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Vi

Summary

Due to physical or neurological disabilities, many whealclusers have problems in
orienting themselves and maneuvering the wheelchair. Ahegdependent upon others
to push them, so may feel powerless and out of control. Theareh in this thesis
focuses on the development and assessment of a semi-autosoabotic wheelchair,
namely Collaborative Wheelchair Assistant or CWA, whiamaat helping these people

to regain their mobility.

The CWA distinguishes itself from most other robotic whéelics in that it collaborates
with the user by making use of his existing sensory-motdisskihile assisting in the
difficult task of maneuvering with path guidance. It is desid as a passive device, in
the sense that it will not move without input from the usereTiser controls the speed
during the motion, while the system constrains the whe&le@hang guide paths, which
are pre-defined in software and connect the desired dastisatin case of dangers or
obstacles, an intuitive path editor allows the user to devihe wheelchair from the
guide path when needed. Therefore, by using the human seasdmplanning systems
for obstacle detection and avoidance, complex sensor ggogeand artificial decision

systems are not needed, making the system safe, simplevarabgd.

Three sets of experiments have been conducted to test the Th#irst set of exper-
iments investigates the efficacy of implementing path guseéaon wheelchair control.
In this “Investigation on Path Guidance” experiment, theiorefficiency of the CWA

and its interaction with the human driver are analyzed amdpared with conventional
control of a powered wheelchair. It is found that path guaasimplifies the control

task for the driver: he can finish the task easily and quicklyile moving efficiently

NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



SUMMARY vii

with a conventional wheelchair requires some practice.

The second set of experiments evaluates path design togtoged for the CWA. In
this “Collaborative Path Planning” experiment, the pr@ddiesign tools are evaluated
by able-bodied subjects and a collaborative learning agbras proposed, which envi-
sions that the human operator collaborates with the robogubkese tools to create and
gradually improve a guide path, eventually achieving ameognic path. The experi-
mental results show that the subjects can design guide wéththe provided tools, and

are satisfied by the proposed approach.

Finally, a set of experiments is conducted with the “reald @&isers of wheelchair. In
this “Evaluation with Patients” experiment, three cerépedsy (CP) and two traumatic
brain injury (TBI) individuals, who could not previouslyide a conventional powered
wheelchair independently, are trained with the CWA. Aftdew training sessions, all
subjects became able to drive it safely and efficiently inmnrenment with obstacles
and narrow passageways. Eventually, two of the subjectaatideed the help of path
guidance and were able to drive freely. The results sugbastiie CWA can provide
driving assistance adapted to various disabilities. Iid¢de used as a safe mobility

device for people with large motor control or cognitive dieficies.
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Chapter 1

Introduction

1.1 Motivation

The population of wheelchair users has grown immenselynduhie last three decades
of the 20th century. In the United States alone, the popaniati wheelchair users has
guadrupled from 409,000 in 1969 to 1.7 million persons in3,3nd at this rate, there
will be 4.3 million users by 2010 [1]. As also stated in [1]istlygrowth is more likely
due to changing social and technological factors. Impralesign and functions have
made the mobility devices more appealing; improved acb#isgiboth at home and in

the community may have enabled to be used by more people.

However, of the population of wheelchair users, only a smmailority uses powered
wheelchair. A recent survey [2], which distinguishes betwenanual and powered
wheelchairs, showed that of the 1.7 million adults who usbdeled mobility devices,
merely 155,000 or 9.1% used powered wheelchairs. A simtladysin the United

Kingdom found that 5.1% of the sample group of wheelchairsigsesre using pow-
ered wheelchairs [3]. One major reason preventing the usiggevered wheelchairs is
that many potential users lack the necessary steeringya@ihis is indicated in a clin-

ical survey [4] where 9 to 10% of patients who received podevleelchair training
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1.2 Approach 2

found it extremely difficult or impossible to use it for adties of daily living (ADL),

and 40% of patients found the steering and maneuvering thffksilt or impossible.

Not all potential wheelchair users possess the fine steeapgcities (e.g. obstacle
avoidance, doorway passage, and reaching very closelyjeztepthat are required
for their ADL. Driving a powered wheelchair without help ofcaregiver could bring
them into dangerous situations, such as collisions, falff ramps, and blocking in
the limited spaces. In particular, in a living environmeritere the maneuvering space
is limited, the approach to the furniture and other objestsghtly constrained and the
necessity to negotiate doorways requires precise coritrdome cases, it takes years
to learn to drive a powered wheelchair for daily life. Evelly this lack of steering
ability may result into situations like reluctance/indtyilto use a powered wheelchair,

dependence on caregivers and decrease in the quality af §tei

Assistive robots [5] have the potential to provide theseppeavith effective ways
to alleviate the impact of their limitations, by compensgtior their specific impair-
ments. In particular, robotic wheelchairs, applying ilgeint sensors and navigation
techniques from mobile robotics to the control of wheelchatan play an important
role in these developments [6]. The goal of the researchisrthiesis is to provide and
evaluate a robotic wheelchair, namely the Collaborativee@ithair Assistant (CWA)
(see Fig. 1.1), which aims at improving the mobility and satd those users who have

difficulties in maneuvering a wheelchair for their ADL.

1.2 Approach

This research provides a robotic wheelchair that could kslpiser in driving more

easily and safely. The system is semi-autonomous, allothiegiser to be in complete
control of the navigation, while helping him or her maneutrexr wheelchair to realize
the intended movement. The user decides where to go anatotite speed (including

start and stop) while the machine assists him or her by ggithe wheelchair along
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(b)

Figure 1.1: The Collaborative Wheelchair Assistant systg@kVA) is a robotic
wheelchair system based on an effective path guidancegyaivhich was tested in
experiments with able-bodied (a) and disabled subjects (b)
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software-defined paths. An ergonomic path editor allowsuser to modify the path

on-line to compensate for changes in the environment sucimespected obstacles or
danger on the path. By relying on the inference ability of tiser, complex sensor
processing and decision systems are not needed, makingdtessafe, simple, and

low-cost.

1.2.1 Target user population

As a mobility aid, the CWA aims at helping people with motontrol or cognitive
impairments, but with sufficient sensory abilities. Itgg&trpatient population consists

of people suffering from any of the following deficits:

e bad motor control

lack of strength or consistent attention

disorientation

learning difficulties

slow reflexes

These deficits can result from diseases such as multiple®s@demotor neuron disease,

spinal cord injury, cerebral-vascular accident, and aaigialsy.

To use the system, the user is expected to have the follovasig BKills:

be able to see

be able to activate an interface, e.g. a joystick

be able to learn using the CWA system

be able to sense dangers and stop if necessary

e be able to plan his actions
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user path
interface planner
navigation | localization
system system
Y
powered
wheechair

Figure 1.2: Block diagram of the CWA system.

1.3 Thesis Objectives

The first objective of this thesis is to develop an experiaieabotic wheelchair.The
robotic wheelchair should perform the semi-autonomousgadéon in indoor environ-
ments, which normally contain confined spaces and requyie tmaneuverability. Fig-
ure 1.2 shows a block diagram of the CWA system. The user dgeaidhere to go and
controls the speed, including start and stop. Her or his cants are passed via the
user interface, i.e. a joystick, to the navigation systemaddition to these directional
commands, the navigation system needs information alspbgition in order to travel
accurately; this information is gathered from a locali@zatsystem. Finally, the navi-
gation system guides the wheelchair's motion along a so#wlafined path generated
by the path planner. As the focus of this research is on impgothe maneuverabil-
ity rather than the mechanical designs, the prototype istas a standard powered

wheelchair.

The second objective is to investigate whether and how ttitequadance strategy can
facilitate the wheelchair drivingThe investigation focuses particularly on the aspects of

motion efficiency and human machine interaction. Subsibintid trials have been con-
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1.4 Summary of Contributions 6

ducted with able-bodied subjects. The driving performarfdbe operator with robotic
assistance is analyzed and compared with that obtainedanstinventional powered
wheelchair. Control effort and intervention levels are artpnt factors in this perfor-

mance analysis.

The third objective of this research is to explore the pa#nping in a robotic wheelchair
system.The CWA concept is based on guidance aleirtual paths, which have to be
traced by a human operator. odllaborative learningstrategy is proposed, which aims
at providing an intuitive human-machine interface to allihe operator to effectively
design and edit guide paths. Field experiments with abtidabsubjects have been
conducted to examine the effectiveness of this strategyetisaw/ to establish important

ergonomic factors for a guide path.

The fourth objective of this research is to conduct trialsmend users of the CWA
systemClinical trials provide a means to assess system perforenand to gather user
feedback. Three people with cerebral palsy (CP) and two tsathmatic brain injury

(TBI), who had previously been ruled out as candidates fdependent mobility, were
recruited. The subjects learned to use the CWA in several@esspread out over a

period of one month, after which their performances of digwhe CWA were evaluated.

This work was funded by the National University of Singapdéeant No. 265-000-
141-112, and the experiments were approved by the insiitakireview board of the

National University of Singapore.

1.4 Summary of Contributions

e This research has resulted in an experimental robotic whag| based on an

efficient collaboration strategy between the user and theelchair.

¢ A novel localization approach has been developed usingrtfegnnation from
odometry and barcodes to provide sufficiently accurate pssenation for the

wheelchair in the specific environment.
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1.5 Outline of this Thesis 7

e Extensive field evaluations with the CWA were performed vaitte-bodied sub-
jects, and a thorough investigation of the path guidancheaheart of the CWA

concept has been realized.

e A collaborative learningapproach was proposed for path planning of a robotic
wheelchair, tested in experiments, and analyzed usingensattical measures that

correlate well with experiencedof ergonomic factors.

e Systematic tests were performed with three CP and two TBép&t who had

been previously ruled out as candidates for independentlityob

1.5 Outline of this Thesis

The rest of this thesis is organized as follows:
Chapter 2 reviews the existing work and discusses thematioelto the CWA

Chapter 3 introduces the CWA experimental system, inclytliawrdware, localization,
control algorithms, and path design tools by which the uaereasily define guide paths

as he wishes.

A systematic study of the efficacy of path guidance is give@lapter 4. The driving
performance of able-bodied subjects with robotic asst&as analyzed and compared
with conventional control of a powered wheelchair. Therge é#ffectiveness of path

guidance are discussed.

The path design tools developed and the concept of “Colélver Learning” are de-
scribed in Chapter 5. The chapter presents the user evaluati collaborative path
planning, as well as the path design tools. Several impoféators for an ergonomic

path are also studied.

Chapter 6 reports the end user trials with the CWA system. uBeéulness and adapt-
ability of the CWA are discussed. In addition, the drivindnaeiors of able-bodied and
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disabled subjects are compared.

Chapter 7 concludes this thesis, and describes possibleftesearch.
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Chapter 2

Literature Review

Robotic wheelchairs require the integration of many ardassearch, including in-
door/outdoor navigation, deliberative/re-active ingghce, sensor fusion, and user in-
terface. In addition, robotic wheelchairs should functieliably and interactively so as
to reassure the user and build his/her trust. During thed@sade, a great effort was
concentrated world-wide towards developing automatedelchair with some degree
of navigational intelligence. This chapter discussesdivask (see their descriptions in

Appendix A) in relation to the CWA presented in this thesis.

2.1 Acceptability and Autonomy

Robotic wheelchairs are an excellent example of tight daggbetween the desires of
the operator and the robot. The primary challenge in teclasds to have the chair
follow the desires of the operator while maintaining safatpavigation. Also, accept-
ability, related to the ‘willingness’ to use a system in atjgatar context, is critical for

the design and development of such a system where robotsamahis strictly interact.

Changes in autonomy level came along with these challemyesbitic wheelchairs.

Autonomous, supervisory control is used for several ptsjéecluding the TAO wheelchair
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2.1 Acceptability and Autonomy 10

(Applied Atrtificial intelligence, Inc., [8]), thé&&martChair(University of Pennsylvania,
[13], the CCPWNS (University of Notre Dame, [17]), the itiggnt wheelchair (Os-
aka University, [18]), and the Autonomous wheelchair (Nsda University and Ube
Technical College, [19]). Autonomous wheelchairs openat® manner similar to au-
tonomous robots; the system accepts commands like ‘go tbayahthen automatically
plans and executes a path to the destination, avoiding si&oles and risks on the way.
Smart wheelchairs in this category are most appropriateders who lack the ability to

plan or execute a path to a destination.

Semi-autonomous or shared-control is used for many systeciading the Navchair
(University of Michigan, [9]), the OMNI system (Universigt Hagen, [10]), the smart
wheelchair (Call Center at University of Edinburgh, [18pe Tin Man 1l (KISS In-

stitute for Practical Robotics, [20]), the Wheelesley (MH1]), the robotic wheelchair
(FORTH, [22]), and the Rolland (University of Bremen, [23Pemi-autonomous wheelchairs
leave the majority of planning and navigation duties to teeruThese systems, there-
fore, require more planning and continuous effort and ahg @ppropriate for users who

can effectively plan and execute a path to the destination.

A final group of smart wheelchairs offers both autonomoussamiiautonomous naviga-
tion, including the VAHM wheelchair (University of Metz, 1), the Senario wheelchair
(TIDE, [14]), and the Orpheus wheelchair, (National TechhiUniversity of Athens,

[24]). In these wheelchair, a hierarchy of operating levetsuires varying degrees of

control from the wheelchair user.

The CWA system falls into the semi-autonomy category. Raien taking over the
low-level control as other semi-autonomous wheelchdies(WA incorporates the user
directly into the control loop. In this context, motion cosltis decomposed into maneu-
vering, which is difficult for disabled persons and so isibtited to the robotic system
using path guidance, and into speed control, which is cteatrby the wheelchair user,
who can best judge the situation. It is expected that this @fahe user involvement
can speed up task execution and improve success rate. Bemnoap importantly, the

possibility of monitoring and intervening what the robotlising can reassure the user

NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



2.2 Navigation Principle 11

and enhance his or her trust and acceptance on the system.

2.2 Navigation Principle

The goal of a robotic wheelchair is to transport its user t@sired destination, safely
and efficiently. As for conventional mobile robots, the mmtion problem can be sum-
marized by three questions [1):Where am |%i) Where do | want to go#i ) How can |
get there? A wheelchair, which has to move a human being, oiésrdifferent responses
to these questions from a conventional mobile robot systesimould consider the par-
ticular disabilities, features and wishes of its user. Tist fjuestion requires knowledge
of the robot’s location at all times and is commonly refertedslocalization The sec-
ond question can be answered by the user, who decides his desieed destination.
The third question involves route planning and motion ekeaui.e. motion planning
While the trajectory is usually unimportant for autonomeustems, it is very important
for a wheelchair as its motion has to consider safety, candod the individual wishes
of its user. Otherwise, the user may be hurt or feel frustreiad eventually loses trust

in the machine.

Several robotic wheelchairs, including the TAO wheelcltApplied Artificial intelli-
gence, Inc., [8]), the Navchair (University of Michigan])2he OMNI system (Univer-
sity at Hagen, [10]), the Sharioto wheelchair (K.U. Leuv@d)), the VAHM wheelchair
(University of Metz, [12]), theéSmartChair(University of Pennsylvania, [13]), and the
Senario wheelchair (TIDE, [14]), attempt to answer the tjaesof motion planning
by using an intelligent sensor-based system. For thesemgsicontrol behaviors can
be switched in response to different situations during tagation, such as obstacle
avoidance, wall following, doorway passing, etc. (see Eiga). While such a system
can release the user from the burden of driving, the sucdess/@ation will critically
depend on the algorithms and sensor technology, which e tife most computation-
ally expensive and error-prone components, thereby comignog safety. Further, it is

difficult to detect and satisfy the user’s wishes by artifizigelligence. For example, an
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Figure 2.1: Strategies for navigation from “kitchen” to tseom” in a household en-
vironment. (a) The behaviors during the navigation incladeidance, wall following,

doorway passing, etc. An artificial system can switch betwnaifferent behaviors cor-
responding to different situations. (b) A physical trackedtly guides the wheelchair to
the destination. However, it is not usable if there are aldssaon it. (c) Using virtual

paths enables flexible path managements. The user can ntloeiépordinates locally
based on the floor plan of the environment. (d) During the med, a flexible path

controller enables the user to deviate from the path to raatdsired endpoint or avoid
obstacles.
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2.2 Navigation Principle 13

artificial system may choose an awkward direction for the {52, such as a narrow
passageway or one with overhead obstacles, or may prevement towards a table
or a doorway if the approach is not perpendicular [9]. Son@dance systems try to
maintain a greater distance to the obstacles than neceggacih may be frustrating to
a user planning a short cut. Bright lights, foul smell or lowadse may also be obstacles

to avoid, but it is not possible to design a sensing systeravery such factor.

We believe that the user knows his or her needs best, and tsitohthe wheelchair
users possess some sensing and inference abilities andramally eager to use them.
Therefore, in order to be accepted by potential users, asti@eslevice should not try to
replace these abilities but, in contrast, should complémed use their available skills.
Unlike most other wheelchair systems, we assign the tasksfacle detection and
avoidance to the user, while providing tools to assist zeali the motions as the user
desires. By using the human’s sensory and planning abilit@mplex sensor processing
and artificial decision systems are not needed, making tiesysafe, simple and low-

cost.

Navigating a wheelchair can be realized in a trivial way byving along physical
tracks installed on the floor of the real environment (see Eibpb) (e.g. the automated
wheelchair (NEC Corporation, [15]), the smart wheelch@al{ Center at University of
Edinburgh, [16])). This method only requires sensors teciethe track, and the user,
controlling the speed and forward/backward directiong@lthe track, is not required
to reason the sequence of movements. However, the whei&amaition is limited to
the tracks, and such system cannot cope with obstacles 108 wgghes to deviate from
the guide path in order to avoid an obstacle. In additiorsetieacks, made of magnetic

ferrite markers or reflective tapes, are difficult to insteliange, and maintain.

The CWA system studies the advantages of physical trackaduresses their short-
comings. Instead of physical tracks, we wsgual paths saved in software and a path
controller to enable the CWA to follow the virtual paths. Aglwphysical tracksyir-
tual paths ensure safe navigation by the fact that the path ect@athe real workspace

of the wheelchair, is naturally free from fixed obstaclesadidition, the use of virtual
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paths enables a flexible path management: the user can ntbeifpordinates locally
based on the floor plan of the environment (see Fig. 2.1c)ewiate from the path in
real-time in order to reach some place outside the path ctively avoid obstacles or

dangers and re-join the path after clearing the obstackesKr). 2.1d).

Despite these potential advantages, generating pathside guwheelchair's motion
faces several challenges. Firstly, the path is locatedarhtiman living environment,
for example the apartment of a user, which is normally uiestined and dynamic. Thus,
it is not possible to generate a fixed map and it is difficult knppaths in such an
environment by artificial intelligence. Secondly, as thektaf a wheelchair is to carry
a human user, the motion along the path should be smooth anfthtable to the user
so that the user feels safe and in control. Thirdly, the psitioaild be adaptable to the

user’s intentions, which may change over time.

To accommodate these requirements, we propasalaborative learningstrategy in

which the human operator and the robot collaborate to gene#de paths. Due to
differences in strength, age, disability or preferencepoadgpath for one individual

may be less so for somebody else. We believe that the pathddsbe designed by
the user, who is best informed about his or her needs, andyitens should provide
user-friendly and efficient tools for realizing this desidimerefore, we envision that the
human operator and the robot, using the provided path désuds create and gradually

improve a guide path, eventually achieving an ergonomil.pat
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Chapter 3

CWA Experimental System

3.1 Introduction

In this chapter, the CWA experimental system is introdudéek hardware development
of the CWA was the work of several students, who spent vaaousunts of time on this
project, under the supervisions of Professors Teo Cheed.and Etienne Burdet. My
main contributions to the CWA system were developments efcibntrol system, the

path design tools, and the localization system.

3.2 Hardware

The CWA prototype is built on a Yamaha JW-I powered wheelc{sge Fig.3.1) [26].
A position joystick is used as the interface. In the originddeelchair, the joystick
is used to control the wheelchair velocity. The forwardkveard angle of the joystick
corresponds to the wheelchair’s speed in the forward/baakdirection, and a right/left
angle to the rotational speed in the clockwise/anticloskewdirection. In the CWA, the
joystick output is intercepted by the on-board processduaed to compute appropriate

signals to control the motors.
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joystick
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on-board *i?

S processor

barcode / (€
scanner

Figure 3.1: CWA prototype. The laptop computer providegprmmable motion con-
trol and the GUI.

For the prototype, a Toshiba M100 laptop with a Pentium 1.Z @kbcessor is used to
control the robotic wheelchair and process sensory infaomaThe GUI and integrated
controller are written in C, running at the user-level of dyudtu Linux 6.06 system with
a 2.6.15 kernel patched with Real-Time Application InteefdRTAT) v3.3 for real-time

capabilities.

Sensors are limited to two optical rotary encoders attathgtidewheels for odometry
and a commercial barcode scanner (Symbol M2004 Cyclong)dbial positioning (see
Figs. 3.1). For safety, two (Devantech SRF02) proximitysees are mounted in front of
the wheelchair in order to avoid frontal collision: the amtier automatically stops the
wheelchair if an obstacle is detected withircE® The implementation of the proximity

sensors is done by Brice Rebsamen, and the details can beifohis thesis [27].

NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



3.3 Localization 17

3.3 Localization

3.3.1 System description
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Center 107 is placed on position 4,7, orientation 270°
11 (270):  4.000,7.315 4.000,7.270 4.000, 7. 225
4. 000, 7. 180 4. 000, 7. 135 4. 000, 7. 090 4. 000, 7. 045
4. 000, 7. 000 4. 000, 6. 955 4. 000, 6. 910 4. 000, 6. 865
4. 000, 6. 820 4. 000, 6. 775 4. 000, 6. 730 4. 000, 6. 685

(b)

Figure 3.2: Absolute positioning using barcodes. (a) Baeeodometry localization

system retrieves absolute positions via a barcode scamnedtice the estimation error.
Barcode patterns, serving as artificial landmarks, areeplat strategic locations, e.g.
before narrow passageways or sharp turns, where the posditas to be accurate.
(b) Barcode patterns can be printed on a personal printedspdsed easily. Each set
of barcode patterns has a unique code corresponding tolglobedinates that have
previously been entered into the memory.

The main task of the localization system is to provide adeupmse estimation (i.e.
position and orientation) for the wheelchair at a speed up.@d@m/s Odometry, via
encoders on the glidewheels, is installed on the CWA fottikedgose estimation. How-

ever, as is well known, odometry, integrating position gldhe path, is not reliable
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for long distances as the error is also integrated [28]. dloee, in the CWA, comple-
mentary absolute positioning is provided by the obsermatibbarcode patterns from
a barcode scanner (see Fig. 3.2). Unique barcode pattaxesaseartificial landmarks

corresponding to global positions that have been savedhetmemory in advance.

The design of the landmarks and positioning of the scaneer[@9] for details) is such
that when the wheelchair passes over a landmark, its saatinancould always read
one piece of barcode, according to which the controller etnerve the global positions
(see Fig. 3.2). As the odometry can provide accurate esomédr short distances, the
landmarks only need to be placed at strategic locationsbefgre narrow passageways
or sharp turns, where more accuracy are needed. Then, thatthand is to recognize
these landmarks (barcodes) reliably and combine this nméition with odometry in

order to estimate the wheelchair’s pose.

If we directly calibrate odometric estimates with the ertdrsensory data, the accu-
racy of the localization is limited by the accuracy of thesmy measurement. Then,
we have to assume that the measurements are uncorrupted Inpiae. Instead, we
use a discrete Extended Kalman Filter (EKF) [30], whichizes a new estimate by
weighing the local and global measurements. Thus, a cortibinaf past and current

measurement is used to estimate the position and oriemtitite vehicle.

The absolute positions can be obtained directly from thedinates of the barcodes
saved in the computer(see Fig. 3.2). Howewerabsolute orientation is directly avail-
able due to lack of angular sensorEhis means the orientation estimation of the CWA
can only rely on odometry without external corrections.ha &bsence of external infor-
mation, the uncertainty of the pose estimate from odomeitilyirverease continuously
as the robot moves and the accuracy will decrease. To sas/ertiblem, we have devel-
oped a numerical approach to estimate the absolute oli@mtaice a barcode landmark

is recognized (see Appendix B).

We have evaluated this localization approach through sitimul and field experiments

in atypical lab environment (see Fig. 4.1), which we will tséest the human-wheelchair
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interaction provided by the CWA. This simple method was fbtm provide sufficient
accuracy for pose estimations in the environment used ixperiments. In addition,
it is cheap and easy to set up: barcode patterns can be pontggersonal printer and

dispensed easily.

3.3.2 Discrete Extended Kalman Filter

We describe here how a discrete EKF is used to fuse the relptise estimation from

odometry and global pose estimation from the landmark.

The system model describes how the vehicle’s stptehanges with time in the pres-
ence of the driving noise resulting from small slippages, error in kinematics and in

odometry:

Xkr1 = F(X, Uk, W) (3.1)

wherex is the state vectouy is the input vector, and the nonlinear functforlates the
state at the previous time stkp 1 to the current stek. The driving noisavy is assumed
to be normally distributed with zero mean and covarianceim&: p(w) ~ N(0,Q).

The sensor model can be represented as

zx = h(Xk,Vk) (3.2)

wherexy, andz, represent the state and measurement vectors at each tioe sted
the nonlinear functiom relates the state, to the measuremeni. The measurement
noisevy is assumed to be normally distributed with zero mean andr@nee matrixR:
p(v) ~N(O,R).

Here, we defin&, (note the “super minus”) as tleepriori state estimate at stéqgiven
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knowledge of the process prior to stepandXy as thea posterioristate estimate at step

k given measureme,. We also defind®, as thea priori estimate error covariance,
andPy as thea posterioriestimate error covariance. The EKF predicts the next sfate o
the systenx,  , based on the available system model equation 3.1 and B@eead

the state error covariance matRy , using the time update equations:

Kr = T )

Piei” = AxPWA] +BrQiBL (3.3)

The state and error covariance estimates are updated using:

Kk = PHE(HPHT +Re)™
Xk = 5(\|:+Kk(2k—h(/)2|:,0)) (3.4)
P« = (I-KkHpP,

wherel is the 3x3 identity matrix, and A, B, H are calculated as tH®W@ng Jacobians

of the systeni and measuremehtfunctions:

afi\ .

Ag = <0—XJ) (Xi, Uk)
B ofi\ .

Bk = <0—lJJ) (X, Uk)

T

~

I
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Q)‘QJ
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Figure 3.3: The wheelchair is a non-holonomic, uni-cycleetyehicle.O is the mid-
axis point between left and right wheef3; is the point where the barcode sensor reads
barcodesDs is the distance betwedd andOs. The heading of the sensor aligns with
the wheelchair’s centerline, i.6s= 6. AD_ and/ADg are the displacements measured
by the left and right glidewheelsAD is the distance traveled by the mid-axis point of
the vehicle.

System modelling

Our vehicle, a non-holonomic, unicycle type (see Fig. 3s3nodeled by the following
kinematic (odometric) equations, which convert the regsliat the wheels into data

expressing the robot movement.

X = Xg_1-+ADy_1c088¢
Yk = Yk—1+ADy_18in6 (3.5)
& = 6G1+A61

where &, Yk, 6) and &x_1,Yk_1, 6k_1) are current and previous poses in global coordi-

nates,ADy is the distance traveled by the mid-axis point of the vehisleich can be
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calculated as

AD_+ AD
AD, — %R" (3.6)

where the incremental change in orientatitfl corresponds to the difference of these

displacements:

ADgrk— ADrk

A< . ) (3.7)

whered is the effective width of the vehicle.

We can thus write the state vecton@s= (X, Yk, 6«) T, the input vector asg = (ADyk, ADrk)T,

and the nonlinear functiohas f (x) = (f, fy, fg)T.

Then we have the linearized system equation:

5(\|Z+1 = AXk+ Bruk (3.8)

where

1 0 —ADgsinG
0 1 ADgcosbc |,
00 1

P
I
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TcosB+ 22esinb 1 cosb — SPxsingy
Bc= | 1sing—2Pkcosh 1sinb+ 22 cosby

Q-
Q-

Sensor modelling

We can also have the sensory equations:

Xs; = X + DsCOSQSJ-
Ys, = Yj+Dssinbs, (3.9)
Bs = 6

where &s;,Ys;,05) and j,yj, 6;) are the sensor's and wheelchair's current poses in
global coordinates, anDs is the distance between the sensory p@gtand mid-axis
point O (see Fig. 3.3).

Then we have the linearized sensor equation:

~

Zx = HiXg (3.10)

where

10 —Dssines(
Hc = | 0 1 Dscosbs
00 1
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The absolute positionxg,Ys;) can be directly obtained from the reading of the bar-
codes. The absolute orientati®l can be estimated by the numerical approach de-

scribed in Appendix B.

3.3.3 Filter realization

The update of a measurement from the barcode is much sloaertiie odometry, as
it is only available when the robot passes over a barcoderpatTherefore, before the

robot could reach a barcode pattern, its localization haslyocompletely on odometry.

When the measurement is available, the data from odometry and barcodes should be
fed into the EKF system. The EKF initial statg is taken to be equal to zero. The
initial state error covariance matrix is initialized to thalue of the expected system
error noise covarianceé?y = Q. Then, the EKF predicts the next state of the system
and projects ahead the state error covariance matrix usagme update equation 3.3.
Then, the Kalman gain matriky is computed and used to incorporate the measurement
into the state estimatg. The state error covariance for the updated state estifgate,

is computed using the measurement update equation 3.4.

Driving noise covariance

Here, we compute the driving noise covariai@e The encoders directly provide dis-
placement information instead of velocities. Therefdne,distances traveled by the left
and right glidewheels according to odomettyD, x and ADgy, Were chosen as vari-
ables in the driving function. The covariance matrix of whaisplacement erroQ

is determined by experimentally establishing the encodeessuring variances on the
two wheels,op, 2 and opr®. As the two wheels of the wheelchair are driven by two
different motors and their rotations are recorded by enostalled on two separated
glidewheels, we can assume that for a short unit of travekther incurred on both

wheels are uncorrelated.
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GDLkZ 0

o
[

(3.11)
0 ODRk2

Further, we assume for a short unit of travel, the error is reean, white, and uncor-
related with the previous or next unit of travel. The varet the cumulative error is
then the sum of the variance of each statistically indepetnaieit. This leads to an as-

sumption that the variance of each unit of travel is propoudi to the distance traveled.

ob,> = koL?| ADwk],

Obn’ = kor? | ADRk| (3.12)

wherekp| andkpr are constants with uniym.

To decide the constanks, andkpg, the robot was programmed to move along straight
lines with distances oD = 1, 3,5,10,15m respectively, starting from the same point.
For each distance, the robot executed the run for 10 times p€lceived displacement
on each wheel was recorded by the on-board computer. Thendesbetween the start
and stop positions was measured externally by tapes asaheisplacement. The real
and perceived displacements were then compared to obtavatlance of each wheel at
a corresponding distance. By least-square fitting for maea with respect to distances,
we obtainedkp, = 0.0057,/m andkpr = 0.0048,/m. The covariance matrix of wheel

displacement errdg,, was set as:

0.0057 | AD| 0
Qx= : (3.13)
0 0.0048 | ADx |
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Measurement noise covariance

Next we computed the measurement noise covariBhc®ne piece of barcode was
pasted on the ground, and the barcode scanner at a fixed lapigttached and read
this barcode from all directions. This was repeated 50 tinfdee positions, retrieved
from the barcode, were compared to the real displacemerdsured by a measuring
tape. The standard deviation of measurement erroioyasl4.69mmandoy = 9.86mm

(the x-y coordinates are with respect to the barcode: thegmois on the center of the
barcode, and their directions are as shown in Fig. 3.2). Alsave no direct source of the
angular measurement, its variance was empirically selextedgg = 0.25°. Note that

in the real run, mean errors in positions have to be subttdcten absolute position
estimates as the measurement noise is assumed to be nodis#iiguted with zero

mean.

The measurement noise covariaft®/as thus set as

o> 0 0
R = 0 g2 0
| 0 0 0p2
215864 0 0
= 0 9.722-5 0 (3.14)
0 0 19 -5

3.3.4 Experimental evaluation

Simulations as well as field experiments were performedatuate the barcode-odometry
localization approach. In all the tests, the robot was conted to move along a nomi-
nal path for 10 times at a constant speed .6fiys. The nominal path is located in the
Control and Mechatronics Laboratory of the National Unsitgrof Singapore. Here we

only use the path AB (see Figure 3.4), which is abouhBhd accounts for 90% of its
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total length.

Simulation

In our simulation, the driving noise covarianQeand the measurement noise covariance
R of equations 3.13 and 3.14 were used to simulate the noideeiretal situation. At
each sampling period & 0.01second, the deviation between the ‘real’ and ‘ideal’
positions was calculated, and as was the angular diffetegteecen the ‘real’ and ‘ideal’

orientations.

The first simulation was conducted by localizing the robdyevith odometry (see Fig-
ure 3.4). Though the estimated trajectory follows the dpatpath, the actual position
of the robot deviates further from the course as the tragdlfistance increases. The
ellipses, which are two-dimensional sections of the eriigrseid in the x-y plane, be-
come larger and change shape as the robot moves. It can béhaeéme robot cannot

safely pass through doorways and narrow passage.

The second simulation was conducted by localizing the rofitbtthe proposed barcode-
odometry approach (see Figure 3.5). Six barcode landmarksnG in width) were
placed along the path as the landmarks. The first one is ababe tstarting position to
provide a good initial position reading. The second andithre placed in front of the
door, because this is the narrowest part of the pa®4@@in width). The fourth one

is placed on the other side of the door for some tasks thatresgtihe robot (B5min
width) to navigate back to the room on the left. Between thetfoand fifth patterns,
as there is a large open area, no barcode pattern is placeallyFthe fifth and sixth
are placed in the narrow passagen(ih width). In this case, the robot can safely pass

through the door and narrow passage.

We calculated absolute mean of position deviation as wedragilar difference (see
Table 3.1). Compared with odometry localization, the bdezodometry localization

has improved 72% in position estimation, and its smallardadad deviation indicates a
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narrow
passage

y (m)

Figure 3.4: Estimation of mobile robot trajectory when gsodometry localization.
The probability that the robot stays within the ellipsesatteestimated position is 95%
in these simulations. It can be seen that the robot cannelysadss through the door
and narrow passage.

9r narrow
passage

y (m)

Figure 3.5: Estimation of mobile robot trajectory when gslmarcode-odometry lo-
calization. It can be seen that the robot can safely passighrthe door and narrow
passage.
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Table 3.1: Trajectory estimate comparison between odgnagid barcode-odometry
localizations. Values are given as absolute mean (starmtsdtion) over time.

odometry only barcode-odometry
position deviation (cm) 16.9(8.8) 4.7(1.5)
angular difference (degree) 3.0(1.0) 2.7(0.6)

more consistent trajectory estimation.

Field experiment

30
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10 )
)
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> A Barcode-odometry
® odometry only
-10f e

=20
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-30 =20 -10 0 10 20 30
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Figure 3.6: Position estimation error at goal point.

In the field experiment, the CWA is programmed to automdgiaarry a human subject
to traverse the nominal path. The on-board computer lodgs thet combined position
information by barcode-odometry localization and raw odtmdata. The estimation

error at the goal position is accounted for comparison.

The experimental results are shown in Figure 3.6. The dricieghe figure show the

position estimation error with only the odometry (Mean%;®.7), SD (0.8, 16.2)7),
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while the triangles indicate the error with the barcoderodtry localization (Mean (0.7,
-1), SD (1.4, 1.59m). It can be seen that the deviation in y-axis is clearly senafi the

case with the barcode-odometry localization.

3.4 Flexible Path Guidance

3.4.1 Path controller

A path following controller constrains a robot along a gup#h, but does not restrict
the speed. If the position sensors detect that the robottisepath, the controller steers
it back onto the guide path. Here we extend the functionalitthe path controller in
[31] by introducing arelastic path controlle(EPC). If the user sees an obstacle on the
path, the system should allow him to avoid it. The EPC enghkesser to curve the path
reactively in order to avoid dangers without violating coamts imposed by the task.
We first follow the exposition of [31] for the kinematics andtp following controller,
from which we then extend to an elastic path controller. Thoistroller is developed by

Long Bo, in his works [32, 33].

Kinematics

The wheelchair has two actuated wheels on a common axis.gldsieference point

taken midway between these two wheels (see Fig. 3.7), theriatic equations are as

follows:
X = vcoso
y = vsin@ (3.15)
Oy = w
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Figure 3.7: Wheelchair’'s kinematics.

wherev and w are the translational and angular velocities respectiaid 6, is the

wheelchair’s orientation with respect to the fixed frame.

Path following controller

To develop a time-independent path following controlleg, fivst describe the kinemat-
ics relative to a frame consisting of a curvilinear coord&rgalong the guide path. Lét
be the distance of the reference point of the wheelchairdagthde path along the nor-
mal, and letGy, be the wheelchair’'s angle relative to a reference Cartdszame (,Y).

The kinematics of equation 3.15 can then be rewritten as

VCo

S = 1_7(::0' , Cp= cosf
| = vs, sg=sind (3.16)
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Here,0 = 6,,— 6. is the error between the vehicle orientat@nand the tangent to the
guide path@; in the (x,y)-frame,v = /X2 +y2 is the translational speed anglis the

guide path’s curvature.

Equation 3.16 depends on time, thus we reparameterizehtthgtdistance travelled by

the vehicle along the path, = [3|9:

. . Co
s = S|gn<v1_CC|) (3.17)

. Co
" = 1-—cl
to(L- el sign( v 2

o = Ll_(:CH—t:(:sign<v Ci )

where () = %. The control objective is to stabilize the outgduto zero. A second

derivative ofl is needed as the control variabie does not explicitly appear in the

expression of’:

1" = %(1—%02—%(1—%')1%5%—gclte (3.18)
This equation is linearized to

1" =u (3.19)
by setting

w= Vlf(i:cl (Ulficl—f—cc(l—f—S%)—l-gc'%). (3.20)
Using the auxiliary control

u=—kpl —kyl” with kp > 0,k >0, (3.21)
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path
elasticity
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Figure 3.8: Block diagram of the elastic path controller.

itis shownin [31] that, provided appropriate initial conidns are fulfilled, equation 3.16

has a solution andconverges to 0.

With this controller, the user only needs to input the tratighal velocityv, and the an-
gular velocityw is calculated using equation 3.20. With these two inputsytheelchair

can move along the path and stop at user’s will.

Elastic Path Controller

The idea of theelastic path controlleEPC) is to allow the user to deviate from the
guide path when needed. For this purpose, the controlleruateon 3.21 is modified as

follows:

u=—(1—a)(kyl+kal")— aj. (3.22)
——— ~—~
restoring force  deviation input
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wherekp > 0,k > 0, j, is thenormal input and theelasticity parameteir (value
between 0.1 to 0.9) is used to balance the influence of thatlevinput applied by the

user and the attraction from the guide path.

Using equation 3.22, the closed-loop system of the coetrallith elasticity can be

described by:

VCo

S = 1T ol Cg = cosf
| = vsg, Sp=sind (3.23)
6 = Vlfeccl [Il_ce%l(gcse—(l—a)kmce)Jr

+ SQ(CCSQ—(1—a)kV|CQSign<l\iCzcl))+

- ajil—cg;:cl}‘

Fig. 3.8 gives the block diagram of the elastic path corgrollhe joystick input to the
EPC is designed as follows: the parallel angle of the jolqtielative to a local frame
fixed to the vehicle) corresponds to the translatory vejpaithile the normal angle
corresponds to the desired deviation from the guide pathisscomputed by projecting
the normal input, relative to the current wheelchair dimtt onto the normal to the
guide path. This projection prevents a too large change iehtation relative to the

guide path and limits it to 90

3.4.2 Operation modes

The EPC enables the CWA to follow a guide path with the speediBed by the human

user. The strength of this interaction can be tuned with khstieity parameted:

e a =1 corresponds tfree modeg(FM), in which the user drives the CWA like a

standard motorized wheelchair.
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e a = 0 corresponds tguided mod€GM), in which the CWA provides path guid-
ance and guides the user to move freely along the guide gdtie CWA detects

that the wheelchair is off the path, the controller stedoadk onto the guide path.

e o between 0.1 to 0.9 correspondsdiastic modgEM), in which the user can
deviate the wheelchair away from the guide path by applyingrenal input while

still feeling the path attraction.

3.5 Flexible Path Design

3.5.1 GUI and guide paths

= ]

[T

Figure 3.9: Example of a map with wheelchair paths in a homér@mment. The
paths are defined by a small number of control points whicle laavintuitive geometric
meaning as attraction points of B-spline curves, and carsbd to modify the path. For
example the figure shows how the path in the kitchen is modifiedoid a large object
representing an obstacle. The furniture and signs arel@stihtion purpose only.

The user issues commands to the controller via the Grapbisat Interface (GUI),

which provides a list of possible destinations and a map dsplaying the guide path
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and the wheelchair’'s navigation as geographical locatiémg. 3.9 shows such a map
for a typical home environment. The GUIgsntext dependemind will prompt the user

only with the possible destinations connected to the ctitoaation. This reduces the
selection to a few possibilities and simplifies the selecpoocess. Upon selection of
a destination such as “go to the kitchen”, the robotic whealcguides the wheelchair
along the pre-defined path to its destination. To run theesyst user needs to first
choose the destinations and the operation mode, befokatagj the motion via a joy-

stick. For users unable to use a joystick for input selec¢tsavitches are added to the

wheelchair.

B-spline curves [34, 35] were chosen to code the guide pasitheir computation is fast
and stable, and the shape of the resulting curve is smoothante easily controlled.

A B-spline functionB(u) is a piecewise polynomial function of the form
B(u) = Z)Nip(u) P (3.24)
i=

wherePy, Py, ..., Py are then+ 1 unknown attraction points, amdf(u) are B-spline basis
functions of degreep and a knot vectou = (up, us, ...,Uyn), andu; are real numbers
called knots that act as points between every two consecatixaction points. We used
cubic uniform B-splines, which are sufficiently smooth fargath controller as they
are continuous up to the third derivative, i.e. the denxatf curvature. Consequently,

them+ 1 knots are equally spaced, i.8.; 1 — U;j is a constant for & i < m—1.

We note that existing maps of the environment such as thastable from architect
drawings can also be incorporated into a library of guiddgaflhereafter, the tools
presented in the next section can be used to optimize patamed from any source or
paths inherited from other users. It is also straightfoditarextend the map by adding
new paths and nodes, or connecting two maps together, tanices at a lift. Eventually,
the collection of many paths from the environment would lteisua topological map
(e.g. Fig. 3.9 without the furnitures) after entering thievant location names, as well

as attributes relating to these branches.
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Figure 3.10: Defining a wheelchair path by WTP (a,b) and usinegePC (c,d). The
path traced in a) is recorded into the memory. b) A B-splineffthe recorded path can
be used as wheelchair path. The user can bend the path amslimgethe EPC c), which
can be used as a new wheelchair path for subsequent movements

3.5.2 Path design tools

A walk through programmin@WVTP) approach can be used to create guide paths. In the
WTP approach, the wheelchair user or a helper can push ertthéwheelchair freely in

the working environment, during which the coordinate valaee recorded (Fig. 3.10a).
These values are least-square fitted with B-spline (Figdl,1and then compressed,
yielding a smooth path for subsequent movements. The patlheaetraced with the

WTP until the user is satisfied.

Alternatively, EPC and GUI can be used to help design or nyatié path. The EPC

allows the user to deviate from the path in real-time in otdeeach some place outside
the path or reactively avoid obstacles or dangers (see HigcBand re-join the path after
clearing the obstacles. After the modifications, the whealcuser has the possibility

to store these path modifications for subsequent movemssrsHig. 3.10d). Also, the
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few B-spline attraction points determining the path haviearggeometric meaning and

can be shifted on the GUI in order to modify the path.

3.6 Summary of the Chapter

In this chapter, the CWA prototype was described. It was shilvat the CWA concept
does not require complex sensor processing nor a decisgirmsy and is relatively

low-cost. The navigation was realized by using an elastib pantroller (EPC). This

dedicated controller can guide the wheelchair moving alarguide path, and even
allows the user to curve the path reactively in order to adaidgers on the way. By
tuning with the elasticity parameter , the system has thpegation modes: free mode
(FM), guided mode (GM), and elastic mode (EM).

Several design tools were developed for the CWA to createoalifinguide paths. Walk
through programming (WTP) enables the user to teach a guitle ly moving the
wheelchair freely in its working environment. The path carétraced with the WTP
until the user is satisfied. Alternatively, the path can belied by using EPC or using
a graphical user interface (GUI) on which it can be manimddtom a few attraction

points.

To ensure reliable navigation, the system always needsaw ks location precisely. A

barcode-odometry localization combining informationnfrodometry and unique bar-
code patterns was developed, and tested in simulationseldekperiments. The test-
ing results showed that this simple approach could prowdfecgent accuracy for pose

estimations in the desired environment.
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Chapter 4

Investigation on Path Guidance

4.1 Introduction

The concept at the heart of the CWA is to rely on the users maii@nning skills and to
assist the difficult maneuvering task with path guidancee tiser decides where to go
and controls the speed (including start/stop, forwardévacd), while the system guides

the wheelchair along a software-defined path that connleetddsired destinations.

This chapter presents an experimental investigation oCiMA system performed with
able-bodied subjects. We study in particular the motiormiefiicy and human-machine
interaction of the CWA system. The driving performance & tiperators with robotic
assistance is analyzed and compared with the conventiontabt of a powered wheelchair.
This enables us to examine the effectiveness of path guedaec to address whether

and how it could assist the user in driving a wheelchair.
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tables
start l - '
[ Q
’ ------- nominal path‘

Figure 4.1: The experimental environment. The nominal pathich is not marked
on the floor but pre-defined in software, is fr@tart table toendtable, placed in two
different rooms separated by one (narrow) door.

4.2 Methods

4.2.1 Subjects

Five able-bodied (male) subjects with ages between 25 amee86informed about the
experiments, and gave their consent prior to participatdone of these subjects had

driven a wheelchair before.

4.2.2 Experimental environment

The experimental environment depicted in Fig. 4.1 was daesign the Control and
Mechatronics Laboratory of the National University of Sapgre. It contained tables
which served as the start and end points for the wheelchdivarnous fixed obstacles
such as chairs, fire extinguisher, narrow doorways etc. Matethe obstacles shown
in Fig. 4.1 were not displayed on the GUI. Six barcode landtarere placed in this

environment for global positioning.

The nominal guide path, not drawn on the floor, was taught €0GWA in software
through WTP. As illustrated in Fig. 4.1, the wheelchair istfat thestarttable. It backs

away and stops at positighto adjust its heading, crosses the narrow doorway towards
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positionB, from which it backs into positio@, and then approaches and stops in front of
theendtable. The controller is programmed to automatically Ideariext path segment

when the wheelchair reaches the end of a segment.

4.2.3 Protocol

The subject was first seated on the wheelchair with motonetlioff, while safety mea-
sures such as the power button were explained to him. Thawthériving modes, free
mode (FM) and guided mode (GM), were described. The joystigkface was shown
and explained to him, and he then practiced with it. Once tilgest was comfortable
with the interface, he tried the guided motion and free motiatil he expressed an
understanding on each of them. The subjects usually spewnt 40 minutes on both

modes of operation.

After training, the subject was tested in the experimemairenment shown in Fig. 4.1.
He was told that the task is to drive the wheelchair safelynftbestart table to theend
table. The wheelchair (0.8%in width) has to pass through the doorway (GrBih
width) without scratching the doorframe and stop right onfrof theendtable, such
that he could type on the keyboard placed on it. As mentionéla previous section,
the nominal path is used only in GM and not marked on the flooi=M, the subject

has to complete the task by relying on his own driving skills.

The subjects had to repeat this movement 10 times altegidwencontrol mode between
FM and GM, in the order FM, GM, FM, etc., i.e., without and wrtibotic assistance,

respectively. They were instructed to try to minimize theveroents of the joystick.

4.2.4 Data analysis

Two aspects of performance were investigated to infer hesttbjects used the CWA:

speed and user interaction. Timean speewas estimated as the traveling distance di-
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Figure 4.2: Joystick configuration and joystick move. Thegsjeck range is divided
into a 16x16 checkerboard. Joystick move at inskaistdefined as the vector between
lever positions in two consecutive positionkat andk. Then the totajoystick moves
defined as the sum of the norm of these differences duringtiséeamovementParallel
moveandnormal moveare defined similarly from projections onto the correspogdi
axes. The extreme area is the shadow area, which corresppedbier maximum or
zero speed. The zero area is treated as zero move.

vided by the time spent to complete the task. While it is nquineed that the user drives
at high speed, a low speed indicates maneuvering diffisultiser interactionvas eval-
uated by analyzing the user's maneuvering on the joystiokrobinterface (recorded at
50Hz). Two important aspects of user interaction were studjegstick movewhich
measures the variation of joystick position, and ititervention levelwhich quantifies
how often the wheelchair drivers needs to modify their isputhe hypothesis is that
continuous motion control will require constant attentaord thus a significant effort.
Conversely, little intervention means that the driver calax during most of the path

and concentrate on other aspects such as obstacles awmidanc

As illustrated in Fig. 4.2, the range of the position joykiis first divided into a 16x16
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checkerboard. The joystick position is taken with respethé checkerboard, and only
positions maintained longer than X@®are considered (such that fast oscillations are
not accounted for)Joystick movat instank, is defined as the norm of the vector differ-
ence between lever positions in two consecutive positibkslaandk [20]. Then, the
total joystick move is defined as the sum of joystick movesduthe whole movement.
Parallel moveand normal moveat instantk are defined similarly from projections of
joystick move at instark onto the corresponding axes. The joystick move within the

zero area is treated as zero move.

Intervention levels inferred from the intervention time and the use of extrgoystick
configuration corresponding to maximum speddtervention time the control effort
that is intended to alter the current course or preventssiotl is defined as the sum
of time periods during which the joystick position is modifi@v.r.t the checkerboard),
divided by the total wheelchair moving duration. In additido analyse if the subject
mostly drives with the maximum or zero speed, we examine Htenahe joystick is at

extreme positions corresponding to these speeds (see.Big. 4

Directionalt-tests were used to compare data in GM versus in FM. The npbtmesis
is that “the means of the given groups of samples are equab-vAlue of less than 5%

means that the hypothesis is rejected, corresponding gndisant difference.

4.3 Results

In all trials, the subjects could reach the destination auticolliding with any obstacle.
This shows that the allocated training allowed the subjecte comfortable operating
the wheelchair. The effectiveness of the path guidance valsaed by examining the

statistical significance of the following characteristariables.
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4.3.1 Speed

The traveling distance in FM was significantly less than th&M (p<0.0001). How-
ever, the required time to perform a movement was signifigdatger in FM than in
GM (p<0.002). Correspondingly, speed in GM was significantly bighan that in FM
(p<0.001). Further, while the movement time decreased sigmifig between the first
and fifth trials in GM (p<0.021), it did not change between consecutive trials in FM
(p>0.213).

4.3.2 User interaction

Intervention Level

As shown in Fig. 4.3a, intervention time was significantigkx in FM than in GM over

trials (p<0.0004). The intervention time was reduced significantlieen the first

and fifth trials in GM (p<0.004), but not in FM (p-0.064). In addition, the number of
non-extreme positions visited during movement in GM wasificantly less than that
in FM (p<0.0001). Also, the subjects spent significantly less timiside the extreme
positions in GM than in FM (g0.0001).

Joystick Move

As shown in Fig. 4.3b, the total joystick move in GM was sigrafitly smaller than
that in FM (p<0.0001). For every subject, even the maximum value in GM \esly
smaller than the minimum value in FM. In FM the joystick moweekased in roughly
the first three trials and then converged to a stable valuappears that the joystick
move was reduced significantly in FM but not in GM: the totgigtick move in the fifth
trial was significantly less than that in the first trial in Fig<0.046), but not in GM
(p>0.083).
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Figure 4.3: The effort to maneuver the wheelchair can benadefrom the intervention

level (a) and joystick move (b) for subjects A to E. Both areaier in guided mode
(GM) as in free mode (FM).
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Figure 4.4: Parallel joystick move (a) corresponding toespduring movement and
normal move (b) corresponding to steering for subjects A td e normal move is

much reduced in GM.
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No significant change of parallel move was observed in FiMJd11) or in GM (p>0.066)
between the first and fifth trials. Parallel move was signifilyalarger in FM as in GM

(p<0.028) (Fig. 4.4a).

Significant changes of normal move between the first and fiidtstwere observed in
FM (p<0.031) but not in GM (p-0.121). It can be seen in Fig. 4.4b that the normal
move in FM was still significantly larger than that in GM<p.0001).

Driving Behavior

Fig. 4.5a shows the joystick input of a typical subject dgiime movement. We observe
distinct behaviors in FM and GM. In FM, the subject continsigumoves the joystick
both in parallel and normal directions, while in GM he kedps jpystick at maximum
during large portions of the movement, and practically dag#sheed normal input. This

is particularly clear in Fig. 4.5b.

4.4 Discussion

This section analyzes the results of the last section antiees how and whether path

guidance could assist the user in driving a wheelchair.

Does path guidance facilitate the driving?

We examined the joystick move, which reflects the user'simigieffort. As shown
in Section 4.3.2, the joystick move in FM decreases ovelstrisuggesting that the
subjectdearnedto drive the wheelchair in the experimental environmentfievatrials.
On the other hand, joystick move in GM did not change signitigawith repeated
trials. Further the maximum value in GM was much smaller tf@minimum value in

FM. These facts show that with path guidance, the wheelcisair can drive efficiently
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Figure 4.5: Joystick move in GM versus FM after adaptatiapstiows the parallel and
normal moves of subject B during the fifth trial. (b) is thetbgram of positions visited
during this movement. Left shows the parallel input andtrtgle normal input. In GM

the joystick was kept at maximum during large portion of thevement and almost no
normal input was required.
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from the initial trial onwards, while moving efficiently wita conventional wheelchair

requires adaptation

How does path guidance facilitate the driving?

To answer this question, we decomposed joystick move istgatrallel component
(speed) and normal component (steering). Path guidancereddess effort in con-

trolling the speed, as the parallel component is much smalfguided compared to free
mode (see Section 4.3.2). However, as shown in Section,4@8ekd was not compro-
mised by path guidance: able-bodied subjects attempt eodh&rtcut when they were
not constrained by the path, but they did not gain time to detefthe task as they could
not run the wheelchair at maximum speed and had to slow dovemwhvigating round

corners or narrow passageways (see Fig. 4.5a).

Normal input, corresponding to the steering necessaryi¢ntate the wheelchair, is the
most difficult feature to control in a power wheelchair. Thelation of normal move in
FM showed the difficulty in maneuvering a wheelchair, as s#weials were required
before the subjects could perform well and minimize norma¥erand intervention level
(see Section 4.3.2). In contrast, path guidance takes logetéering task such that little

normal input was needed in GM.

How do operators use path guidance?

The intervention level was used in order to study how thesuseke use of path guid-
ance. During the wheelchair movement, the joystick pasitiml not always need to be
modified. If the user felt that the motion was safe and corafde, he could just hold
the joystick at the same position. Otherwise, he had to ngatiiforientation in order
to alter the current course or react to obstacles. As shoveation 4.3.2, using path
guidance greatly reduced the intervention level. Consaityyehe driver could relax

as he/she did not need to continuously modify the joysticsitpm but could, in con-
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trast, leave it at the extreme position most of the time. Tvas shown to happen in
Section 4.3.2.

4.5 Conclusion

In this chapter, user tests were conducted to investigatefficacy of path guidance
in assisting the control of a powered wheelchair. Five &lddied subjects performed
a navigation task with and without path guidance assistahbeir performances were
studied particularly in the aspect of motion efficiency amdnan machine interaction.

The comparison results showed that in the tests with pattegige assistance,

the navigation is safe: no obstacle collisions occurredwm @ the test, i.e. no

danger was encountered.

the speed is not compromised, and is more uniform than wetfnotion.

the user control is drastically simplified by the exemptimoni the steering task,

and does not require learning

the driver does not need to modify the control input veryofte

These points demonstrate the advantages of using pathngeidand show the effec-

tiveness of the shared control strategy between the usahamvdheelchair.
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Chapter 5

Collaborative Path Planning

5.1 Introduction

One of the main challenges in robotic wheelchairs is to pathgfor (semi)autonomous
navigation. As these robots are to be deployed in variedr@mrients, which may
further change over time, it is difficult or impossible to bgwofessional experts spend
much time to set up each individual robot and adjusting it ¢haracteristics of its

particular environment [36].

One possible solution is to let the robot autonomously geeex collision-free path be-
tween two known destinations, e.g. the VHAM wheelchair {(i¢nsite de Metz, [12]),
the SmartChair(University of Pennsylvania, [13]), and the smart wheelch&R Ex-
plorer (Marche Polytechnic University, [37]). Althoughwbuld be desirable to have a
robot with such properties, it is not possible to generatgetdfmap for an unstructured
and dynamic human living environment, and it is difficult tarppaths in it by artificial
intelligence. Such an approach is moreover limited by thamexity and high cost of

sensor processing, as well as by the accuracy of the sensors.

Another solution is to let a human operator teach the pathdgadbot in advance, e.g.
the SENARIO autonomous wheelchair [14], the SIRIUS systéniersidad de Sevilla,
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[38]), and the CCPWNS autonomous wheelchair (Universitiotre Dame, [17]). In

this approach, the robot explores an environment togetiterasvnuman teacher. The
geometric information is provided by the robot’s positiogsystem. Compared with the
first solution, this approach reduces the requirements emiachine by sharing tasks
with humans. It is preferable, as personal and service rbasually need to be low

cost devices.

However, one major problem with this approach is that it iseasy to make changes
on pre-taught paths, which are usually saved as coordimateemory. The operator
has to work directly with these coordinates without beintpab refer to the real envi-
ronment. This would require experience and several tridternatively, a new path can
be traced. However, this is troublesome and undesirable ii3particular for a long
path. The human user is usually not a robotic expert and ofdémterested in techni-
cal matters. To cope with these issues, we propas®laborative learningstrategy, in
which the human operator and the robot, using suitable desigs, interact to create

and gradually improve a guide path, eventually achievingrgonomic path.

This chapter reports experiments performed to examinesthasegy. For this purpose,
able-bodied subjects were asked to use the path desigrtecadgpt a given guide path
to the changing environment. We analyzed features of thesiigths as well as user eval-
uation under representative conditions. This was compiéeady a questionnaire filled
out by the subjects after the experiments. The results dstratad the effectiveness of
collaborative learning and showed the utility and completaety of the provided path

design tools. They also gave some insight into the ergondexiors that need to be

taken into account when designing guide paths for wheetehai

5.2 Methods

The design tools described in Section 3.5.2 of Chapter 3 exakiated in experiments

examining how humans use these tools to adapt a wheelchhaitgade task and to their
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wishes.

5.2.1 Subjects

Fifteen (13 male and 2 female) subjects aged 23 to 32, witkwoivn motor disabil-
ity, were informed about the experiments, and gave theiseonhprior to participation.

None was a regular wheelchair user.

5.2.2 Training

On the first day, the subjects were trained to use the CWA yated the path design

tools.

Learning the driving modes of the CWA

The subject has first to sit in the wheelchair with the motarsed off while safety
measures such as the power button are explained to her orTiienjoystick interface
is explained to the subject who then practices with it. Oheesubject is comfortable
with the interface, the two driving modes, free mode (FM) gndled mode (GM), are
described to her or him. A nominal path (see Fig. 5.1a) is tséain operating in GM,
and the subject has to experience motion guidance alongdkhsfor at least two trials
(including forward and backward) until (s)he claims untkmging of how to operate
the system in GM. The subject is then instructed to move in Fiigathe same nominal
path and required to successfully perform this task in thiraks. A trial is considered as
failed if the wheelchair deviates from the nominal path byenthan 18m On average,
the subjects practised 2.38(.7 standard deviation) trials in GM and 5#4(.7) trials
in FM.

Then, the subject is asked to navigate through a narrow gessg (see Fig. 5.1b). The

width of the passage is 8 while the wheelchair width is @n Learning is consid-
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Desk Des

Figure 5.1: Training environment for learning driving fre@de (FM) and guided mode
(GM) with the CWA. The nominal path (dashed line) is savechim tcomputer memory
for guided motion, and is also marked on the floor for the wtieesl to follow in free
motion. A trial consists of one round-trip movement along tlominal path. The trial
is considered as successful if the center of the wheelchaiains in the shadow zone,
i.e. deviates less than &% from the nominal path.

Des

Figure 5.2: Training environment for learning path desigals. a) A cylinder-like
dustbin is placed on the path, and the subject has to nauvigateheelchair, avoid it
and pass through the triangular area. b). A narrow passgdgced in the environment.
The subject has to adapt the nominal path to this change tiengath design tools.

ered complete when the subject can successfully controlvtieelchair to follow the
nominal path and go through this passage without hitting @stacles in three con-
secutive trials. On average, the subject practis8h42.2) trials, including 18(+2.2)

failed trials. The total time spent in this phase was less 8taminutes.

Learning path design tools

Once the subject is familiar with maneuvering, path desagistforcollaborative learn-
ing are explained to her or him. The subject starts to practicegusPC in the envi-

ronment (see Fig. 5.2a) to avoid the obstacle placed on ttegmal pass through the
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Table 5.1: Test procedure of adapting a path to changes ertfisonment.

steps group A group B group C
design with EPC  design with GUI design with EPC&GUI
2 design with GUI  design with EPC
3 design with EPC&GUI
4 grade paths from steps 1to 3
5 guestionnaire

=

triangle area marked on the floor. (S)he is instructed totpeantil (s)he can success-

fully accomplish the task in three consecutive trials.

Then, a narrow passageway is placed in the environment {(ge&.Eb), and the sub-
ject is asked to modify the nominal path of Fig. 5.2a to passutjh this passageway.
The subject completes this task using the EPC, and thenteefmasame task with the
GUI. In each case, the subject is instructed to experiereegulted guidance before

modifying the nominal path, and to repeat a movement untlg(svas satisfied.

The total time spent in this phase is less than 20 minutes. v@rage, the subject
practised EPC for .3(+1.1) trials. For the path modification task, the subjects, using
the EPC, needed an average df(22.2) trials, including 15(+2.2) failed trials; using
the GUI, they needed.@(£1.4) trials, including 26(+1.4) failed trials.

5.2.3 Adapting a path to changes in the environment

Performance after learning is tested the next day in the@mwvient of Fig. 5.3a, which
includes walls, pillars, and a movable box which acts as bstaxle. The subject is first
shown a guide path, which is generated by the experimerdkd (se in Fig. 5.3a), and

is instructed to experience guided motion twice.

Then the box is shifted to a new position (see Fig. 5.3b). Témgnh task is to adapt
the path to the environment modification until the subjecsasisfied with the new
wheelchair path, calledptimal path Note that the box can always be seen by the

subject from the start position, both before and after ihified.

NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



5.2 Methods 56

a b yA
X,
end end (1%)
B pillar [ pillar
obstacle (——

obstacle (m——— “>path
. pilr o
centerline.] start

start (Xg,yg)
0 g

Figure 5.3: The environment in which path design tools aséete a) A (red) box is
placed as obstacle. The nominal path is designed by theimgrger. The subject ex-
periences this path twice in guided motion. b) The box is stefied, and the subject is
instructed to design a new path adapted to this change.ySa#egin is calculated from
the deviation area of the path (solid) relative to the cdin{dashed) of the permitted
region for the wheelchair.

The subjects are arranged into three groups of five and thégrpetests as illustrated
in Table 5.1, so that the effect of EPC, GUI and EPC&GUI cambestigated indepen-
dently:

e Group A starts designing paths with EPC, and Group B with Gitbup C de-
signs paths with EPC&GUI.

e Group A repeats the same task with GUI, and group B with EPC.
e Both groups A and B repeat the task with EPC&GUI.

e Each subject in groups A and B creates 3 paths in the above $teps. These
3 paths are shown in random order to him, who, sitted in theslchair, would
experience a path with the system moving autonomously atstaot speed. The
subject was then required to grade these paths accordihgitsatisfaction from

1to 5 ("1’ worst, ‘5’ best).

e Atthe end of the test, the subjects of groups A and B have t@ptetma question-
naire analyzing which features they consider importanttierdesign tools, and

how they like the different design methods.
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5.2.4 Data analysis

We evaluate the path’s features using measures of safetpteness, comfort, and

length. Optimal paths may minimize these measures.

We assume that the trajectory is a continuous curve suclvhaan compute the length

e/ dx, dyz%
=m- [ (<a> +<a>) dt . 5.1)

A safetymeasure is then defined as the area of the path’s deviationtfre centerline

of the permitted region for the wheelchair (see Fig. 5.3b):

=1 [ o= cldy [, 52)
Yo

where the coordinates are defined in Fig.5.3, the subsprignotes the path anc
the centerline. The path has a larger safety margin whendwiatibn area is smaller,

indicating that the path is ‘safer’.

A path can be characterized by the path lersggtimd the curvature along the patfs).

We definesmoothnesas

|
b= 7 [ (cl9)Pds, (5.3)
andcomfortas:
I 2
u4:|—1/0 (dz—?) ds. (5.4)

These cost functions can be interpreted from the viewpdimtyoamics [40]. For a
plane curve, the curvature at a given point has a magnituad émjthe reciprocal of the
radius of an osculating circle (a circle that “kisses” orsdty touches the curve at the

given point). The centrifugal acceleration in a curve ofiuadR negotiated at speed
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Table 5.2: Significance level (p-value) for the differenégath features between EPC
in groups A and B (1st column) and between GUI in groups A andrigl column).

feature EPC Paths in A and B GUI Paths in A and B
length 0.505 0.134
safety 0.690 0.204
smoothness 0.538 0.553
comfort 0.503 0.803
no. of trials 0.333 0.810
no. of failure trials 1 0.762

isa= "—Rz. When a vehicle moves along the path at constant velocyistantaneous
centripetal acceleration of the vehicle is proportionatsacurvature. The smoothness
measure is the integral of (square of) acceleration. Intewhdithe integral of square of
the variation of acceleration or jerk is taken as a measuoewiffort, since jerk should

be minimized for comfortable vehicle control.

Directional t-tests were used to compare the features bkp&or answers to the ques-
tionnaire, Wilcoxon rank-sum tests were used. The null iygsis is the means of the
given groups of samples are equal. The hypothesis is rejddtee p-value is less than

0.05, i.e. there a significant difference with 95% confideneelle

5.3 Results

The first result is that all fifteen subjects could designahié wheelchair paths using
only very few trials. Further, no significant difference wiasind on length, safety,
smoothness, comfort, number of trials or number of fail&drn either EPC or GUI
between the subjects in group A and B (see Table 5.2). Thexetloe order in which
the tools were used does not influence the results. In platjdar group A, the design
experience with EPC in step 1 does not help the design withi@lep 2. Similarly,
for group B, the design experience with GUI in step 1 does alt the design with EPC
in step 2.
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5.3.1 Comparison between EPC and GUI

Then, we compared the optimal paths designed by EPC (grogm@)GUI (group B)

in step 1, and we observe that:

e The paths designed by EPC are significantly longer than twp&J1 (p<0.0027).
However, the relative differences are minimal, i.e. thexdéad deviation is less

than 1% of the mean path length.

e The path tends to be significantly safer when designed by ERG by GUI
(p<0.0608).

e The paths designed by EPC and by GUI are not significantlgmfft in smooth-
ness (p-0.3483) or comfort (p-0.6903).

o It takes less trials to design a path with EPC. On averagakest2.040.7) trials,
including 0.4 @0.6) failed trials, to design a path with EPC, while it take® 3
(+2.1) trials, including 1.6£1.5) failed trials, to design a path with GUI.

5.3.2 Complementarity of EPC and GUI

We compared also the paths designed by EPC&GUI (group C)tivithe designed by
EPC (group A) and GUI (group B) in step 1, and observed that:

e The paths designed by EPC&GUI are significantly shorter tthase by EPC
(p<0.0151), but longer than those by GUKp.0027).

e There are no significant differences in safety between ttiespesigned by EPC&GUI
and by EPC (p-0.6317), and between EPC&GUI and GUP.4694).

e The paths designed by EPC&GUI are significantly smoother thase designed
by EPC (p<0.0212), and by GUI (10.0099).
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Figure 5.4: The correlationship between the user gradedamdnathematical mea-
sures. Error bars show 95% confidence interval of mean. NisliEside error bars
indicates means.

e The paths designed by EPC&GUI tend to be significantly morefodable than
those designed by either EPC (p=0.0592) or GUI (p=0.0576).

5.3.3 Relationship between user grades and path features

What does the user consider to be the most significant patiréahen evaluating the
path ergonomics? To examine this question we computed afdr subject, the math-
ematical measures of length, safety, smoothness, and dofofdhe 3 paths created
in the steps 1-3 of Table 5.1, and calculated the correlato@ificients between these

measures and the user grades in step 4 using Spearman’s Baala@on.

The results are shown in Fig. 5.4. Both smoothness and coarfopositively correlated
with subjective grades, while safety and path length are Y\ note that as the path
lengths variations between different trials are small§&4+-0.20)m), they may not have

been perceived by the subjects.
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5.3.4 Questionnaire on path design tools

Table 5.3: List of important features for an ergonomic patieanked by the subjects

ranking User rank
1 safety
2 comfort
3 smoothness
4 short path
5 little maneuvering effort

The questionnaire filled by subjects at the end of the testgptaments the quantitative
results on an ergonomic path. The subjects first listed thteifes for ergonomic paths in
the order of importance as shown in Table 5.3. They then haddwer four questions

as shown in Fig. 5.5. The results reveal that:

e The subjects found it “easy” to learn using EPC. They ratedlarly for GUIl and
EPC&GUI (p>0.8695), which are “average” to “easy”. The differencesrae
significant between EPC and GUI¥0.3198), nor between EPC and EPC&GUI
(p>0.2874).

e They found it “average” to “easy” to design wheelchair pathith EPC and
EPC&GUI (these are rated similarly as-p.7115), and “average” for GUI. The
difference between EPC and GUI is significank(p0135), as well as between
EPC&GUI and GUI (p<0.0370).

e They found EPC&GUI is a “good” to “excellent” method to desigsheelchair
paths, EPC is an “average” to “good” method, and GUI is anraye” method.
The difference between EPC&GUI and GUI is significant (p0095),

e The subjects chose “maybe” to “yes” to use EPC and EPC&GUésagh wheelchair
paths, but “no” to “maybe” to use GUI. They prefer EPC to GU&, ithe differ-
ence is significant (0.0234), and they strongly prefer EPC&GUI to GUI, with
a highly significant difference §0.001).
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How easy is it to learn using this tool?

62

How easy is it to design guide paths with this tool?

very | very _|
easy easy
easy | easy |
average_| average_|
difficult | difficult _|
very | very  _|
difficult difficult
EPC GUI EPCRGUI EPC GUI EPC&GUI
(a) (b)
Is this method good to design guide paths? Will you use this tool to design guide paths?
excellent |
good _|
ves - T
1 -
average_|
maybe_|
poor
no _|
bad  _|
I I I I I I
EPC GUI EPC&GUI EPC GUI EPC&GUI

(©)

(d)

Figure 5.5: Questionnaire results on path design toolarBars show 95% confidence

interval of mean.
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5.4 Discussion

This section examines the efficiency of the design tools iaptidg guide paths to
changes in the environment and analyzes how the subjectthese In addition, it

gives some insight into ergonomic factors for guide paths.

Necessity and complementarity of EPC and GUI

In an unstructured environment, it is difficult to provideragise and reliable map, es-
pecially for environments filled with (moving) humans. The@&is very useful in this
case, as it enables users to modify the path or to avoid titaadbsonline In contrast,
if a subject uses the GUI to modify a path, the modificatioresabn the subject’s spatial
representation capabilities and may not be very accurdessia precise map is avail-
able. This explains why paths designed by EPC are safer @by GUI, and fewer
trials and fewer failed trials are necessary to designfsatsry guide paths with EPC
than with GUI, as was found in Section 5.3.1. In addition,g¢kperimental results also

show that the design experience in GUI does not help the nl@sigPC.

In view of these potential disadvantages, is the GUI unbletas a path design tool? As
shown in Section 5.3.2, the paths designed by EPC&GUI arergrgo those designed
by EPC (and GUI) alone in terms of smoothness and comfort. dtfitian, relative
to those designed by EPC, the paths designed by EPC&GUI argeshand do not
compromise the safety margin relative to the paths desigp&dPC. Therefore the GUI

should not be discarded, but used together with the EPC.

Correspondingly, in the questionnaire, the subjects watisfied most by EPC&GUI.
The user feedback in Section 5.3.4 shows that none of theasldpund it difficult to
learn and use the tools, and they found that EPC&GUI is a gosttioal and would use

it to design guide paths, while GUI was graded last in all atpe
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Collaborative learning

We observe that when they can use both EPC&GUI, the subjikcisase to start with
EPC in order to trace a guide path, which they could then ngadsitng GUI. The pre-
vious analysis suggests that the subjects used GUI to ireghevpath ergonomics and
shorten the path. Therefore, we propose the follovdaligborative learning strategy

to design paths for unstructured and dynamic environments:

(1) Aninitial path can be created using the WTP, i.e. the Wdieer user or a helper

moves the wheelchair and so teaches the guide path to tresrsyst

(2) The EPC can be used to deal with changes in the environafiecting a guide

path, and to improve a guide path.

(3) The GUI can be used to improve the ergonomics of an egigtath, in particular

to reduce the jerkiness of a path.

(4) If a path requires many changes in practice, the desgimauld go back to step

1) and trace a new path.

Ergonomic path

What are the characteristics @gonomic pathg.e. paths providing the best path guid-
ance assistance for wheelchair users? We analyzed thdatimmehip between the
user grades and the quantified path features in lengthysafebothness, and com-
fort. Length was the least important factor, in particularte differences in length

were small.

Despite the fact that safety was ranked the highest by theashin the questionnaire,
their grades are positively correlated with smoothnesscanafort but not with safety.
In fact, the collected paths were all safe paths, as they aay the user safely in

the environment. Therefore, our interpretation is thatukers put more weight on
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smoothness and comfort once they are ensured the path fiagestkafety margin to
maneuver. In view of these results, we propose that erganpaths for a wheelchair

are safe paths, which are considered to be smooth and caivioky the human user.

5.5 Conclusion

This chapter explored the issue of path planning for a winegicWe proposed a collab-
orative learning strategy, which envisions that the hunm@erator and the robot interact
to create and gradually improve a guide path using the peoMilgesign tools: a graphical
user interface (GUI) on which a path can be manipulat#iche using a few attraction
points, and an elastic path controller (EPC), which enathlesnlinepath modification.
Fifteen able-bodied subjects adapted a given guide pathetonibdified environmen-
tal condition. We used mathematical measures to analyze thaths in terms of the
identified ergonomic factors of a guide path, including kngafety, smoothness, and
comfort. This was then complemented by a questionnairel fol& by the subjects af-
ter the experiments. The results from these experimentuuaaedevaluation showed
the utility and complementarity of these design tools. Tiigexcts, with little learning,
were able to use them to design guide paths, and were satistigtier, the analysis on
ergonomic paths, i.e. paths providing the best guidan@aysti that the users put more
weight on smoothness and comfort once they are ensuredhingitath has sufficient
safety margin to maneuver, while length was the least ingpbrfactor, in particular as

the differences in length were small.
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Chapter 6

Evaluation with Patients

6.1 Introduction

While considerable effort has been devoted to developibgtiowheelchairs, relatively
little attention has been paid to evaluating their perfaroes [43], and very few papers
report results with disabled subjects, the real end usersaddition, conducting user
trials with robotic wheelchairs is difficult for several smas. Some wheelchair users do
not show any immediate improvement in their navigationlskirhis could be because
the user is already so proficient that little improvementisgible, or conversely that the
cognitive or physical impairment can be so severe that ingarents are limited within a
short time span. Users who have the potential to show lanjerpgance improvements
often have little or no experience with independent mohiind may need a significant

amount of training before they could reach acceptable padace.

One of the few systems with reported evaluations by abledooaind disabled subjects
is the Hephaestus Smart Wheelchair System [44], whichtagbis user to avoid ob-
stacles. It was found that able-bodied subjects perforne¢tghwithout this assistance
and in fact, preferred not to use it as they felt that the gtterto modify their input

were more intrusive than helpful. The cerebral palsy and-pobo subjects testing this
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system indicated that they liked the sense of security wiged, despite the fact that
tests showed that the system generally did not lead to anyetrate improvements in

performance.

Another wheelchair system which was tested with disabldgests is the UK CALL
Center Smart Wheelchair [16]. It is equipped with sele@dbbls such as line follow-
ing, collision detection, communication aids, etc., andwaed by children to learn
how to drive a wheelchair . The study with children with diffat disabilities indi-
cates that the increase in mobility has wide ranging and doleffects on learning,

communication, motivation and social interaction.

This chapter reports the clinical evaluation of the CWA eygst Three cerebral palsy
(CP) and two traumatic brain injury (TBI) individuals penfiked experiments to evalu-
ate the CWA (Fig. 1.1b). All subjects had previously beerdubut as candidates for
independent mobility by conservative prescription cigerThrough this research, we
explore whether and how path guidance can help in wheelcbatrol, and how the use

of the CWA system can be adapted to particular disabilities.

6.2 Methods

6.2.1 Experiments

Subjects

Five (4 male, 1 female) subjects, aged between 16 and 48,imferened about the ex-
periments and they or their guardians gave their consentdekrforming the experi-
ments. These CP and TBI subjects were selected from amdieggsof the Singapore
Society for the Physical Disabled (SPD). All subjects weniéidlly not able to use a

conventional powered wheelchair.
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computer

turn

(@) (b)

Figure 6.1: Evaluation of motor condition on disabled satge (a) Joystick move-
ments are performed in the forward, left, backward, andtiigtections, repeatedly. (b)
Controlling the wheelchair from a computer to a table witk aithout path guidance
assistance.

Pre-training

The operation of the joystick was first explained to the stiisje They were then in-
structed to repeatedly move the joystick in the forwardt, lebhckward, and right di-
rections (Fig. 6.1a), with the motors switched off. They eveequired to reach the
maximum in a direction, and then back to the zero positiofgrieemoving in the next

direction.

The subjects were then told how to use the free and guidedsnadtien a simple driving
test was performed in two modes, consisting of driving the&lthair from a computer

to a table in an obstacle-free environment shown in Fig..6.1b

Training

The subjects received training in the use of the CWA systeasid@driving skills were
first trained, such as moving forward, backward and turnisiggi path guidance as-
sistance, i.e., driving in GM. Advanced driving skills werained, such as driving the

wheelchair along different paths while tuning the speed] asing the elastic mode
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Figure 6.2: Training for the disabled subjects to drive vitte CWA. The top panels
show the environments used to train driving in GM (a) and in®M The middle panels
illustrate the tests for driving with path guidance. Thetfiest consists of successfully
passing through the marked area for three trials (c), themnskto successfully pass
through the (8dmwide) doorway once (d). The bottom panels illustrate théuateon
of driving without path guidance. A first test consists oldaling a path drawn on the
floor for three trials (e). The wheelchair can maximally d¢gil®mfrom the nominal
path during the movement. The second test is to pass thrivegBdtmwide doorway
for three trials without bumping into it (f).
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Figure 6.3: Photos of training environments. (a)(b)(c)(ddrrespond to
Fig.6.2(c)(d)(e)(f).
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(EM) to deviate from the reference path in order to avoid atiss. They had to meet

the requirements of a given step before progressing to tkisone.

Driving with path guidance The operation in GM was explained to the subject, who
then experienced this motion mode by moving along a straigét The subject had to
experience motion guidance along the nominal path of FRig.tor at least two trials in
the forward and backward direction until (s)he claimed tdenstand how to operate the

system in GM.

The Elastic Mode tool was explained to the subject and egpeed by letting him or
her avoid a chair placed on ardong straight path (twice on each side). Then a chair
was placed on the previous nominal path, as shown in Fig. Gl2btask in this session
was to move along the nominal path and use EM to avoid the.cfiaio evaluations
were performed as shown in Fig. 6.2c,d. A test was considesddiled if the subject
could not complete the task in 10 trials. The subject had topiete the first test before

starting with the second.

Driving without path guidance The final training session was for the subject to learn
driving skills such as forward, backward, turning, and ihgvto different destinations in
free mode, i.e. without path guidance. To evaluate if a suibyas able to drive in FM,
two evaluations were conducted as shown in Fig. 6.2e,f. Thgst had to complete the
first test before starting with the second. Either of thestst&as considered as failed if

it was not successfully completed within 10 trials.

Navigation test

After the training was completed, the subject was tested mavagation task. This task
had been previously tested with able-bodied subjects itiddes.2.2 of Chapter 4 and

so their performances could be compared.
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Each subject had to perform a series of 10 trials alterndigtgreen the two control
modes: free mode (FM) and guided mode (GM), i.e. without arttl vebotic assis-
tance, in the order of FM, GM, FM, etc. The subject was inggddo minimize the

movements of the joystick.

6.2.2 Data analysis

Aspects of human-machine interaction such as driving dehaequired effort, safety,

were analyzed.

Thetime to complete the tasknd asafety measureonsisting of the total number of

collisions that occurred in a trial were computed.

User interactionvas evaluated by analyzing the user's maneuvering on ttséiggycon-
trol interface (recorded at 5{¥). Two important featuregoystick movendintervention

levelas defined in Section 4.2.4 of Chapter 4.

The frequency content of the (parallel or normal) joystickut was computed using
Fast Fourier Transform (FFT). Since the joystick input wesorded at 5z, the spec-
trum was analyzed in [0, 2B (for instance, see Figure 6.4). The tremor, typically in
[3,12]Hz, is contained in this interval (see the details in [45]). fEfere, the total fre-
guency content and tremor frequency content are defined tisthamplitude integrals

of FFT over these intervals.

Directionalt-tests were used to compare data in GM versus FM, after iatetests
checked that these data were normally distributed. Thehyplbthesis is that the means
of the given groups of samples are equal. A p-value of less 894 means that the

hypothesis is rejected, corresponding to a significanekfice.
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Figure 6.4: Typical frequency spectrum of the joystick inpdhe total frequency
content is the area within [0,28F, and tremor frequency content is the area within
[3,12Hz

6.3 Initial Motor Control Assessment

The selected subjects have distinct affects, and so diffdéelwin motor control perfor-
mance. Therefore, we start by presenting them one by onesbetamining the overall

behavior and comparing with the behavior of able-bodiegesib.

6.3.1 Subject A

Subject A is a 26 years old (at the time of the experimentsgmath CP. Because he
suffers from large involuntary motion of his arms, he is Uedbo control a powered
wheelchair by fine movement. He has good understanding miotaalk clearly, and
so comes to SPD for learning how to use communication dexdndscomputers, on

which he types with a stick holding with his left hand. SulbjAcmeeds assistance to
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8

> % X

Figure 6.5: Initial assessment of subjects A to E and comaparivith a typical able
bodied behavior (F). Left column: The last three trials addaleing movements in 4
directions in the order of forward, left, backward, and tigRight column: Driving the
wheelchair in guided mode (dashed) and free mode (solijl line
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be brought from one place to the other, and as a consequesde &iay at home most
of the time. At home he uses a manual wheelchair which he gusekwards with his

feet.

To let subject A control the wheelchair, the joystick wast fin@ved close to him so that
he could reach it easily. When holding his right hand, we ¥elty large involuntary
force in the left and right directions relative to his uppedi. This prevents him from

using a normal powered wheelchair.

The initial assessment showed that the patient could mevgifstick in forward and
backward directions. However, even after practice helstitl problems in accurately
moving it to the left and right directions. Fig.6.5A(leffh@ws the last three trials, i.e.

trials 13 to 15.

Successful trajectories of driving from computer to talolé-M and GM are shown in
Figure6.5A(right). The movement without assistance ikyeit is observed that the
patient could not control his hand very well when moving fard: Furthermore, the
patient is unable to maneuver the wheelchair backwardse adways turned it to the
wrong way. Both parallel and normal inputs had much smaittegudency contents in
GM than in FM (see Figure 6.6). The tremor was greatly reduced@M, suggesting
that path guidance indeed simplified the control for thigecib

6.3.2 SubjectB

Subject B is a 23 years old male with CP who receives day ca8P&t. He has no
problem in speaking or understanding, but is very sensdivé gets irritated easily.
He has a manual wheelchair but has to rely on a caregiver toipuble has no prior

experience with a powered wheelchair.

Subject B first tried to control the joystick with his left rlainHowever the result was
not very good. As his elbow seemed to be very tight, we placedrim on the arm rest

for a larger reaching range. He had learned to use Pathfiad®mimunication device,
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see http://www.prentrom.com) with his little finger, and®let him grip and move the
lever with his ring and little finger in all directions. In thivay, he was more relaxed
and could successfully activate the joystick. After sust@dly running the system on
the guide path in GM, he was happy to control the joystick bydelf and, given the
new-found mobility, was eager to continue the training. Whe holds the lever, his
body tends to shrink, and thus cushions are used to suppoldady and strains are

added to prevent him from slipping off.

Fig. 6.5B(left) shows the last three trials (i.e. trials @®0) performed by subject B for
moving the joystick in four directions. He could push thedeforward and left easily,

but had problems in moving it backwards and could hardly moteehis right.

Paths from computer to table performed in FM and GM are shoviangure 6.5B(right).
In GM, he could use the system easily. When he moved in FM, énopnance was
very poor, perhaps due to a lack of driving experience anblilibato control the joy-
stick properly. While driving, he tends to look down at hi# keand instead of ahead.
It seemed very difficult for him to extend his arm in order tdchthe joystick. His
whole body shrank when he tried to control the joystick, aaadtien had to stop due to
spasticity. Both parallel and normal inputs had much smékguency contents in GM
than in FM (see Figure 6.6). The tremor was greatly reducg@dNh suggesting that

path guidance did simplify motion control for this subject.

6.3.3 Subject C

Subject C is a 48 years old male with CP who receives day c&@f Rt He cannot talk
clearly and so uses a Lightwriter (a communication deviee Jgtp://www.prentrom.com).
He has used a powered wheelchair within SPD about 7 yearbagas he ran into peo-
ple frequently, he is now using a manual wheelchair, whiclpirghes slowly by using

his right hand.

When he used the index finger of the left hand to type on a sppawdrating device, we
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Figure 6.6: Total frequency spectrum and tremor area ofllphmaput (a) and normal
input (b) in free and guided motions during initial assessin{aght column of Fig-
ure 6.5).

noticed a lot of involuntary movement which rendered hisrigpnaccurate. However,
when he controlled the joystick with the left hand holding taver, the movement was
much more stable, and so we adopted this method for him toadhie wheelchair.
Cushions were added to support his body, as well as seattbghievent him from

slipping off.

Figure 6.5C(left) shows the three last trials (i.e. trisBstd 20) performed by subject C
for moving the joystick in four directions. He could conttbk joystick well compared
to the other subjects, but had some involuntary movememtsame deficit moving in
the right and backward directions. The path from the compaténe table demonstrated
his good driving ability. However, he was easily distracbgdother people or sound
encountered during driving. The normal input had a much kemeiequency content in

GM than in FM, but parallel input did not (see Figure 6.6).
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6.3.4 Subject D

Subject D is a 28 years old female with TBI due to a car acciddnmth occurred when
she was 22 years old. She comes to SPD to learn to talk usingezisplevice. She
has a manual wheelchair which is pushed by the caregiverntaéner thinks that her
condition has improved significantly in the last five yearsd ahe wants to see if her
daughter can use a powered wheelchair in the future. Thesutannot control her left
arm and right leg. She also gets tired easily and can norroatigentrate for only about

10 minutes before she has to rest.

Subject D could catch the joystick with the right hand easiWhen she drove the
wheelchair straight, she could not control her strengthanays moved the lever in-
stantly to the maximum. She did not know to stop before rugnimo people and
obstacles. She was very curious about the surrounding asilg é&zrgot that she was

driving.

We observe in the last three trails (i.e. trials 18 to 20) ie tbur directions (see
Figure6.5D(left)) that she did not have much tremor, but tiex control was inaccu-
rate. The forward and backward movements were fine, but asaheé not control her
strength well, she bent the lever too much. Left and right@neents were also not accu-
rate. She was unable to move left even after several rountislst The trajectories of
moving from computer to table with and without path guidafsse Figure 6.5D(right))
were not bad, but exhibited sudden changes. The normal maseveatly reduced in

GM, but the parallel input was not (see Figure 6.6).

6.3.5 Subject E

Subject E is a 16 years old male with TBI due to a car accidehigmwhappened when
he was 6 years old. He comes to SPD to use the augmentativehspedce. He can
spell word by word to communicate with people. However, [tsoms are very slow

and he is often using the index finger of his right hand to pairthings. Once he gets
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tired, the test cannot continue on the same day. He also mggwer concentration
and he would often latch on to an idea or activity and persigt it He uses a manual
wheelchair and relies on the caregiver to push it. His parbate just bought him a
powered wheelchair to use at home, with which he ran into lgesgveral times due to

lack of attention.

We noted that he has very little power in his wrist, which fattp. Hence, when he
used his arm to push the joystick, his hand will bent over. Wvhelding his wrist, we
could feel that his arm was quite strong but the wrist joirk diot function. We hoped
that a wrist restraint could keep it straight, but he refusedear the restraint, which
he felt was too tight. Hence, we lowered down the joystickifms so that his arm
could extend more. Then his hand tried to hold the lever ifedght ways to move the
wheelchair straight. It took a while for him to realize thalding the lever in his palm
was more effective than pushing it with one or two fingers.ngsiis palm, he tried path
guidance from the computer to the desk and he was very hapey tvacould complete
the move. However, he tended to lose his concentration amdibwevert to activating

the lever with his finger.

Subject E performed the joystick movement assessment ifotiredirections for 10
times. The paths of the last three trials are shown in Figbe@eft). This subject had
little tremors in his hand. Through practice, the tremor weduced significantly in
the lateral left and right directions. However, the movetweas still not as good as in
the forward and backward directions. The range of his handement was also very

limited.

The paths used in FM and GM when moving from computer to tagle Figure6.5E(right))
illustrate that this subject could drive in GM but not in F\,lee was insufficiently aware
of his environment. Once he held the joystick in some ‘comadale’ position, he would
like to keep it there without noticing his surrounding, inrgi@ular when moving the
wheelchair backward. Therefore, even though his motorrobwias not very bad, we
felt that he should not drive a powered wheelchair indepetigle@ not in a controlled

and safe environment. Both parallel and normal inputs hadhnamaller frequency
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Table 6.1: Number of trials taken by disabled subjects topleta training tests.

subject A|/B|C|D| E
EM test of Fig.6.2c(min=3) 3 | 6 | 3 | 5 | fail
EMtestof Fig.6.2d (min=1) 1 | 4| 2 | 5 | n.a.
FM test of Fig.6.2e (min=3) 3 | 8 | 3 | 6 | fail
FM test of Fig.6.2f(min=3)| 4 | 6 | 3| 5 | n.a.

contents in GM than in FM (see Figure 6.6).

6.4 Performance with the CWA

6.4.1 Training

All the subjects were able to drive in guided mode. The redalttests in Fig. 6.2c,d,e,f
are given in Table. 6.1. After training, all, but subject Egrey able to drive in elastic
mode. While the same four subjects passed the free modestigects B and D re-
quired more trials to succeed. Typical trajectories dutiregtests are shown in Figs. 6.7
and 6.8.

6.4.2 Navigation test

Subjects A,B,C,D could complete the five trials of the natiatest (Fig. 4.1) in
both FM and GM. Subject E could drive in GM only. So while higadare shown
in Figs.6.10,6.11, the comparison between FM and GM is padd with the data of
subjects A,B,C,D only.

The mean time spent to complete the navigation task and meaber of collisions
over five trials are given in Table 6.2, and the mean and stdndiaviation are given
in Table 6.3. Collisions happened in FM for every subject, o collision happened
in GM. The time to complete the task was not significantly gethbetween the first

and fifth trials in FM (p>0.790) and GM (p-0.405), suggesting that the training was
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Figure 6.7: Paths of subject B for successful trials in tlststef Figure 6.2c,d,e,f for
driving with path guidance (A,B) and without path guidan€el). The solid line rep-
resents the nominal path and the circle represents theus$eadras an obstacle.
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Figure 6.8: Paths of subject C for successful trials in tis¢stef Figure 6.2c¢,d,e,f for
driving with path guidance (A,B) and without path guidan€el). The solid line rep-
resents the nominal path and the circle represents theus$adras an obstacle.
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Table 6.2: Time to complete the navigation task and numbeoliions over five trials.

| Subject A | Subject D |

Condition | Time (sec)| Collision || Condition | Time (sec) | Collision
fmil 71.7 0 fmil 86.5 1
fm2 58.84 1 fm2 109.26 5
fm3 63.04 0 fm3 80.94 1
fm4 66.82 0 fm4 73.44 0
fm5 67.82 0 fm5 94.96 3
gml 56.04 0 gml 62.52 0
gm2 63.96 0 gm2 67.76 0
gm3 64.04 0 gm3 68.52 0
gm4 65.48 0 gm4 67.86 0
gm5 58.96 0 gm5 66.9 0

Subject B Subject E

Condition | Time (sec) | Collision || Condition | Time (sec)| Collision
fmil 81.18 1 fmil
fm2 113.94 1 fm2
fm3 95.66 2 fm3
fm4 101.14 3 fm4
fm5 120.58 2 fm5
gml 112.32 0 gml 216.26 0
gm2 160.82 0 gm2 225.48 0
gm3 67.38 0 gm3 217.48 0
gm4 103.66 0 gm4 309.92 0
gm5 93.22 0 gm5 237.16 0

| Subject C | | | |

Condition | Time (sec)| Collision
fmil 65.6 1
fm2 55.6 0
fm3 56.48 1
fm4 53.88 0
fm5 68.32 1
gml 63.98 0
gm2 62.4 0
gm3 62.44 0
gm4 63.94 0
gm5 60.58 0

Table 6.3: Mean (standard error) of time to complete thegation task and number of

collisions happened over five trials.
time (seconds) no. of collisions
subject FM GM FM GM
A 65.64(2.19) 61.70(1.79) 0.2(0.20) 0(0)
B 102.50(6.93) 107.48(15.32) 1.8(0.38) 0(0)
C 59.98(2.91) 62.67(0.63) 0.6(0.25) 0(0)
D
E

89.02(6.16)  66.71(1.07)  2.0(0.89) 0(0)
n.a. 241.26(17.57) n.a.___ 0(0)
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sufficient. The task completion time was not significantlffestent in FM and GM
(p>0.183) and equal to about twice the mean time taken by theladaleed subjects of
Chapter 4.
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Figure 6.9: Intervention time (a) and joystick move (b) inthé trials

As shown in Fig. 6.9a, the intervention time was significafdtger in FM than in GM
(p<0.0001) over the five subjects. No significant decrease wasrebd between the
first and fifth trials in FM (p>0.343) or GM (p>0.285). In addition, the number of non-
extreme positions visited during movement was signifigesthaller in GM than in FM

(p<0.01). The time spent outside the extreme positions teralée significantly less
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Figure 6.10: Parallel move (a) and normal move (b) in all tieds.
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in GM than in FM (p<0.052).

As shown in Fig. 6.9b, théotal joystick movavas significantly smaller in GM than in
FM (p<0.002). For every subject, even the maximum value in GM weartl smaller
than the minimum value in FM. The slope of the least-squaf®) @traight line was
not significantly negative in FM (p0.502), but was negative in GM {®.007, mean
slopes = —16.84), indicating a decrease of total joystick movemerGM. Parallel
movewas significantly larger in FM as in GM g0.002, Fig.6.10a). The LS straight fit
had a significantly negative slope in GM<f.044,5= —7.3) but not in FM (p-0.566),
indicating a decrease of joystick move in GNbrmal moven FM was also significantly
larger than that in GM (1 0.0004, Fig.6.10b). Negative slope of the LS fit of the straig
linein GM (p<0.003;5= —13.10) indicated a decrease of normal move, while this slope

was not negative in FM (p0.414).

Thefrequency conterdf parallel input was significantly smaller in GM than thafi
(p<0.0252) (Fig. 6.11) and no significantly negative slope &f tl$ fit was observed
in FM (p>0.551) or in GM (p>0.133). Thetremor contenbf parallel input was not
significantly differentin FM or GM (p-0.067) (Fig. 6.12), and no significantly negative
slope was observed in the LS fit in FMX0.233) or in GM (p>0.369).

The frequency content of normal inpwas significantly smaller in GM than that in
FM (p<0.0005), (Fig. 6.11) and significantly negative slope waseoked in the LS
fit of normal input in GM (p<0.020) but not in FM (p-0.346). The tremor content in
GM tends to significantly smaller than in FM<8.0005) (Fig. 6.12) and significantly
negative slope of LS fit was observed in GM<(@.022,5 = —10.86) but not in FM
(p>0.066).

The relationship between the total frequency contents &lighand normal inputs are
shown in Figure6.13. As expected, parallel and normal smipum¢ positively correlated
in FM, both for disabled subjects#£®.5) and able-bodied subjects@.7). In GM,

they are weakly correlated for disabled subjectsQ@&) and somehow anticorrelated

for able-bodied subjects£¢0.2), though this latter result may be unreliable as normal
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NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



6.4 Performance with the CWA 89

N w w
a S @
=] S =)

tremor frequency in parallel move
g
oo

a
a m}
150 o °
b— D E, e
F = —————=—=—==--="""g
00— = =—=H5__ - | a
T 5 B N :
L = ---___ 1o
50
a
0 L .
1 2 3 7 :
trial number
(a)
300
5 250+
o
£
©
g 200+ . )
o o
c
£
0 150( .
1<
o [ o o
<
o
o
=
o
£
()
=
s

3 . 4
trial number

(b)

Figure 6.12: Tremor frequency contents. (a) and (b) shovidta parallel and normal
inputs in all the trials.

NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



6.4 Performance with the CWA

800

700

600

500

400

300

200

100

total frequency contents in parallel input

90

Kd \‘
/’/ N
a \
e .|
VA .
7/ I
T TS 1
ot . + o !
0 \'\ I
7, disabled \ 1
2 GM { !
i | !
/ - /
. | ;
s -/ >/
;1 H e /
- H | /-
able-bddied ; »
GM 1! : © -
i / s disabled
il P 7 FM
. ; .
\! . ’
( ‘/ ‘/‘
' ’ ,

< FM-~
| | | | | | | |

0 100 200 300 400 500 600 700 800
total frequency contents in normal input

Figure 6.13: How parallel and normal inputs are used (in #sé 3 trials) by disabled
and able-bodied subjects. Error ellipses of the actual al&averlayed on the plots at
the confidence level of 95%. Solid ellipses are for the da&btd-bodied subjects (The
‘star’ represents for FM, ‘square’ for GM) and dashed e#pdor disabled subjects
(‘cicle’ for FM, ‘cross’ for GM). Note that the large axes dfé ellipses go almost

through (0,0).

NATIONAL UNIVERSITY OF SINGAPORE

SINGAPORE



6.5 Discussion 91

input is negligible in able-bodied subjects.

6.5 Discussion

The purpose of this study was to investigate whether patteguae can help in wheelchair
control and how the collaborative wheelchair assistantAr8ystem is adapted to par-
ticular disabilities. A first point to note is the very larganability in control char-
acteristics and performances between disabled subjecdo@mented in the initial
assessment. This emphasizes the importance of interfdapseal to each specific sub-
ject, and suggests the utility of developing adaptablefates. The results of Section
6.4 enable us to address major questions about the use o¥¥Aea€ will be described

in this section.

Does path guidance facilitate the driving?

Although no subject was able to move independently with thegred wheelchair prior
to using the CWA, all subjects learned and became eventahll/to drive using path
guidance. So path guidance helped the disabled subjectsrtargbility. In addition,

no collision was observed in GM, while some collisions haygekto all subjects when

they were driving in FM, due to either bad motor skill or ladkconcentration.

We examined the joystick move, which reflects the user'simgieffort. As shown in
Section 6.4.2, the joystick move decreased significantfghh both in its parallel and
normal components, suggesting that the subjects learngdvothe wheelchair in the
experimental environment after a few trials. On the otherdhahe subjects were not
able to perform better in FM even after repeated trials, Wwimdicates the difficulty the
subjects had to control the wheelchair. Further, the jolkstiove is much less in GM

showing that path guidance greatly reduced the drivingteffo
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Table 6.4: Comparison of motion features in FM and GM for klied and able-bodied
subjects. Values are given as mean (standard error).

disabled subjects able-bodied subjects
FM GM FM GM
time (seconds) 79.29(17.73) 74.64(5.63) 45.20(1.30) 438.40)
intervention time (%) 28.76(1.55) 16.83(0.74) 21.99(}.2113.75(0.60)
joystick move 293.5(27.8) 186.1(14.3) 151.0(8.9) 694)3.
parallel move 183.7(22.0) 116.5(9.1) 79.4(5.8) 64.5(2.8)
normal move 167.0(13.7) 101.2(10.0) 91.5(6.0) 7.7(0.9)

parallel frequency content 411.4(55.1) 338.0(27.4) 1822.8) 298.7(18.3)

normal frequency content 298.2(32.2) 146.7(19.1) 12881 5.5(0.7)
parallel tremor content 138.6(19.6) 118.1(8.6) 44.2(6.1)106.4(8.2)
normal tremor content 108.7(10.9) 51.3(6.2) 49.3(4.6) 408)

How does path guidance facilitate the driving?

To answer this question, joystick move was decomposed iatpdrallel component,
i.e. speed, and its normal component, i.e. steering. Patlagce required less effort
in controlling the speed, as the parallel component is muddlsr in guided compared
to free mode (Table 6.4). However time spent was not com@ednby path guidance.
The frequency content in parallel input was much less in GMwsng that the subjects

can control the speed more consistently.

Normal input, corresponding to the steering necessaryiemothe wheelchair, is the
most difficult feature to control in a powered wheelchair.ridal input was much less
in GM than in FM. Further, the normal input in FM was not reddiceer the trials. In
contrast, it decreased across trials in GM. This shows lieeguibjects learned to let path
guidance take over the steering task, resulting in a redaoezlint of normal input in
GM.

How do operators use path guidance?

The intervention level was computed to examine how usersmag of path guidance.
During wheelchair movement, the joystick position doesmexd to be modified con-

tinuously. If the user feels that the motion is safe and cotalide, (s)he can just keep
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the joystick at the same angle, and only has to modify itsxat®on in order to alter the

current course or avoid obstacles.

As shown in Section 6.4.2, using path guidance greatly reditice intervention level.
This suggests that the drivers relaxed as they did not needniinuously modify the

joystick position and felt sufficiently safe.

Comparison with able-bodied subjects

The results of motion features in FM and GM for able-bodieth(gzed in Chapter 4)
and disabled subjects are given in Table 6.4. For able-daate disabled subjects, the
intervention level and joystick move were significantlydes GM than in FM. All sub-
jects left the joystick at extreme positions more often in &dn in FM. This indicates
that path guidance simplifies the control drastically frdra initial trial in comparison
to a conventional powered wheelchair. Furthermore, alhefdubjects gave positive

feedback about their use of path guidance and of the CWA.

Although able-bodied subjects do not need path guidaneg, plerformance were not
worse in GM compared to FM, i.e. path guidance did not detatgoperformance. This
may be due to the fact that rather than intrusively modifytimg user’s input as other
robotic wheelchairs (e.g. [44]), path guidance takes dwesteering task such that little

normal input needs to be used.

The disabled subjects spent a much longer time to performatigation task compared
to able-bodied subjects. For the able-bodied subjecténdris easy and so they try to
finish it quickly. For the disabled subjects, time is not s@artant as long as they can

complete the task.

In FM, able-bodied subjects showed adaptation in normastjoy move, while dis-
abled subjects did not. This illustrates the difficulty oivdrg a wheelchair, as even
able-bodied subjects need practice to improve the driwigle disabled subjects can-

not drive properly. In GM, disabled subjects showed adaptah parallel and normal
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joystick moves, while the able-bodied subjects did not.sTiiprobably because able-
bodied subjects can adapt their skills quickly, thus thay dave efficiently from the
initial trial onwards. Disabled subjects, on the contrdespite knowing how to operate

in GM, need a few trials to reduce the effort.

Fig. 6.13 illustrates the specific strategies used by deshbhd able-bodied subjects
with and without path guidance. Path guidance enableslaidesd subjects to use
only negligible normal input, and help disabled subjectsetduce it. For able-bodied
subjects, the variability between trials is smaller in GMuthin FM, illustrating the

control simplification brought by path guidance. This alstds for disabled subjects,
though they have more variability than able-bodied subjecitd are unable to reduce

the normal input to zero.

Subject-specific system adaptation

The training results in Section 6.4.1 showed that the stdbgdibited different abilities
in wheelchair control. Can the system be customized toqudati disabilities and, if yes,

how should it be adapted?

Subjects A and C passed all the tests in a nearly minimum nuailbeals. This shows
that training with the CWA can provide these subjects with &ility to drive freely,
such that they may not require path guidance assistanaeaafthile. Therefore, for
such subjects, the CWA can be used as a tool to gradually lealrve the wheelchair
safely. However, Subject C had several collisions whenmyivn FM, due to a loss of
attention. Therefore, bumpers and simple obstacle detesénsors should be installed

to let such subjects drive a powered wheelchair freely.

Subjects B and D passed all the tests, but needed many nmadsetian subjects A or C.
These subjects became able to use path guidance and to &sbtatles by using EPC
to deviate from the path when needed. However, they hadfiogumit motor control and

thus were not proficient enough to drive freely by the end oftaining. Such subjects
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should drive with path guidance and use EPC to enjoy moraldme but probably

should not use a conventional wheelchair.

Subject E did not pass any test in FM or EM. He had very poor eotmation and got
tired easily. Therefore, to make him improve his skills maguire a long process. He
should (at least for the moment) remain constrained on thdegoath, while he can

already enjoy the possibility to control speed (includitgps) as he wishes.

6.6 Conclusion

Clinical evaluation of the CWA was conducted with three beaépalsy (CP) and two
traumatic brain injury (TBI) subjects, who initially coultbt use a conventional pow-
ered wheelchair. Initial assessments were performed terstahd their motor control.
These subjects were then trained to use the CWA with and wiitbath guidance as-
sistance before completing a navigation task. After a faming sessions, all subjects
became able to drive safely and efficiently in an environmétiit obstacles and narrow
passageways. Eventually, two of the subjects did not nemdhetp of path guidance
and could drive freely. The results suggest that the CWA cawige driving assistance
adapted to various disabilities. It might hence provide & waincrease the mobility
of some subjects, who are currently not allowed to drive agred wheelchair due to
motor control or cognitive deficiencies. It can potentialgo be used as a safe training

device for some subjects who eventually learn to controlranabpowered wheelchair.

To compare driving behaviors with able-bodied subjecespitients also performed the
same navigation task as what was performed in Chapter 4.€Buds illustrate the dif-
ficulty of driving a conventional wheelchair, as even abbelied subjects need practice
to improve their driving, while disabled subjects cannavelisafely at all. When as-
sisted by path guidance, able-bodied subjects can adapskilks quickly, and disabled
subjects show obvious improvement with practice. All satgeave positive feedback

about their use of path guidance and the CWA.
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Chapter 7

Conclusion and Future Work

The goal of this research thesis was to design and evaluatsotiac wheelchair, CWA
for those users who have difficulties in maneuvering a comveal powered wheelchair.
This chapter draws overall conclusions, in which we makeesoamclusive remarks on
the work accomplished to fulfill the objectives of this rasbethesis. In addition, during
the research for this thesis, we came across some issuesthdtfurther enhance the
applicability of our work, which we would like to mention leeas topics for future

research.

7.1 Conclusions

Due to fatigue, or physical or cognitive limitations, mangabled people encounter dif-
ficulties in maneuvering their wheelchairs, in particularidg the early stage of use.
Most of them have sufficient sensory and inference capesilio analyze the environ-
ment that they are moving in and are eager to use these edilitn contrast, mobile
robotics allows for precise control over the wheelchairstion but still struggles to
create artificial systems with enough sensory and infereapabilities to enable the

fully automated navigation. The differences in cognitiord anotor control between
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disabled humans and mobile robots has led us to rely on thelahear users rather

than on complex artificial sensory and inference systemssmd the CWA.

The concept at the heart of the CWA is to rely on the user'songtianning skills while
assisting the maneuvering with flexible path guidance. Tder decides where to go
and controls the speed, including start and stop, whileybem guides the wheelchair
moving along a software-defined path that connects the atesiestinations. In this
context, motion control is decomposed im@neuveringwhich is difficult for disabled
persons and so is attributed to the robotic system guidirtgpmalong paths predefined
in software, and intepeed contrglwhich is performed by the wheelchair user, who can

best judge the situation.

Collaborative wheelchair system

The CWA prototype presented in this thesis demonstrateghiibaCWA concept does
not require complex sensor processing nor advanced de@ggtem, and can therefore

be realized at a relatively low-cost.

In order to realize proper navigation, an elastic path abietr (EPC) was developed.
It can control the wheelchair moving along a guide path, arehallows the user to
curve the path reactively in order to avoid dangers on the Bgytuning the elasticity
parameter, the system can operate in three modes: free Rbjeguided mode (GM),

and elastic mode (EM).

Several design tools were developed to create/modify goadles. Walk through pro-
gramming (WTP) enables the user to teach a guide path by mtwenwheelchair freely
in its working environment. The path can be retraced withAfigP until the user is sat-
isfied. Alternatively, the path can be modified by using EP@sing a graphical user

interface (GUI) on which a path can be manipulated by movttrgetion points.

A simple barcode-odometry localization subsystem incdud® optical rotary encoders

attached to glidewheels for odometry and a commercial lo@escanner for global po-
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sitioning. A discrete Extended Kalman Filter (EKF) is use@dmbine the information
of odometry with that of barcode patterns. The results framutations and field ex-
periments showed that this simple approach could proviffeegunt accuracy for pose

estimations in the desired environment.

Path guidance investigation

Experiments with able-bodied subjects were performed &uae path guidance for
assisting the control of a powered wheelchair. The restilisese experiments showed

that with path guidance assistance,

the navigation is safe: no obstacle collisions occurredhy @ the test, i.e. no

danger was encountered.

the speed is not compromised, and is more uniform than wehrnotion.

the user control is drastically simplified by the exemptimoni the steering task,

and does not require learning

the driver does not need to modify the control input verymofte

This investigation demonstrates the advantages of usitigguadance, and shows the

effectiveness of the shared control strategy between #reams the wheelchair.

Collaborative path planning

A collaborative learningapproach was explored for path planning of the wheelchair.
Similar to the collaborative control strategies develofmdteleoperated mobile plat-
forms [41], the human operator and the robot “dialog” to gectin the task using the
best of their respective abilities, through context deandnenus. In our case, we use

a more direct dialog based on physical interaction and wisaher than on language.
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We proposed that the human operator and the robot, usirgpseidesign tools, inter-
act to create and gradually improve a guide path. Guide paibkl be created and
adapted to modified environmental conditions using threkst@ GUI on which a path
can be manipulatedfflineusing a few attraction points, WTP, and EPC dniine path

modifications.

While this strategy was sketched in the context of an incalsssistive device [42], it
has been tested here for the first time in experiments withemusabjects. Experiments
with able-bodied subjects have tested the efficacy of thegddsols to adapt guide
paths to changes in the environment and analyzed how thedshjse them. In our
analysis, relevant ergonomic factors of a guide path wesstifled and described using
mathematical measures. The results from these experimedisser evaluation demon-
strated the effectiveness of our approach and show théywiid complementarity of
the path design tools. The subjects, with little learningrevable to use these tools to
design guide paths, and were satisfied by this approachhdfarore, the analysis on
ergonomic paths, i.e. paths providing the best guidan@aysti that the users put more
weight on smoothness and comfort once they are ensurechthaath offers sufficient
safety margin to maneuver, while length was the least ingpbrfactor, in particular as

the differences in length were small.

Evaluation with patients

Clinical evaluation of the CWA was conducted with three beaépalsy (CP) and two
traumatic brain injury (TBI) patients, who initially coulabt use a conventional pow-
ered wheelchair. Initial assessments were performed terstahd their motor control.
These subjects were then trained to use the CWA with and utigheth guidance before
completing a navigation task. After a few training sessj@tsof the subjects became
able to drive the wheelchair with path guidance safely afidiently in an environment
with obstacles and narrow passageways. The CWA enabledibjpecss to drastically

reduce their control effort and intervention without compising performance. Even-
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tually, two of the subjects did not need the help of path guwtgzand could drive freely.
The results suggest that the CWA can provide driving asgistadapted to various dis-
abilities. It might hence provide a way to increase the miybdf some subjects, who
are currently not allowed to drive a powered wheelchair dumotor control or cog-
nitive deficiencies. It can potentially also be used as a safeing device for some

subjects who eventually learn to control a normal poweredeldhair.

In order to compare driving behaviors with able-bodied satyj, the patients also per-
formed the same navigation task as what was performed indtle guidance inves-
tigation. The results illustrate the difficulty of drivingwheelchair without robotic
assistance, as even able-bodied subjects need practiocgtove their driving, while
disabled subjects cannot drive safely at all. With path goe#, able-bodied subjects
can adapt their skills quickly, and disabled subjects shbwiaus improvement with
practice. All subjects gave positive feedback about the& of path guidance and the
CWA. This may be due to the fact that, in contrast to other ticbwheelchairs as for
instance the Hephaestus smart wheelchair [44], ratherititarsively modifying the
user’s input, path guidance takes over the steering taskeQiperating the wheelchair
is greatly simplified, the user need not worry about manengeand can concentrate

on other tasks, thereby reducing the mental load of driving.

7.2 Future Work

A more sophisticated localization system may be desiredh@gocus of this research
thesis was to study the human-wheelchair interaction,ithple barcode-odometry sys-
tem developed was sufficient for the representative enmeort used in the experiments.
Further studies on the localization using barcodes coukkptred to see how the sys-
tem can be deployed for other indoor environments as it ipleintow-cost, relatively
accurate and needs minimal infrastructure modificatioraddition, the addition of an
angular sensor to measure orientation would allow the CWifatagate more efficiently

in less controlled environments.
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Several issues on path management can be further explomsdy,Fwvith a growth in

the number of destinations, the number of paths would isereapidly (no. of paths

”(”2_1), nis the number of destinations). For instance, 40 paths grerasl to connect

10 destinations, and 190 for 20 destinations! Thus, whemtimeber of destinations
is large, it is necessary to examine how to efficiently marthgee paths in memory.
Secondly, a path could be realized by connecting multipistiexy paths between two
destinations. This method can possibly reduce the numbpatb, and can offer the
user more choices for his navigation. Thirdly, changindipaturing navigation should
be allowed. For instance, when a user is driving along a matiards the kitchen, the
door bell rings and he should be able to turn to the door. INGW&A prototype, the
user can either use EPC to deviate from the original path sritddinish the current
path (i.e. arriving at the kitchen) before loading a new p#thm the kitchen to the
door). Using the EPC for long distances is not efficient wthike user can be expected
to reject a solution in which he has to complete a meanindiegssmovement before
he can embark on a meaningful second one. A better solutiaidwae that when a
destination is changed, the system should immediatelyt tegarovide an alternative
path connecting the current wheelchair position and the destination. This issue

may be considered together with that of using multiple paths

Further evaluations with more groups of patients are woofistudy. The evaluation of
the CWA with the five CP and TBI patients has successfully destrated the usefulness
of the CWA system. For users with poor motor control or dmyviskills, the CWA
enables them to become a powered user by cancelling theiumary hand input that
is not compliant with their intention, as what we have testégti CP and TBI patients.
For users with mental disabilities, they may have orieatatr navigational problem
or may be unable to remember the initial intention or simplees. Using pre-defined
paths, the CWA brings such users to their intended destimatithout requiring them
to know the way. The CWA could help users lacking consistéahéion or strength, by
reducing their driving effort, such that they can use themaining strength to perform

other tasks in addition to controlling their wheelchair.

NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



7.2 Future Work 102

In the course of the experiments, several potential submtld not participate in the
experiments as they need wheelchairs customized for theposes such as special
supports etc. Hence a useful extension to the project woelthe development of
a universal mobility base to support the subject’s specifieeichair. This platform,

which would be equipped with sensors and flexible input desjicould implement the
CWA. Thus it would avoid the need to have to redesign a CWA \\dinedr for each

user. Such a universal platform would be useful in many puylkces such as airports

or hospitals.

The CWA can be developed as a learning tool. We have seergdhgrexperiments with
disabled persons that the CWA enables safe training in ancemaent limited by guide

paths. One possible extension is that, when the wheelchmetically moves along
a guide path, a feeling of correct driving behavior could bevigled to the wheelchair
user in the form of force feedback, using a dedicated jostitthis way the user may
be able to better link the joystick input with the resultingeelchair motion, and thus

develop his driving capabilities more efficiently.
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Appendix A. List of Existing Robotic

Wheelchairs

During the last decade, a great effort was concentratedivwaidely towards developing
automated wheelchair with some degree of navigationdliggace. This section gives
a brief review of other research on robotic wheelchairspiified by a search of the

literature.

(1) TAO Project (Applied Artificial intelligence, Inc., Cada)
Tao project [8] developed an add-on intelligent systemdhatbe installed on any
standard powered wheelchair with minimum modificationse TAO wheelchair
performs landmark-based navigation in autonomous mode.system uses two
processor boxes: one for vision and one for non-vision biehgenerations. Two
CCD color cameras are used for vision system. Several bumgoseand 12
infrared sensors are equipped for detecting obstacles ¢tothe chair. A sub-
sumption approach has been implemented, under which $bet@viors emerge,
including collision avoidance, door passage and wall foillg. A keypad and
miniature television set are installed temporally to emstructions and for mon-

itoring. The user can override the control in autonomy modbk wjoystick.

(2) Navchair (University of Michigan, U.S.)
The Navchair [9] navigates indoor environments with thrgerating modes: gen-
eral obstacle avoidance, door passage and automatic Wallkilog. Sonar sen-

sors have been used to create a map of the chair's surromndifige system
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3)

(4)

(5)

provides shared-control where a human is responsible forgdanning and most
of the navigational responsibilities while the NavChaiulkcbautomatically adapt
the correct operating mode based on user behavior and enwrttal status. The

user can use either a joystick or voice commands as the acethed.

Omni (University at Hagen, Germany)

The OMNI project [10] aimed at developing an advanced whesetowith high
maneuverability and navigational intelligent, thus welited for vocational re-
habilitation. The chair can move in any direction, with tireer motion being
combined with a rotation around its center. The systemtassimtrol through ob-
stacle avoidance, walling following, door passage andiéichback tracing of the
most recent manoeuvres. The drive of this system is baseatostam-designed
omni-directional wheelchair. Ultrasonic and infrared s@s have been used for
environmental analysis. A modular human-machine-interfa able to connect

different input devices, subject to different users’ dia8.

Sharioto (K.U. Leuven, Belgium)

Sharioto [11] is a semi-autonomous wheelchair. Differgpes of distance sen-
sors are used to detect features in the environment (uti@sensors, infrared
sensors, and a ‘Lidar’ infrared scanner) and a gyroscopbdading correction.
The system provides behaviors including collision avo@ambstacle avoidance,
wall following, docking at a table. Moreover, the system limip helps its user
by estimation of the user intentions on these behaviors. BHmavior changes
are triggered by user signal and sensor information. Wonkicoes on designing

good activation function for each behavior.

VAHM (University of Metz, France)

VAHM [12] operates in a semiautonomous or autonomous modeeiecisions
are made manually. VAHM uses multiple representations girenment (topo-
logical, metric) and infrared beacons for path planninggdmiautonomous mode,
the system provides wall following and obstacle avoidahtautonomous mode,

the system performs global path planning w free from non-ehextiobjects. Ul-
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(6)

(7)

(8)

(9)

trasonic transducers and contact sensors are installeacéurate position and
local primitives. The human-machine-interaction is erout through a LCD
screen. The robot’s reachable environment may be repexsgabmetrically seen
from above. The user can point the navigation target wittoagrtional sensor or

through a screen scanning stopped by a switch.

SmartChair (University of Pennsylvania, U.S.)

The SmartChair [13] navigates autonomously with a map oéttvronment. The
system consists of a vision-based virtual interface andite s@ sensors (laser
range finder and shaft encoders). An omni-directional capmapunted over the
user’s head, allows the user to view 360 degrees around #ie ok projector
system displays the map image on the laptray and enablesehéolintervene the
system in real time by clicking on a point on the map imagerdythe execution

of an autonomous task.

Senario (TIDE, Finland)

The Senario wheelchair [14] navigates indoor environmeatsemi-autonomous
or fully autonomous mode. In semi-autonomous mode, theesystccepts in-

cremental commands from the user, and in fully autonomousemtine system

accepts commands like ‘go to goal’ and then automaticabypgland executes a
path to the destination, avoiding all obstacles and riskéherway. There are 13
ultrasonic sensors, two infrared range finders and two esrsod he user interface

is either a joystick or voice control.

Automated wheelchair (NEC Corporation, Japan)

Automated wheelchair system [15] can navigate both indaodoutdoors, guided
by a magnetic ferrite marker lane, which is minimally inflaed by dirt or other
nonmagnetic materials. A guide sensor is used to detectatiee dnd two in-
frared sensors are installed in the front for obstacle dietec The operation of

the wheelchair is involved by pushing a button.

Smart wheelchair (Call Center at University of EdinbdurgK)
The CALL Center’s smart wheelchair [16] was originally deped as an edu-
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cational and therapeutic resource for severely disablédren. Bumpers detect
collisions; several behaviors can be selected to correcbtimp for the user. A
line following behavior can follow reflective tape on the ftod\n explicit sub-

system responds and reports what the system is doing to #@reviassa speech
synthesizer or input device. The chair can be driven by a mummbmethods such

as switches, joysticks, laptop computers, and voice-dutpu

(10) CCPWNS (University of Notre Dame, U.S.)
An autonomous wheelchair [17] allows the user to retain supery control of
the wheelchair at all times. The user can select the nompegdsof the chair, stop
and select a new destination or stop and take over contreuaV/cues from two
CCD cameras are used to correct the pose estimation eraonstfre odometry.
The automatic guidance of the wheelchair is carried oututiincateach-repeat
procedure: the chair needs to be manually led along thoseesttpaths, which are
simultaneously ‘taught’ to the system, as from locatiorokation, and stored for
future playbacks. The system provides obstacle detectibn ®/hen obstacles
happen on the wheelchair’'s path, the user needs to take ongptto maneuver

around and can then pass control back to the system.

(11) Intelligent wheelchair system (Osaka University,algp
The intelligent wheelchair [18] integrates autonomousabépies and interface
by face direction. The system is equipped with 16 ultras@eigcsors and two
video cameras. One camera is installed to observe the Uaeid gesture. An-
other camera is set up to track targets, avoid collision dlmvauser to con-
trol wheelchair with gestures when out of wheelchair. Thailchutomatically
switches between modes (wall following, target trackingstacle avoidance)

based on wheelchair surroundings.

(12) Autonomous wheelchair (Nagasaki University and Ubehinecal College)
An autonomous wheelchair [19] has been developed, withdpalality of self-
localization. The ceiling lights are chosen as landmarkeatze the self-localization

and auto-navigation of the wheelchair, requiring no envinental modification.
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(13)

(14)

(15)

However, the system requires a map in advance including tleglmarks. An
azimuth sensor is used to give the angle between a fixed puird @articular ob-
ject. Two CCD cameras are used; one for detecting the cdifjhglandmarks and

the other is used in conjunction with a laser range finder fistacle detection.

Tin Man Il (KISS Institute for Practical Robotics, U)S.

The Tin Man Il wheelchair [20] is a semi-autonomous wheséilghaich requires

less frequent user controls than conventional powered leinaies. There are 12
infrared proximity sensors, 7 sonar sensors, a front coracper and wheel
encoders. In semi-autonomous mode, the user can drive #nevakh a joystick

with obstacle avoidance assistance. In addition, the userpcish one button
to turn while avoiding obstacles or push another button teerforward while

avoiding obstacles. Tin Man systems have been purchasedveyas research
groups, resulting in increased research in the field of ioheteelchairs with a

fairly standardized platform.

Wheelesley (MIT, U.S.)

The Wheelesley wheelchair [21] performs semi-autonoma@ysgation in both
indoor and outdoor environments. There are 12 proximitysses) 6 ultrasonic
range sensors, 2 shaft encoders and a front bumper withrsefi$e system uses
computer vision for obstacle detection and could switcloruatically between
indoor and outdoor navigation modes. The user interfacé®ichair has been
customization into two different access methods: eye ingcnd single switch
scanning. Work is continuing on automatic mode selectiahtha vision system

for outdoor navigation.

Robotic wheelchair (FORTH, Greece)

A semi-autonomous wheelchair [22] provides behaviorsiidiclg obstacle avoid-
ance motion in the middle of the free space, target trackinmpeerson following.

The sensory modalities used are odometry, sonars and paicovésion. The

panoramic camera provides visual data from a°3&éd of view and sensory in-

formation for some of navigation capabilities. Some of th&ks are carried out
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(16)

(17)

(18)

in cooperation with the user; the user gives high-level camas by selecting the
person to follow by pointing on a touch screen or selectirggrtiotion direction

by voice commands.

Rolland (University of Bremen, Germany)

Rolland [23] has three operating modes: turn-in-place] fedbwing, and tra-
jectory playback. Sensory information from sonar and deattaning are fused
to self-localize and trigger mode changes. User teachgsctoay using turn-
in-place and wall following behaviors, and the trajectoan e repeated in the
future. The chair could autonomously navigate betweentiposion map. The
operating modes can switch automatically, triggered byambs density. When
approaching an obstacle, the system would slow down andsatia speed or-
dered by the user via the joystick for obstacle avoidancerkWéocontinuing on

commanding the chair with a speech input control interface.

Orpheus (National Technical University of Athens, &xe)

Orpheus [24] navigates in a semi-autonomous or fully automes mode. The
navigation of the robot is based on qualitative map (Qmaghefenvironment.
The Qmap describes variations in sensor behavior betwegeend regions in
space. The system uses these representations to localadd,planning and re-
action. In semi-autonomous mode, the user would guide the ohanually. The
robot performs obstacle avoidance. In fully autonomousentute robot was in-
structed to navigate automatically to a specific target @xQmap. 8 proximity
(ultrasonic) sensors are mounted in a ring around the r@uatoders are used to

compute the orientation.

RHOMBUS (MIT, U.S))

RHOMBUS [25] is a hybrid wheelchair/bed system consistihgro omnidirec-
tional vehicle and a reconfigurable chair. In the bed modmntshift a patient be-
tween the bed and wheelchair without changing seating.dnmvtineelchair mode,

it performs omnidirectional navigation within the home raament. The chair

NATIONAL UNIVERSITY OF SINGAPORE SINGAPORE



Appendix A. Existing Research on Robotic Wheelchairs 117

can be driven manually using either a joystick or pressunsitsee footpads, or
driven automatically by having the computer execute a prapdd route. A tele-
conferencing/control panel allows the patient to commat@evith a remote care-

giver and control the chair through a GUI.

(19) Sirius (University of Seville, Spain)
Sirius [38] has been developed to improve the maneuvenabilpowered wheelchairs.
The system is semi-autonomous, providing obstacle deteetnd avoidance us-
ing 4 ultrasonic sensors: two frontal (at left and right sidand two lateral. In
addition, the system always memorizes the last trajectodytlais allows the user
to quickly and easily return to the previous location by pangha button. This
feature may be useful in difficulty small areas (e.g. bedreorhere a chair must

navigate.

(20) Hephaestus (TRACLabs, Houston)
The Hephaestus smart wheelchair [44] providing obstaaddawnce is intended
to be used either as as a mobility aid or and as a training Td@.system can be
compatible with multiple brands of wheelchairs and doesrequire any modifi-
cations to underlying power wheelchair. The prototypeaystmakes use of 16
sonar sensors to detect obstacles around the wheelchain. 24pswitches can be

placed anywhere on the wheelchair as bump sensors.

(21) Luoson Il (National Chung Cheng University, Taiwan)
Luoson Il [46] provides shared navigation assistanceliertilind. There are 2
electric compasses, a ring of 16 ultrasonic range sensodsaavision system,
which consists of a 4-channel image grabber, a color canmet@a anono camera.
The system could detect the distance between objects @asaitic sensors and
provide force reflective information to user hand througlvié-feedback joy-
stick. Hence, even if the user is blind, he can still sensetiveronment through

the joystick.
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Appendix B. Orientation Estimation

The absolute positiofixs;,ys;) can be obtained directly from the coordinates of the
barcodes saved in the computer. Howewnerabsolute orientation is directly available
due to lack of angular sensor3o solve this problem, we have developed a numerical

approach to estimate the absolute orientaéign

We consider that the estimate error in position prior to abde update is caused by
the angular errorg, which is not completely corrected at the previous barcqut¥ate
(see Figure 1). As the odometry is accurate within shoradsts, we assume that this

angular error does not change between two landmarks.

By laws of cosines, we have

IBC|? = |AB[*+|AC|>~2|BC||BC|coga) (1)
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Figure 1: Orientation estimation using position inforrati Before the sensor reads the
barcode landmark at Point D on statehe angular erroar, which is not fully corrected

at the barcode update stgte 1 at Point A, causes the system to think its real position
at Point C as point B.

where

AB = (xj_1—X])i+(Yj-1—Y])]
AC = (Xj1—X))i+(Yj-1—Y;)]
BC = (X —x)i+(yj—Y;)]

Xj = Xs; —Dscosf;

Yj = Vs —Dssingj

6 = 65=0a+6
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Figure 2: A typical representation of functidiia) with o in [—1, 1. Here we assume
(XS]' 7ij> = (37 7)7 (Xivy;7 9{) = (17 6, T[/4)7 (Xj,]_,yj,]_) = (27 2) andDs = 0.35m. The
two circles are two roots, which satisfya) = 0.

(xj,yj,ej)T is the real pose at the barcode update state@j,ysj)T is the sensory
reading from the barcode. The “super minus” denotes the ptaie estimate. Thus,

(X5,Y; ,Gj_)T is the prior estimate at the stajte

To find the value ofx satisfying equation 1, we first build a functidita ):

f(a) = |BC[?—|AB[2—|AC[>+2|BC|| BC|coda) @)

Brent’s method [51] is used to find the roat, such thatf(a) = 0. This numerical
method requires initial estimates, which bracket a root] e function evaluated at
the two initial estimates should have opposite signs. Itlmaseen thaf (o) has the
characteristic of a cosine function (see Figure 7.2), acdritbe proved that(0) < O.
There is a special case that whef®) = 0, the function has only one root, i.e. = 0.
Other than that, we always ha¥€0) < 0. Thereforef(0) is chosen the negative initial

estimate for finding the root. Sineeis the angular error, it is realistic to limit it within
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[—1/2,11/2]. By searching betweer-11/2,0] and |0, 11/2], two roots,a; andaz, can

be derived with the same value but the opposite sign.

By using the condition that the sensor direction shouldagh that of the wheelchair,
we can set up equation 3. In the ideal case, it should equ8l.t@hus, one of the two
roots,a; anda»,, which results into a smaller equation value, should be tigeikar error

a. Finally, we can obtain the absolute orientatioroas 61-*.

ys; — Dssin(a + 6;)

arcta
r(xsj —Dscoga +6;")

)—(a+6;) 3)
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