along
its path (Missiuro and Roy, [2006; Burns and Brock, [2007; (Guibas et al, 2009; van den Berg
et al, [2011; Patil et al, |2012). These approaches plan a path by sampling the environment
for feasible robot configurations that reduce the probability of collision during the execution
of a path. These approaches result in robot motions with a lower probability of collision by
explicitly considering the robot position and sensing uncertainty. However, these approaches
do not take into account the uncertainty that arises due to unknown parts of the environment.
In Marder-Eppstein et al (2010), a method is introduced that does track the unknown space
in three dimensions. To guarantee safe behavior it is ensured that the robot never traverses
this unknown space. However, it is assumed that the environment is mostly static, i.e., it
can not ensure safe behavior if an obstacle emerges from an occluded part of the environment.
Furthermore, once any unknown space is marked as free it will remain free. This makes the
representation over-confident in its assumption that space is free as this space can become
occupied again in a changing environment. Hence, a time-dependent occupancy probability
model is necessary, instead of merely tracking unknown space.

Finally, some approaches explicitly model the uncertainty that arises due to unpredictable
moving obstacles, e.g., humans (Philippsen et al, [2006, [2008; Rohrmiiller et al, 2008). Moving
obstacles are extracted from subsequent sensor readings and their position and velocity is esti-
mated to obtain a probabilistic model that resembles the risk of collision. A moving obstacle
can, however, be occluded up to an imminent collision.
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Hence, current approaches that deal with uncertainties to allow safe navigation are not fully
suited for a domestic environment. To improve on the trade-off between being quick and being
robust against uncertainties in the environment, the three sources of uncertainty need to be
explicitly modeled and integrated in the environment representation.

Contribution 3 The third contribution of this thesis is a three-dimensional representation that
explicitly models the three uncertainties that are present in a domestic environment to allow a
motion planner to decide when it can move at a certain mazximum velocity and when it must
maintain a slower pace to ensure safety, based on the probability of collision.

This is analogous to slowing down in hazardous situations in traffic.

1.2.4 The lack of context

Recently developed robotic software architectures allow for the execution of semantically rep-
resented action recipes that can deal with the presence of variation in both environment and
robot, see, e.g., Di Marco et all (2013)); Janssen et all (2013]). In the process of grounding the
used semantic concepts, knowledge of the environment is needed, which is often represented
and integrated in an ad-hoc way, where each of the software components, e.g., for localization,
navigation and manipulation, uses and maintains its own specific world model. As is recognized
in, e.g., Blumenthal et all (2013)), this limits performance as certain processing steps need to be
replicated in multiple modules and the reuse of functionality is limited.

A clear example can be found in motion planning. Unlike the world models used for, e.g.,
task planning and execution, the representations used for motion planning typically do not
explicitly distinguish the objects that are present, nor do they associate semantic knowledge
with the measurements or track objects. In other words, the motion planning representation
lacks context. Consequently, all volumes of a representation, e.g., the voxels of a voxel grid
or the nodes of an OctoMap, are assumed to be independent. However, this assumption is
not valid in practice and limits the performance of motion planning systems: i) obstacles are
poorly cleared, resulting in ‘clutter’, i.e., single voxels that are still modeled occupied although
the object they were initially associated with is no longer there, in the representation and ii)
movements of obstacles cannot be explicitly accounted for. Furthermore, the robot cannot
reason about the appropriate actions to take in case its task is obstructed due to the absence
of semantic knowledge of the environment. In this example, the clearing problem would benefit
from object tracking and semantic annotations of the obstacle could help the robot decide about
the appropriate action.

World models in literature can be roughly divided in object-oriented representations and
grid-based representations. In motion planning, it is common to use grid-based representations,
examples of which can be found in Section [1.2.3]

Contrary to the world representations for motion planning, world representations that are
designed for task planning and execution are usually object-oriented and semantic knowledge is
associated with these objects. Examples of semantically annotated world models can be found
in Pronobis and Jensfelt| (2012); Elfring et al (2013)). In the work of Pronobis and Jensfelt
(2012), a probabilistic framework for semantic mapping has been presented which abstracts
sensor information and integrates it into a semantic map in a probabilistic way. It is shown
how this can be used as a topological map for navigation but does not present a complete
geometric model that can be used down to the level of local motion planning. The world
model in |Elfring et al (2013) contains the position of known objects, but these objects have no
associated volumetric information and unknown objects are not modeled.

Geometric and semantic information are combined in, e.g., Zender et all (2008); |Wurm et al
(2011); (Chiesa| (2013)). In |Zender et al (2008), a multi-layered spatial representation is in-
troduced. This system has one central world model consisting of different abstraction layers.
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Table 1.1: Main contributions of this thesis.

‘ Contribution ‘ Chapter
1 SERGIO: a modular, open hardware design for a domestic
service robot
2 Recipe for the selection of a combination of motion plan-
ning algorithms for navigation of mobile robots
3 Three-dimensional representation for navigation based on
the probability of collision
4 Using a centralized, object-oriented world model, with mo-

tion planning as an exemplary application

However, the layered approach hides the semantic knowledge from the low-level components such
as motion planning. In Wurm et al (2011)), the environment is modeled as hierarchies of octrees.
Here, it is mentioned that semantic annotations can be used to facilitate data association or to
adapt certain map properties and an example of a representation for tabletop manipulation is
shown. It is assumed that that there exist methods to segment a point cloud, whereas in our
approach the segmentation is actually aided by using the models that are already present in the
world model. The method introduced in |Chiesa (2013) also adds semantic information to a 3D
occupancy grid. However, this approach does not scale beyond small indoor rooms.

The solution proposed in Blumenthal et al (2013) is to have a common and shared world
model where each component has access to relevant parts of the environment. In this reference,
however, it is not yet shown how this world model can be integrated with other software modules
such as motion planning.

Contribution 4 The fourth contribution of this thesis is therefore to demonstrate how a single,
centralized, object-oriented world model can be used for multiple modules in the software stack
of a service robot instead of having separate world models for each module.

As an application, it is shown how this approach increases robustness and safety:
e while using this object-oriented world model as a basis for the planning representation
e while using task context to determine the goal regions with respect to world model objects
e while using symbolic knowledge of the task and goal to coordinate the motion planners

An essential property of this approach is that improvements of the world model directly lead to
improvements in other modules such as navigation.

1.3 Outline of the thesis

This thesis is structured according to the contributions introduced in Section[I.2]and summarized
in Table In Chapter 2] the design of SERGIO is introduced. The design considerations for
the base platform, the upper body and the manipulators are discussed and compared with the
existing robots introduced in Section Furthermore, the mechanical and electrical design
are shown and the performance of the base platform as well as the reachability of SERGIO is
compared with its predecessor AMIGO.

In Chapter |3 the recipe for motion planning of mobile robots is introduced, consisting of
the three parts that are mentioned in Section is discussed. Based on this recipe, possible
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solutions to three motion planning problems are developed and compared with the solutions
that were developed in practice.

A geometric representation for navigation of a mobile robot is the subject of Chapter [
Here, the three sources of uncertainty introduced in Section [[.2.3] are explicitly modeled. The
resulting representation has been extensively tested in simulation, laboratory experiments and
a large scale experiment in the university library.

Based on the experiences in these experiments, a new navigation system has been developed
which is introduced in Chapter [5| It is discussed how navigation can benefit from the use of this
object-oriented world model as well as taking task-context into account. For comparison, this
system was also tested in the university library.

Finally, the main conclusions of this research are summarized in Chapter [6] followed by a
number of recommendations for further research.
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Chapter 2

SERGIO: the open hardware design of a
holonomic, anthropomorphic domestic
service robot

Before service robots will be part of our daily lives, large-scale developments on both hardware and
software are required. Nevertheless, service robots are currently only available to large research
institutions that have the resources to develop one. The service robots that are available are
usually far too expensive. Furthermore, the available service robots are not modular and their
designs are closed-source, hampering further development. Therefore, a modular service robot
s required with standardized interfaces. Furthermore, it must be open hardware so that it can
act as a reference implementation for future developments. This chapter introduces SERGIO: a
modular, open hardware design for a domestic service robot.

This robot has a fully holonomic platform with compliantly suspended Mecanum wheels, an upper
body that combines the vertical range and stability of a linear vertical actuator with the dexterity
of a rotational joint using only two actuators and two 7-DoF anthropomorphic manipulators.
The mechanical and electrical interfaces between the base platform, upper body and arms are
clearly defined, allowing easy exchangeability of these components. Its CAD drawings, part lists
and electrical schemes will be released under an open hardware license on the Robotic Open

Platfornfl]

2.1 Introduction

Robots are expected to play an increasing role in society over the next number of years. They can,
e.g., reduce the pressure on the home care system by assisting people with mobility impairments
so that they can live independently at home for a longer time. Furthermore, robots will also
increasingly work alongside people in industry. This illustrates the need for the development of
versatile, reliable, robust and affordable robots.

As is mentioned in Weisshardt et al (2010), it is expensive and time consuming to develop
these robots. Nevertheless, many service robots have been developed over the past ten years.
The development of the PR2 (based on the design in [Wyrobek et al (2008)) has concentrated on
the design and implementation of a fully integrated development platform that is designed to be

"http://www.roboticopenplatform.org/wiki/SERGIO
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safe and capable in human environments. The long term goal of the Care-O-bot project (Graf
et al, 2004, 2009)) is to develop a mobile robot able to assist people in their homes and combines
the technological aspects with a user friendly design. The two-arm system in reference |Ott et al
(2006) is developed as a research platform to contribute to the manipulation skills of humanoid
robots. Together with the platform introduced in [Fuchs et al (2009), it also forms the mobile
service robot Rollin’ Justin. More humanoid research platforms are ARMAR-IIT (Asfour et al,
2006), Dynamaid (Stuickler and Behnke, [2009), TWENDY-ONE (Iwata and Sugano, 2009)) and
HoLLiE (Hermann et al, [2013]).

Similar to the computer industry, which quickly gained momentum after a standardized,
open PC architecture was introduced, the development of service robots can greatly benefit from
standardized interfaces that allow modular substitution of components. Modular components
with standardized interfaces i) allow the use of hardware components for a specific task, ii) allow
a robot to be assembled from components of multiple developers and iii) eases maintenance of
the robots.

Figure 2.1: AMIGO (left) and SERGIO (right), without covers and arms.

Modularity has been an important issue in a number of these designs. In [Wyrobek et al
(2008) it is recognized that a modular approach makes it possible to add specialized hardware
and end-effectors. The Care-O-bot 3 also has a modular setup (Weisshardt et al, 2010) and
has a modified, existing manipulator connected to an existing end-effector. Rollin’ Justin (Ott
et al, 2006; Fuchs et al, 2009) also has a separately designed base, torso and arms. Similarly,
ARMAR-IIT (Asfour et al, 2006) and HoLLiE (Hermann et al, |2013)) have been designed as a
mobile platform with a modular upper body. However, only the PR2 contains open interfaces
to use different grippers, arms or sensors and the designs in Stiickler and Behnke, (2009); Iwata
and Sugano| (2009) are in general less modular.
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As is argued in Reynolds and Wyatt (2011), open-source software implementations of a stan-
dard means that the standard is more likely to be of high quality, since these implementations
act as reference implementations, and that the standard is more likely to be adopted. Unfortu-
nately, most of these robots are unique research platforms that are not available to other research
institutions (Fuchs et al, |2009; Weisshardt et al, 2010). The platforms that are available such
as the PR2 (Wyrobek et al, |2008) and the Care-O-bot 3 (Graf et al, [2009) are too expensive for
many research institutions.

In the field of humanoid, walking robots, the importance of open-hardware has long been
recognized, with the iCub (Metta et al, |2008), DARwIn-OP (Ha et al, [2011) and NimbRo-
OP (Schwarz et al, 2014) as well-known examples. These robots, however, are not suitable as
service robots.

The AMIGO robot (see Figure has been developed as a research platform by the Eind-
hoven University of Technology. AMIGO consists of a four-wheeled omni wheel platform with
an extensible upper body, equipped with two seven degree of freedom Philips Experimental
Robotic Arms (PERA, Rijs et al (2010)). The CAD drawings and electrical schemes of this
robot will published on the Robotic Open PlatformE] (see Appendix .Although this robot
showed its capabilities in the RoboEarth project (Waibel et al, 2011) and successfully com-
peted in the RoboCup@Home competition (Wisspeintner et al, 2009), with a second place in
RoboCup 2014, a number of fundamental limitations of the base platform and the torso have
been identified. Furthermore, the arms are not open hardware and the base platform and torso
are fully integrated, contrary to the desired modular setup.

The contribution of this chapter is SERGIO: a modular, open hardware design of a domestic
service robot with:

e clearly defined mechanical and electrical interfaces that enable the exchangeability of com-
ponents and ease maintainance

e CAD drawings, part lists and electrical schemes that will be released under an open hard-
ware license on the Robotic Open Platforn]

e a fully holonomic platform for domestic service robots that can robustly cope with rigid,
uneven surfaces and smoothly drive over thresholds such as doorsteps

e an upper body that combines the vertical range and stability of a linear vertical actuator
with the dexterity of a rotational joint using only two actuators

e two 7-DoF anthropomorphic manipulators

In the next section, the design principles of the base platforms, upper bodies and manipula-
tors of current domestic service robots are discussed, followed by the design of SERGIO’s base
platform in Section its upper body and manipulators in Section and electronics and
modularity in Sections and In Section the driving performance of the base platform
and the reachability of the upper body are compared with AMIGO, followed by conclusions and
future work in Section

2.2 Best practices in service robots

Most of the robots introduced in Section consist of a moving base, a torso with one or
more degrees of freedom and one or two manipulators. Although many of the tasks that are

Zhttp://www.roboticopenplatform.org/wiki/ AMIGO
3http://www.roboticopenplatform.org/wiki/SERGIO
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currently demonstrated using service robots can be performed with only one manipulator, an
anthropomorphic robot with two manipulators and a moving torso has the advantage that it can
also perform bimanual manipulation. Therefore, focus will lie on these anthropomorphic robots.
In this section, various possibilities for base platforms, torsos and manipulators are discussed.

2.2.1 Base platforms

Base platforms for service robots can be divided in three categories: non-holonomic, semi-
holonomic and fully holonomic platforms. A holonomic robot can drive in any direction without
having to turn beforehand. Hence, both the number of controllable DoF's and the total number of
DoFs equal 3 (two translations and one rotation). A non-holonomic robot has fewer controllable
DoF's than the total number of DoFs. For example, a car is non-holonomic: it cannot drive
sideways. A semi-holonomic platform is able to drive sideways. However, it first has to turn its
wheels.

Non-holonomic robots have two differentially driven wheels and one or two passive caster
wheels, e.g., the Pioneer P3-DX, or four or more differentially driven wheels, e.g., the Pioneer
P3-AT. As is recognized, however, in|A