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1. Introduction

Currently, more than 45 million people in Europeffau from some mobility
limitation of different nature. Apart from labour traffic injured people, this figure
is mostly due to elder people whose number foll@vsvorrying upwards trend.
Nowadays, there are about 80 million elder peaplEurope and experts predict that
this number is likely to increase by over 1% paryer the next two decades.

Considering this situation, any effort aimed toilitate mobility to physically
impaired people within their daily lives is crudjalrelevant. A widely adopted
solution to this problem is the use miwered wheelchairthat give impaired people
considerable mobility with less physical effort mhaclassical wheelchairs.
Nevertheless, users of powered wheelchairs muktigéctly control the movement
of the wheelchair, which may become a great nusamicen performing in certain
scenarios like crowded areas, narrow corridor&rge and annoying environments.

The last years have withessed some promising ingpnewnts in powered
wheelchairs aimed to relieve users of dealing wsiich situations. Some powered
wheelchairs include mechanisms for automatic obstacoidance, passing through
narrow spaces, doors, etc. These mechanisms rageineheelchair to be endowed
with sensors and actuators, managed and controylexh onboard computer. In this
sense, powered wheelchairs turn from user-guidédthes intorobotic wheelchairs,
operating in a semi-autonomous mannetr.

Several works on this topic have been developed andumber of robotic
wheelchair prototypes have been presented with edankprovements (Balcells &
Abascal, 1998), (Fioretti et al., 2000), (Hoyeradgt 1995), (Levine et al., 1999),
(Mazo et al, 2001), (Prassler et al., 2001). Néndess, the use of robotic
wheelchairs is not yet widely extended due to d#ife reasons. On the one hand the
performance of most robotic wheelchairs is largsbbjected to the continuous
human supervision which may absorb completely merdttention. This situation
worsens when the impaired user has to perform widomplex and dynamic
environments, i.e., an office building. On the eothand, most users are suspicious of
current robotic wheelchairs since they usually gethey are merely observers who
can command the vehicle indicating what to do, frither how to do it nor what
happens in the event of a failure or abnormal bmehav Based on these
considerations, we believe that a great effort nesstill done to provide physically
impaired people with dependable and friendly rabetiheelchairs.

These characteristics are precisely the main requents considered by thiiman
Centered Robotics (HCRparadigm (Dorais et al., 1998), (Khatib, 2002), (Mka et
al.,, 2002) for the development of assistant rabDtpendabilityrefers to physical
safety for both people and robot, as well as temtharacteristics such as operating
robustness and fault tolerand¢duman-friendly interactionmplies the capability of



easily commanding the robot as well as reportingcation information in a proper
human-like way.

Bearing in mind all these considerations our redearoup has been working
during the last years on the development of a foand reliable robotic wheelchair
with capabilities for high-level communication, puing the maximum degree of
user acceptance. The result of this long-term ptagethe robotic wheelchaBENA
depicted in figure 1, based on a conventional pedewvheelchair endowed with a
variety of sensors and devices managed by the eerisuaptop.

Figure 1 The Robotic Wheelchair SENA. This vehisléhe result of several years of

research in the System Engineering and Automatigpalltment at the University of
Mélaga (Spain).

The main guidelines we have followed for the desigs



HCR characteristicSSENA achieves a high degree of dependability launthan-
friendly interaction by using a control robotic hattecture calledACHRIN (Galindo
et al., 2006). A special characteristic of ACHRIBI that the user can actively
participate at all levels (from deliberation to ploal actuation) which imposes a
high-level communication requirements. More detbout ACHRIN is given in
section 3.

User Comfort Unfortunately, an impaired person spends almibstagy on her/his
wheelchair, and any additional element, i.e. semsoray become a nuisance in
her/his daily life. In our design we have paid sakattention to this issue placing all
components of SENA out of the user workspace. M@eothe autonomous
navigation of the wheelchair is controlled by meah&er/his laptop, which can still
be used for her/his work.

Modularity. Robotic devices should be designed to be easilgnded and/or
updated over time. For this reason, both the so&veand hardware of SENA use
commercial and standardized products (operativetesys communication
middleware, programming languages, etc.), whichlifates the upgrading and
extension of its components. Specifically, softwaredules have been implemented
under a software development system cal@BEL which has proven its suitability
for designing good-quality, modular and distributesbotic applications (Babel,
2006), (Fernandez & Gonzalez, 2002).

In the following sections, the components of SENWAr(lware and software) are
described in detail. Then some real experiencegbeofisage of SENA are presented
demonstrating its suitability to perform within anety of situations. Finally the
conclusion of our work and the future lines of eesé in the field of assistant robotics
are outlined.

2. The Hardware of SENA

The robotic wheelchair SENA (see figure 1) is bugion a commercial powered
wheelchair (Sunrise Powertec F40) on which sev&akors and devices have been
mounted and coordinated to reliably perform higlel¢asks in indoor environments.

The hardware components of SENA are depicted instheme of figure 2. It is
important to remark that the original wheelchair s haindergone minimal
modifications: two encoders have been connectéteanotors’ axis to estimate the
wheelchair odometry and the original battery’s n@ter, as well as the joystick line,
have been bypassed to a microcontroller placedwedhe batteries’ cage. A switch
which can be operated manually or through the cdempoy a verbal command,
selects the input of the motor system to be eitherjoystick signal or the output of
the computer control. This allows the user to tofinthe autonomous navigation of
SENA and begin a manually guidance.

The SENA microcontroller serves as an interfacaltcsensors and devices and
implements the low-level motion control of the @i In turn, high-level algorithms
like mapping, self-localization, voice speech/reutign, etc., are executed by a
laptop which is connected to the vehicle microcalfér via USB (see figure 2)



Next, the different sensors of SENA are deeperridest:
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Figure 2. Scheme of the hardware of SENA. Low-leaitrol of sensors and motors
is carried out by a microcontroller that providekigh-level interface to the software
running in the laptop. Our design provides highxibdity, since the user can be
working on her/his personal computer at the same it takes care of commanding
the wheelchair.

SENA is endowed with the following sensory system:

A CCD cameramounted on a pan-tilt unit serves to localize SENAcontrast
to the rest of sensors commented further on, thB €&nera is placed at a high
position, approximately 1.70 m., from where peredivelements of the
environment are nearly static (walls, windows, funre, etc.).

A 180° radial laser scannemounted on a retractable mechanism is placed in
front of the wheelchair, between the user legsaleniding any nuisance to
her/him (see figure 3). The use of this kind of ssep devices is widely
extended in mobile robots since they exhibit a hmecision and quick
sampling of the surroundings. In our applicatidw laser scanner is employed
to detect obstacles, for environment map buildargl self-localization (Blanco

et al, 2006a,b), (Reina & Gonzalez, 2000).



Figure 3. The radial laser scanner provides va&aliformation from the
environment for obstacle avoidance, self-local@atimapping, etc. Its placement in
front of the wheelchair permits it to scan withdead angles and without obstructing
the user.

A ring of thirteen infraredsensorsare placed around SENA to detect close
obstacles when the wheelchair is maneuvering (geesf4). Infrared are small
and cheap sensors that provide an operational raatyeeen 10 to 70 cm.,
enabling the wheelchair to securely approach objecid furniture. Two of
them are located underside the wheelchair to cHeckportholes, curbs,
stairwells, etc. Another two infrared sensors areafed in the backside to
detect possible obstacles when SENA moves backwards

Two ultrasonic rotating sensoewe also located in front of SENA. Each one is
mounted on a servo which enables it to scan a fi&ad°of view. Ultrasonic
sensors present lower precision than the lasenscamd its scanning period is
higher, however they are complementary since sosargey at a different
height and can detect transparent and narrow @bygdath may not be properly
captured by laser sensors.

As commented, the selection and placement of SENs&Bsors are aimed to
provide fault tolerance, robust operation. Somgcalitasks like obstacle detection or
localization make use of the redundant and comphang information provided by
them.

The vehicle accounts for two small speakers and lwetdoth headset for
communication with the user through a commerciaesh generation and voice
recognition software. This verbal communication,jckhis supported by a particular
symbolic world model (Fernandez-Madrigal et al, 208escribed in the next section,
provides a high-level human-like communication §sle refer to (Fernandez-Madrigal
& Gonzalez, 2001) for further explanation).



Figure 4. Portion of space scanned by the ringnfoied sensors. They are placed at
positions that complement the space sampled brattial laser scanner.

Finally it should be noticed that every hardwarenponent considered for SENA
provides standard connections that permits us sdyeapgrade, extend, or modify
the current configuration of the wheelchair withmee and powerful devices when

needed.
In the following the software architecture that eihgently manages the

wheelchair is detailed.

3. The Software Architecture of SENA

Apart from a complete set of sensors capable ofvigmg environmental

information, a proper software architecture is alseeded to manage such
information and to devise the most convenient stnatwhen dealing within human
environments.



In general, the robotic presence in our daily igestill quite limited since the full
autonomous performance of robotic vehicles witlgal rscenarios is not completely
possible yet.

Our particular solution to overcome this lack ofawomy is a software architecture
that includes the wheelchair user as an extra capygowho can help the system
when needed. That is, assuming that the wheeldasar has enough cognitive
abilities, for example to correct the position bé tvehicle, and physical abilities to
manipulate objects, i.e. open a door or call amadte, her/his skills may improve or
extend the robotic system.

This particular relation imposes a close human-+atweraction in which high-level
communication takes an special significance siregpfe that can extend the robot
autonomy (typically the user or a person in theraurdings) do prefer to
communicate and to interact with machines in thmesananner they do with other
people. Thus, for example when wheelchair sensetrsctla closed door, the robot
should be allowed to ask for help through an urtdedable way for humans, i.e.
"please, open the door which is in front of us"tib® that in our solution, the human
help is required only when it is strongly neede@haut continuously annoying the
user who must feel the wheelchair performancerasstlcompletely autonomous.

In this sense, we have designed and implementedftaase architecture that
permits the human to participate in the wheelcbpéaration. This architecture, called
ACHRIN -Architecture for Cognitive Human-Robot Integratio(Galindo et al.,
2006), integrates humans into the robotic systenextgnding the system abilities
through skills either not supported by the robat.(take and elevator) or supported
by the robot but in a different and (maybe) moreuse manner (i.e. maneuvering in a
complex situation).

Although the human participation into the robot igp®n is a widely studied field
(Goetz & Kiesler, 2002), (Tahboub, 2001), (Fong &ofpe, 2002), (Fong et al.,
2001), (Scholtz, 2003), our solution takes a furteeep by providing a special
human-robot integration that we calledgnitive integration(Fernandez-Madrigal et
al., 2004) which permits high-level communicaticetvieeen the vehicle and humans
by means ofbstraction Abstraction is a mechanism widely used by huniaiigle
& Jonides, 1985) (Kuipers, 2000), (Harnand, 19&8K)ipers, 1983) that serves to
reduce the amount of information considered forimgppvith a complex and high-
detailed world: concepts are grouped into more gdmmaes and these are considered
new concepts that can be abstracted again. Thé res hierarchy of abstraction or
a hierarchy of concepts that ends when all infoionais modelled by a single
universal concept (see figure 5). Enabling the tebwheelchair to symbolically
manage spatial information through abstractionyectlinterface between the vehicle
and the map-in-the-head carried by the human (Olgmitive map) (Kuipers, 1983)
can be established.

! The cognitive map can be defined as the humamimlteepresentation of large-scale space.
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Figure 5 An example of a hierarchy of abstractifa). A schematic plan of an
environment. Distinctive places for robot navigatiare marked with circles. (b)
Ground level: topological map of distinctive placgs-d) Upper levels of the
hierarchy. Gray-shaded regions contain the setodkes which are abstracted to a
common spatial concept. Linguistic labels can Wached to spatial concepts to
improve human-robot communication.

ACHRIN (see figure 6) is a layered robotic architee (Arkin, 1998) that enables
humans to offer extended functionality to all leyeffom deliberative to low control
level. The main features provided by ACHRIN are:

-Human and vehicle can communicate in a human-lisamar. Through cognitive
integration the vehicle can share part of the husyanbolic world model, and thus,
SENA and the user can univocally refer to the samdd concepts: objects, places,
etc. using their names in a common language (FderaMadrigal et al., 2004). Such
a cognitive integration is achieved through the as@ hierarchical and symbolic
model.

-Humans can extend the vehicle capabilities with skis. These skills may range
from complicate low-level motions to high-level d&@on-makings, for instance to
open a door, to warn the system about risky stnatiundetectable by the
wheelchair's sensors, to plan the most conveniatit o arrive a destination, etc. It



is remarkable that not only the wheelchair user &gend the wheelchair skills but
also any person in the surroundings.

-Humans can improve some robot skildumans can perform the actions initially
assigned to the vehicle in different and sometimesie dependable ways. Also the
user or any person of the surroundings can completiens that occasionally have
failed. For example, the wheelchair user can rectve vehicle from a navigation

failure by manually guiding it to a well known ld@n where the machine could

continue navigating autonomously.

Hierarchica - ,
World Mode >  Agende
£ 4 Deliberative
Layel
» Task Planner |«
A
b 4 .
Execution
> PLEXAN e Alert Systerr and
Supervisor
7y Layel
v v
Functional Functional Functiona
—> Group | Groug
#1 # Layer
A

Figure 6. A general view of ACHRIN. Broadly, it cdie considered as a hybrid
robotic architecture. However, it does not presehe typical hierarchical
arrangement since the shared world model is acddsgenost components of the
architecture (an exception is the Alert System).

Briefly, the functionality of each layer of ACHRIN commented:

-Deliberative layer This layer maintains a symbolic representatiothefworld and
produces plans to achieve robot goals (Galindo let 2004b). The cognitive
integration between the user and the assistantt risbattained through a shared
hierarchical world model, which permits among otHeatures human-vehicle
interactive path planning (Galindo et al., 2004a).

-Executive and Control layendt supervises the execution of plans managing the
information collected from the functional layer ath@ vehicle’s sensors. It tunes the
behavior of the wheelchair with respect to the @aogsness of risky situations
detected by its sensors, i.e., collision.

-Functional layer It is composed of a number of modules which pdalsi perform
actions for navigation, manipulation, communicatiogtc. These modules are
organized into functional groups according to tHienctionality, possibly containing
different mechanisms to accomplish the same acta@n.example, the wheelchair
can traverse two spatial points either reactivéblowing a pre-recorde path or
guided by the user.



As commented before, ACHRIN enables humans to anteat all levels of the
architecture in order to extend and/or to improke functionality given by any
module. Modules of ACHRIN take into account humapabilities through the so
calledskill units Each module of the architecture can be compos$edvariety of
skill units that execute a particular ability ottian, like producing a plan, checking
for a risky situation, moving between two locatipasc. Such actions can be carried
out either by the human or by the vehicle, exegutire corresponding skill unit. In
the case of the robot, skill units are implementsohg software algorithms, while in
the case of the human, they enable the human torpeactions and communicate to
the vehicle through appropriate interfaces, via.voice (please refer to (Galindo et
al., 2006) for a deep explanation).

4. Experiences with SENA

From its beginnings, the robotic wheelchair SENAs l@oused the curiosity of
students, colleagues, visitors, and media. Sedenalonstrations and appearances in
television (some of them in live programs) haverbeenducted in the last years with
a high degree of success and revealing the ubfitjur prototype (see figure 7).

Figure 7. Some demonstrations conducted with SERAr wheelchair has been
tested in a variety of situations and with diffareeople (some of them on live TV
programs).



In the following some interesting scenarios anduess that reveal the potentiality of
the SENA prototype are commented. Low level navogat abilities employed in

SENA are not covered here, but can be found els@w(i&lanco et al., 2006a),
(Blanco et al., 2006Db).

4.1 Improving/extending robot abilities

The scenario described in this section shows treegsity of the human-vehicle
integration we propose. A user performing withitypical office environment, sends
a document to a remote printer and wants to ghgadom where the printer is to get
her/his copy.

Figure 8. SENA-human integration. When performinghim a complex and dynamic
scenario, the human help can be required to saweptex situations (b,d). In this
sense, SENA and user cooperate: the vehicle prevebility to the user while
she/he manually overcomes the wheelchair limitagtion

This simple example may exhibit complex inconveoemlike, for example, if the
door of the room is closed or the navigational esystof SENA fails due to the
narrowness of the environment. For the first prablthe human help is unavoidable



since SENA is not able to open doors. In this d¢hseplanning system of ACHRIN
realizes the necessity of the human participatiothe plan. For the second problem,
present in any real application, the user may debhscautomatic navigation failure,
and notify to the control of SENA which requeste tiiser to solve manually this
situation. Figure 8 shows some snapshots of thesas®. The full movie can be
downloaded alttp://www.isa.uma.es/research/sena

4.2 Interactive path planning

Regarding human-vehicle communication, anothervegie feature of SENA is its
ability to provide different possible solutions whelanning a path. We call this:
“Interactive planning”, since the user participateshe planning process accepting or
rejecting the proposed solutions (Galindo et a@0Q4a). This faculty is of a great
relevance for a robotic system intended to coewigh people since automatic
planners can provide the best solution to attagoa based on fixed cost functions,
l.e. the distance to be travelled, or previous agpees, but without satisfying the
user requirements. That is, we, humans, may haffereht subjective criteria
impossible to be captured by any software algoritHm our experiences on
interactive path planning, the user may preferwoese path to arrive a destination
for a variety of reasons: “the shortest one is d®avat this moment”, “I want to
stroll”, “I want to pass near the Mary office toydaello”, etc. A video showing our
interactive planning approach can be downloaded at
http://www.isa.uma.es/research/sena

4.3 Alerts and reflexes management

Finally, it is also remarkable the way in which SkNMeacts to external stimuli
through alerts and reflexes (the most critical talaVithin the control architecture,
the Alert System module checks for unexpected dawgesituations warning the
user about, for example, collisions or low-battesjuations. In addition, the
wheelchair user is also integrated into the Aleyst®&m through reporting risky
situations (possible not detected by the vehiclesases) using verbal commands like
"there is a collision risk" or "the battery levellow".

The integration of the human into the alert sys@mACHRIN enhances the
reliable performance of the robot, since she/he kgport danger situations not
detected by robot sensors. Besides, the humanlsarpeedict future risky situation
based on her/his knowledge about the environmeuditilaus, for example, she/he can
notice about a collision risk when the vehicle lsse to enter a room which is
probably crowded.

The user plays a dominant role in the Alert Systeadule since alerts reported
by her/him are prioritized. Thus, the user can igndor instance, a minimal alert of
collision based on the readings of a laser randefisensor if she/he is sure there is
not a really danger, i.e. they are passing thraugbor. This feature permits humans
to modulate the behavior of SENA to her/his wills, when the user, intentionally,
wants to closely approach a wall to read a sign.



Figure 9 shows the evolution of the collision aerh part of one of our
experiences in which the user overrides the algnats based on sensor readings to
adequate the SENA navigation to her/his feelings. istance, from cycle #2000,
where the system reports a minimum alert basedeosos measurements, the user
maintains the maximum alert in order to set the AENeed to a low value.

Figure 9. Evolution of collision alerts over tima a real experience (1 sample
cycle=0.1 sec.). Top: Minimum distance measure®BNA'’s sensors to the closest
obstacle. Bottom: Speed of SENA during a part of of our experiences. Notice
how the user can override the alert system as droyrie #2000.

5. Conclusions and future work

In this chapter we have presented the robotic vehe&l SENA, a long-term
project aimed to facilitate the mobility to impadrand elderly people. After several
years of research, our group has developed a dapkndnd reliable prototype that
provides people the possibility to perform almagiomomously within complex and
daily environments.



Although several goals have been achieved in oukwvibe future of our research
goes on the line of improving our hardware/softwdesign as well as to make our
robotic wheelchair accessible to the common public.

Finally, authors would thank the inestimable effartd dedication of the large
number of researchers, master, and PhD students heve worked on the
development of SENA.
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