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Collaborative Control for a Robotic Wheelchair:
Evaluation of Performance, Attention and Workload

Tom CarlsonMember IEEEand Yiannis DemirisSenior Member IEEE

Abstract—Powered wheelchair users often struggle to drive example, Tah&t al. [6] provide a high level of autonomation
safely and effectively and in more critical cases can only ge that requires relatively little user interaction and Zengl. [7]
around when accompanied by an assistant. To address theseprovide the possibility of guiding the user along trajeier

issues, we propose a collaborative control mechanism thassists . g N .
the user as and when they require help. The system uses athat have previously been “walked—through”. For peopléwit

multiple—hypotheses method to predict the driver's intentons ~S€vere physical disabilities that might prevent them fratert
and if necessary, adjusts the control signals to achieve the acting through conventional interfaces, Millahal. developed
desired goal safely. The main emphasis of this paper is on aga prain machine interface [8], while Simpson and Levine have
comprehensive evaluation, where we not only look at the syain experimented with voice control [9]. Many hybrid systems,

performance, but, perhaps more importantly, we characterse the .
user performance, in an experiment that combines eye—trackg such as Wheelesley [10] and the NavChair [11] have also been

with a secondary task. Without assistance, participants eperi- developed, which can switch (sometimes autonomously) be-
enced multiple collisions whilst driving around the predefned tween different modes of operation. Ding and Cooper present
route. Conversely, when they were assisted by the collabdiee 4 more comprehensive comparison of intelligent wheelshair
controller, not only did they drive more safely, but they were in their review paper [12].

able to pay less attention to their driving, resulting in a reduced .
cognitive workload. We discuss the importance of these reéfs The collaborative control methodology that we have pro-

and their implications for other applications of shared cortrol, ~Posed infers the user’s intentions from their joystick ihpu
such as brain—machine interfaces, where it could be used to based upon the affordances of the local environment [13].
compensate for both the low frequency and the low resolutiomf |n |ine with Nisbet's recommendations [14], the wheelchair
the user input. only adjusts the motor control signals if the user requires
assistance to complete the desired manoeuvre safely. lowev
. INTRODUCTION whilst wheelchair users are driving, they are often concur-
rently interacting with their surroundings or other peojier
m(ample, Brandtet al. found that 87% of the 111 people

2000, it was estimated that there were over 11350 eIed;rica?urveyed used t_heir wheelchairs to yo shopping .[15]' In this
powered indoor/outdoor chair (EPIOC) users in the UK alonegample, 'Fhere Is a clear f?eed for divided att_ent|on _between
and this number was growing steadily by over 3500 p anoeuvring the Wheelchalr_ _safely and se_archmg_for items o
year [1]. However, a substantial number of users find it diffic S elves. Con_sequently, traditional evaluation metnomflhg .

to operate their chairs effectively [2]. In a study of youn eld of robotics (e.g. speed and accuracy) are not sufficient
people using EPIOCs, Evaes al. found common accidents 0 determine the success of a system in such circumstances.
that occurred included “the chair running into people” anH]Stead' human factprs _ShOUId "_’IISO be taken into account.
“banging into furniture” [3]. In another study, Frardt al. The primary contribution of this paper to the shared control

reported that over 10% of users had accidents within fou}erature is in terms of the comprehensive human factors

months of receiving their EPIOC [4]. This shows that thergnalyms. We collectively examine the effects of collabuea

is a clear need for the development of smart wheelchairs tﬁgptrol by employing: joystick signal analysis [16], sedary

would empower people with mobility impairments to get oﬁaSkS [17] and eye_—tracking [18], _in addition to standarstesn
safely with their activities of daily living. performance metrics. An extensive study with 21 healthy par

Cooper et al. survey many components of wheelchaiFiCipantS and 1 wheelchair user yields statistically digant

design: everything from mechanical aspects, interfaca E{gsults that confirm that the findings from previous studies a

control algorithms to ISO standards that are being devellopt OtE cul\r/l‘nulatwe and retpeatl_talble gver Ion%etrhand mtore CC;'E%.?X
to assist users in driving safely [5]. However, in this paper asks. Moreover, a potential end-user of the system exnioi

focus specifically on the evaluation of shared control rnu#ﬁhos'm'l""r traits to the healthy subjects.

ologies. There are many approaches to assisted mobility, foTh_IS paper begins by_ f_ormallsmg our collaporatlve con_trol
architecture and explaining our choice of implementation.
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Localisation
module

[eage poses of the collaborative control system. The sampling peridjl (
is set to be 100ms, since we are sampling from our data
acquisition module (DAQ), laser scanner and sonar sensors a
10Hz on the actual wheelchair. Note that all angles are given
in radians and will be constrained to lie on the interfvalr, 7].
We will be using the symbab to denote the Hadamard prod-
uct (i.e. the element—wise multiplication between two ncas
of the same dimensions). On any variable, a superseript
relates to the properties of the actual wheelchair, supptsc
S m indicates motor commands, supersctiftenotes user input
and superscriptl denotes the desired state. For exampfe,
Fig. 1. The collaborative control architecture. The symlolindicates a denotes the:-th desired pose of the wheelchair, wherggs
translational and rotational velocity tuple, whereatenotes aiz, y, 0) pose.  qenotes what actually happened: theh physical pose of
the wheelchair. Translational velocities are writtenwaand
ﬁ?tational velocities as. We define the following vector to
0ld the state information:
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User Interface
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wheelchair user. In doing so, we find that even proficie
wheelchair users can benefit from shared control under s
cific circumstances, e.g. when they are under a heightened S = [ x y 0 ]T, (1)
workload, or are inattentive to the driving task. ) o
and the input to the system is given as:
1. COLLABORATIVE CONTROL U [ v w }T. @)

In contrast with discrete approaches to shared control,
whereby a cognitively disabled user was able to indica@ Localisation
a final destination to which the wheelchair would drive =
autonomously [19], we are focussed towards people with!n our experiments, the wheelchair was operating in a
physical disabilities who can still use an analogue joystiknown, indoor, mapped environment, which, for example,
input, to a certain extent. A more appropriate solution Fog t Would also be typical for a home-user, or a patient in a reha-
situation would be where the wheelchair autonomously fedlo bilitation centre. Therefore we were able to use a reliabkk a
a deliberative plan, with the user intervening as and whep thin€xpensive computer vision based localisation systenictwh
wish to deviate from it [20]. However, as discussed in th@etermined the position of the wheelchair with respect to
Introduction, we wanted the user to be actively involvechia t fiducials (fixed 2D paper markers) on the ceiling, as desdribe
movement as much as possible. Therefore, our collaborati@el13]. A camera was positioned on the wheelchair looking
control system (Fig. 1) is designed to: determine the usefgectly towards the ceiling, i.e. with its z-axis perpendar to
intention; verify the desired action is safe to perform andhe plane of the fiducials. To overcome the extremes of bright
where necessary, adjust the resultant control signalsiieae Ness caused by the lighting, an adaptive Gaussian thresbold
the goal safely. We define a safe action as one that does fiction was applied to the images. Once a fiducial had been
result in a collision. If a crash is predicted, evasive actiust detected in the camera’s viewport, a transformation mates

be taken and this is provided by our dynamic local obstaci®mputed—based upon the position, size and orientation of
avoidance algorithm, which is described later in this secti the marker—that determined the cameras position relative t
We extend the idea obrientation correction where the that specific marker [22]. Since, in our case, each fiducial's
heading of the wheelchair is constrained to fall within R0sition was known in the global coordinate system and the
certain error margin of a pre-selected goal [21], by intiwidg relative placement of the camera on the wheelchair, we could
the concept ofafe mini-trajectoriesThese are dynamically determine the pose of the chair. In practice we were able to
generated paths, which provide a safe passage from thentur@ehieve a localisation accuracy within 5cm and 2 ° orieoiati
wheelchair position to a sub-goal (e.g. through a doorwagl) a In cases where it would be undesirable to place markers in
primarily offer short term navigational assistance, ratinan the environment, approaches such as active localisati®h [2
obstacle avoidance. For example they ensure that you agipro@f the widely studied methods of SLAM (simultaneous local-
a doorway from a suitable angle to pass through with relatii@ation and mapping) [24] could be used. As a compromise,
ease. In addition, rather than pre-selecting a single tavge in partially known environments, it may be desirable to fuse
continuously update our prediction of the user’s intergjoninformation from several different information sources veas
based upon both the globally pre-mapped and the locafigne in [19].
perceived affordances of the surroundings. In this naidgat
task, the affordances are defined as areas that are navayable. Prediction of Intent

places where the wheelchair should stop. There are many different approaches to intention predictio

) and plan recognition [25], [26]. We have chosen to perform

A. Notation the plan recognition using a multiple hypotheses method,
Here we define the notation that will be used throughout tfiellowing the approach we used in action recognition and
following sections, when describing the individual compnts imitation [27]. In this methodology, all the user's known
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also deal with the case that the user is not performing any of
the known tasks. This is achieved by introducing a confidence
threshold valueCy,-.sn, below which, no assistance is given.
Once this threshold has been surpassed, we apply winner—
takes—all to determine the user’s intention.

If Cinresn = 0, the wheelchair would always be attracted
to the most likely target. 1) < Cipresn < 1, there will be
some occasions when the wheelchair is attracted to a likely
target and some when the wheelchair will not be attracted to
any target at all. IfCy,,..s, = 1, the wheelchair will never be
attracted to a target and the user will always have full antr
Fig. 2. Calculating the angle and Euclidean distance ta-thedesired target When pre_dl_ctlng the user's mtend_e_d target, a lower Valye of
pose (“drive through doorway”), for the confidence coeffitie Ctinresn Will increase the false positive rate, whereas a higher

value will reduce the true positive rate. We experimentsdly

the confidence threshold;;,,..;, to be 0.2, which maximised
actions are represented by inverse models. Between thene trade—off between the true—positive and false—pesitites
they predict in parallel the required states of the system &6 target detection, in the scenario described in [13]
achieve each of these tasks. By comparing the actual state dbeveral hypotheses can be easily generated simply by stor-
the system with these predictions, we generatoafidence ing the poses of interesting targets. In this set of expartme
of each task being undertaken. we take the targets to be the locations of doorways in our pre-

Our hypotheses are task based, so we manually definapped environment (see Fig. 6). In an unknown environment,
targets of interest, such as the poses of doorways and desksy targets could be added automatically as new features are
which the user may wish to drive through or approach. Foriacrementally added to the map [24].
practical application, these activities of daily livinguid be
pre—defined by the end-user, a therapist or a family membgr, g4t Mini—Trajectory
according to the user’s needs.

The inverse model (Section II-E), which aims to minimise
the distance to the target and angle between the headin
the wheelchair and the target, is instantiated for each egeh
targets. This then deterministically generates the plessigxt
states of the wheelchair. In this experiment there wegje—=
3 pre-defined targets (each of the doorways in Fig. 6). T
results in 3 known hypotheses of the potential tasks to gg
performed. 0

For each of theNy hypotheses, we generate a confiden

coefficient,C; (Equation 3), which represents the confidence Similar trajectories can also .be generated using geometric
of that particular {~th) prediction being correct. This Coefﬁ_approaches, such as the elastic bands method [30]. We base

cient is the product of two functions: the first (Equation 4?ur|mplementat|0n on this method, where we iterativelgins

is computed using the Euclidean distance from the curré ?ypointsinto the path until there are no intersectione/ben

wheelchair poses() to thei-th target §), the second (Equa- e bounding box of the wheelchair and any of the known
tion 6) is based upon the heading of the chéii)(compared map features [13]. We use the bounding box approximation to

with the angle to the-th target ¢;, Equation 5), as shown introduce a safety margin, since often the user’s limbs do no
in Fig. 2. The scaling factor) in E'quation 6 detérmines ihedll fall within the footprint of the wheelchair. Waypointsea

sensitivity towards the angular error and was experimkyntaf’]llso ms_erted perpendlcu!ar o the door opening, t? ensure a
set to 2.0, which yielded satisfactory tolerance. appropriate approach trajectory. The path is then intetpdl
' using B-splines to create a smooth trajectory. Whichever

If a hypothesis is deemed to be correct by the intention
|('ﬁdictor module, a path known as the safe mini—trajectory
s planned from the current wheelchair pasg to the cor-
responding desired poss?. There are many approaches
for solving this local path—planning problem, such as the
hY§:H+ [28] and look ahead planners, like the dynamic window
proach [29]. These approaches use dynamic simulations
the vehicle to plan ahead and will be revisited for local
ég)stacle avoidance in Section II-H.

C; =C.;Cy;, whereie{l,...,Np}, (3) method is chosen, the resulting points’) are then fed
through an inverse model of the wheelchair, which generates
Ce,; = exp {—\/(xf —z¢)2 + (yd — yC)Q} , (4) appropriate controls signals to follow the safe mini-tcapey,
should such a behaviour be required.
¢; = atan2 ((yf —y°), (xf — :vc)) , (5)
E. Wheelchair Inverse Model
Cos = exp {~L(6° = 01|} . (6) | j |
s An inverse model estimates the control signals that are

The exponential base functions in the confidence coefficientquired to move a system from its current state into a desire
mean that it falls off steeply as spatial or angular erroesiar state and is akin to a controller [25]. In our case, this means
troduced. The resultant function also has the desirablegoty determining the translational and rotational velocity coamds
of scaling the output so that it falls on the interval (0, 1high required to move the wheelchair from its current posg) (
makes it easy to compare competing hypotheses. However,twethe desired poses{). In order to achieve this, we first
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generate a path to the target location, as previously destri of the wheelchair's dynamic response for ease of computatio
in Section 11-D. Most notably, we ignore the effects of the castor wheels, but
Next we use a control law to move the wheelchair frorwe also disregard the effects of uneven inclines and changes
one waypoint §¢ ~ s? ;) to the next §%) along the path. coefficients of friction, which can cause wheel slippage].[34
A variety of methods to do this—such as path following witifhese phenomena most noticeably disturb the physical rota-
orientation correction—are discussed in [31]. In our cage, tional velocity of the chair when negating the translationa
re—formulate our problem in polar coordinates, as desdribeelocity commands (resulting in incorrect odometry regdjn
in [32]. For the inverse model, we use the Euclidean distanbat not significantly so, when you consider the inevitably
(pn) and angle ¢,,) between the target position and the chairsherent errors in the wheelchair sensors. In practice, ave h
current pose, in a similar manner to when we generate tfraind that the simplified model works sufficiently well to pla
confidence coefficient (Equation 3, Fig. 2). Therefore, tinere safe trajectories, as will be demonstrated in the resuticse
signal vector is the difference between the target poseland of this paper.

current wheelchair pose: The maximum motor command values afg, = v¥ . =
. 100 and Witar = Winag = 100, vyhich correspopd to tr_le full
e, — ey’n e @) sca]e deflection (FSD) (_)f the Joyspck along its vgrtlcal and
69"" o horizontal axes respectively. In this set of experimerits, t

maximum physical speed of the chair is limited 4, =
@) Ims~!andw?,,, = Zrads~'. We define the coefficient of ac-

— 2 2
Pn = Cx, + (e R y . max 2 ) .
" (€an)® + (€yn) celeration to describe how quickly the wheelchair can redpo
oy, = atan2 (ey n, €x.n) — 05 (9) to requests for changes in velocity; this is an inherent @riyp

%‘ the dynamics of the vgpheelchair. We experimentally found
ittobek, =[ 4 4 8 ], such that the acceleration profile
of our model approximately mimics our actual wheelchair.
B = 0% — . (10) In practice, this means it takes around two seconds to reach
ximum speed from standstill.

he wheelchair state transitions are given by:

An additional angular component is introduced that aims
correct the final desired heading of the wheelchair:

The steady state error of the system is small, compared wi
the error in the wheelchair's sensory inputs. Therefomgesi
we are concerned more with stability, we will not consider . ¢ e T2

: : Sy =su+8T+a;, —, (14)
the integral error component in our controller [33]. Howeve n+ 2
to prevent any overshoot, we add a derivative componentipereac is defined as follows. We use the desired velocity
providing some damping in the control law described by [324ignals to accelerate/decelerate the model of the wheelcha
This results in the following PD (proportional plus deriva) il the simulated physical velocities of the chair areiegu
controller, which generates the components of the desirg@nt to the desired ones:

translational and rotational velocity tupl&@f):

a¢ =k,0 T osd -5, (15)
d Pn — Pn—1 n n n
=k,pn + kgp————, 11
Up, oPn + Kdp T (11) cos(02) 0
o d . c d
Oy — Qi Brn — B §¢ =1 sin(0%) 0 | @. (16)
Wit = ko + kgt Ko~ +has 2= (12) 0"

We set the parameters by experimentally increasing the pmhe vector is simply the scaling factor that relates the control

portional coefficients until there was a slight overshoad arsignals to the desired physical speed of the wheelchair.
then we introduced the derivative coefficients with the aim

T
of critically damping the system. The parameters used in our = [ Yo Yo Yw ] ) 17)
experiments were: . W,
[— (k Lo ko k k k ) Yo = om Yo = om (18)
py oy By Rdps vdaoy vd B (13) mazx max

= (100,180, —15, —5,25, —0.1).
G. Adaptive Assistance

F. Wheelchair Forward Model If the system becomes very confident that a user is aiming

We now introduce the concept of a forward model, whicfor a specific goal, but then their input begins to deviatenfro
describes the predicted behaviour of the wheelchair. Adodw the model, some assistance may be required. Alternatilrely t
model estimates the next state of the system, given therdurmnay have changed their plans; hence the need to adapt the leve
state and current inputs [25]. So in our case, the statesr&der of assistance based upon the affordances of the surrownding
the pose €°) of the wheelchair, given all of its sensory inputs, Our approach is to gently guide the wheelchair towards
(e.g. the user input, wheel encoders, sonar, laser scantteg, safe mini—trajectory, once we are confident this is where
camera etc.). they are headed. Nonetheless, in a manner similar to that of

Forming a usable forward model is always a trade—offenget al.[35], the speed of the manoeuvre is still controlled
between the accuracy of the prediction and the complexity by the user. The speed is proportional to the component of
the model. In our case, we disregard some of the peculsritibe amplitude of the joystick signal that falls in the diieat
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determined by the intelligent controller, in order to felldthe Fig. 3. The dynamic local obstacle avoidance (DLOA) aldwnitevaluates

safe path. The user is allowed to reverse backwards a|0ng rm%iple for}NQrd models _until_ it finds the direction that isth safe and closest
{0 the user’s intended direction of travel.

safe path at any time, until the confidence value drops below
Cinresh, When they revert tmormal control. Require: Z., Wheelchair safety zone

. . . . . _Require: L Laser range data
In our implementation, the angular deflection of the joystiCzequire: N, Number of laser readings

from the centre forward position &', which can be calculated Require: § Angular resolution of laser readings
. Require: ¢ Joystick angle
as: Require: K. Maximum angular adjustment (we uség)

& := arctan (%}) (19) ¢9:¢:() [%J

We compute auser gaincoefficientG*, which indicates the repeat

i i i irecti _ Ai=go+ 5]
magnitude of the user input in the direction of the computer—  _ ..~ " ¢
generated safe mini—trajectory. This is the coefficientt tha i:=0

ensures the user is always in control of the speed of the while & < Nz, do

X X . ji=1+ A
wheelchair. The larger the discrepancy between the usat inp if j >0andj< Nz then
and the safe mini—trajectory, the slower the wheelchait wil i ngf(g:)ffafss) then
move. break

. e v g endi

G = max W . COS(§ — 6 ), 0 (20) i—it1

max end while

Here, the collaborative controller combines the user input ¢:= —sign2e + 1)(|e| +1)
. . . until safe= true or |e| > K.

with the control signals generated by the wheelchair'sigee rewum (safe 5¢)

model, based upon the confidence coefficient of the predicted

intention.
_— {q;u if C'< Cinresh where Ny, is the length of the vector andl is the angular

G (C‘I,d (- C)\Ilu) it C> Ciprosn (21)  resolution of our laser scanner.
Next, we evaluate whether or not there were any intersec-

H. Dynamic Local Obstacle Avoidance (DLOA) tions with the laser range dala which was also presented

. , . . as a vector of distances. An intersection would represent a

There has been much work in the field of mobile robotics”,.". S

. . . tcollision, so we must search for a direction to travel thatildo

with regard to autonomous obstacle avoidance, as reviewe . . . ) .

: : . not result in an intersection and is closest to the usernihed

in [36]. Approaches such as the vector field histogram : . .
direction. To do this, we constructed the algorithm shown in

(VFH) [37] are often used. The VFH was later adapted_t'(_)ig_ 3, which shiftsZ,, — vyielding a rotation in Cartesian

be used in the context of a powered wheelchair by Levine S e . 2 .
. . o . _space — until it finds a suitable direction, or determinesehe

et al. [11]. However, even this extensively modified version S : T -
s no safe direction. This process is illustrated in Fig. 4.

was reported to require a minimum of 18 cm of clearance B Finallv. th i trol sianal ted. If th
pass through gaps 70% of the time, which was not erxibIe]c 'ng. y, the nﬁw fmotor con rg bS|grr1]as arg genera eff.' I €
enough for performing our tasks, some of which only allowe ﬁe |rect|02 that is c?mputﬁ y”t ; DL. Als S|g|n| icantly
10cm of clearance. Therefore we took a different approact , erent tlo t € ?Utplljt rom t eo(I:O adoratlve c_ontrlcl) W.Bt h
similar to the Dynamic Window Approach [29] and Nearnes © translational ve OC'tY IS reduce propomona y_tost
ifference and the rotational velocity is set to achieve the

Diagram [38], which is based upon predicting the possib . L ) o
motion of the wheelchair for the following time step. HowmaveneWIy desired direction, by using the wheelchair's inverse

since we are not navigating purely autonomously, we can IogE(Odel'
to the user for a hint and therefore begin the search in the
direction indicated by the current user input. [ll. METHODOLOGY
We based our implementation on the forward models thatTphe \wheelchair platform that we have developed is shown
underpin our intention prediction mechanism in the collaby Fig 55, As discussed in the Introduction and in accordanc
orative cqntroller. Using our forward model, we defined th&ith the recommendations of Tsei al.[39], when evaluating
wheelchair's safety zone to be the boundary of the area thgsistive robotic technologies, it is important not only to
wheelchair would traverse in the next 100 ms time-step, plye traditional robotics metrics, such as speed and aggurac
a velocity-dependent error margin. The zone can include thg; also to consider human factors. Therefore, we indiyectl
geometric features of the wheelchair, but it should be notedeasure the user's workload, with the help of a secondaky tas
that unlike in mobile robots and cars, the users of wheelshajy st we concurrently monitor their visual attention ugian
often have limbs that extend beyond the footprint of the elehi eye—tracker (Fig. 5b). Questionnaires are also used teegath
This safety zone was computed in polar form, as a vector @lagpack from the participants.
distances Z.,) from the centre of the wheelchair, with the | is difficult to recruit large numbers of wheelchair users
index (/) of each element representing the anglef(om the 4t are suitable for participating in such experimentsictvh
heading of the wheelchair, such that: makes it difficult to provide statistically significant ré&{40].
, N 6] . Therefore, some research groups have taken the approach of
L= {7 + SJ 1 €L, (22) performing an experiment with able—bodied subjects and the
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Filing
cabinet

Laser range 4
data <

Joystick
angle
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Wheelchair
Lf g safety zone

90 0 90 Fig. 6. The primary task was to drive around this circuit in affice
environment (the start and finish are at the same location).

Wheelchair start point

Angle in degrees

Fig. 4. As the wheelchair faces the gap between the mobiletrahd . . . . .
the door, the joystick is set in the straight forward positibiowever, if the Shown in Fig. 6. Each lap involved performing manoeuvres in

wheelchair's safety zone were centred on the joystick ariigieould intersect  cluttered office environments and navigating a corridoricivh
with the laser scan. Therefore, the dynamic local obstaaéance (DLOA) . . . :
module shifts it approximately 45 degrees to the right, st the wheelchair resulted in passing th_rOUQh three doorways of varying veidth
would head towards the open doorway When the wheelchair passed through the narrowest door,
there was only a total of 10cm in clearance. The ability to
navigate through doorways without having a collision ishbot
RELECEREIE  a common metric that researchers use to evaluate intetligen
[ 2 eye-tracking . . . .
§ wheelchairs and a requirement in order to be prescribed a

Head-mounted } system
powered wheelchair in some countries [41].

eye-tracking
system

,‘H i Tablet PC
Joystickand< ) )
N

B. Secondary Task

Secondary task reaction times and hit rates are indirect
indicators of cognitive workload and have been widely used
in driving research [42], [43]. They have not been used

: : extensively in wheelchair research, yet due to the similar
s nature of the task, we believe they are appropriate and yield
Joypad for Secondary task

joypad

Wheelchair
computer
interface

compelling evidence. We used the same secondary task as we

did in [17], due to the ease of quantitatively measuring the
Sonar performance and the clear results previously obtainedalt w
e chosen to be deliberately distracting and to require a icerta

(a) Wheelchair platform (b) Secondary task degree of visual attention. This allowed us to determine how

Fig. 5. In this experiment, the user controls the wheelchatin the joystick ysers might drive under increased workload.

'”.ttr??g e'i'rglgtﬁhﬁ;‘ga"vh"“ performing a secondary task omjoypad buttons £ the secondary task, the tablet PC screen was coloured

. ' dark blue. A single random quadrant of the screen would then

be highlighted in white, at random time intervals (bounded

documenting a case study with a typical end user [35]. Wgtween 100ms and 500ms), as shown in Fig. 5b. In an
also use a sample set of able-bodied test subjects andaterredffort to obtain a larger volume of reaction data whilst the
these results with an experimental case study involvingkan giser was actually driving through the doorways, we set the
perienced mobility—impaired wheelchair user. We rectuzé bound on the time interval to be lower compared with previous
able-bodied volunteers aged between 17 and 47 to partcip@xperiments [17]. As with the previous set of trials, each
in the experiments. Each subject took about 40 minutes participant was told to react as quickly as possible to the

complete the trial and fill in a brief questionnaire. quadrant appearing. They had to press the appropriatenbutto
on the joypad controller: i.e. the right quadrant of the sore

. corresponds to the east button on the joypad; the top screen
A. Primary Task quadrant corresponds to the north button etc.. In the caseth
Some studies have found that maze—like obstacle coursesdaect button was pressed, the reaction time would be hgge
not always work well in user evaluations of wheelchairs [39the highlighted quadrant would turn momentarily green, to
so we perform our experiments in a real office environmertgive the user positive feedback, before reverting back t& da
The primary task involved driving the wheelchair in as safelue and the whole cycle would begin again. Conversely,
and effective manner as possible to complete the circwihen an incorrect button had been pressed, the quadrant of
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B No assistance @ Collaborative control

il ot L

At the end of each experiment, the participant was ask 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
to fill in a brief questionnaire about the experience. It we Participant number
predominantly a comparative questionnaire asking them to
indicate how strongly they agreed with each of the statesnehid: 7= Number of collisions each user experienced unden eandition.
in Fig. 13, for each control mode, on a five point Likert
scale (1 = strongly agreed, 5 = strongly disagreed). Before
considering the statements, the participants were told tha
they only referred to the actual experiment (whilst theyavela. Primary Task Results
performing the secondary task) not to how they felt durirey th
training periods.

the screen that corresponded to the incorrect button wol
momentarily turn red (negative feedback) and the second:
task would remain in the same state until the correct butt
had been pressed.

Number of collisions
N

C. Participant Feedback

IV. RESULTS

Perhaps the most safety—critical measure we can use to
quantify the performance of the primary task, is to count
the number of collisions the participant had during eacd.tri
Two types of collisions were observeatead—oninvolving the
footplate and/or front castors, ardipping, which involved

First, we calibrated the eye—tracking equipment. The proade drive wheels or side of the wheelchair. Both types were
dure involved the participant focusing sequentially on {0 equally destructive, although head—on collisions gehet@bk
of a grid on the computer screen, as described in [18]. Thehger to recover from, due to re-manoeuvring. Fig. 7 shows
calibration was briefly verified, by checking that the reisiglt that 76% of the participants had at least one collision when
tracked region of interest on the monitor, correspondett withey were not given any assistance. Conversely, there wgs on
where the participant was actually looking. one collision over all the trials, when the collaborativeol

The independent variable we were testing was thmethod was active and after investigation, this was due to
wheelchair control method, which could take one of twmechanical failure. The bearing—ring had broken on thetfron
states: provide adaptive assistance, or provide no assést@o right castor, which prevented the wheel from steering. We
counterbalance any order effects [44], odd numbered particeplaced the bearings before continuing with any furthiatstr
pants undertook a set of trials with adaptive assistanceréef For safety reasons, the collaborative controller nevema!
moving on to a set of trials without any assistance. Conlgrsethe wheelchair to travel faster than the speed indicated by
even numbered participants undertook the trials withoyt athe user input. This means there is an inherent cost of using
assistance, before being introduced to the adaptive assest the collaborative controller in terms of the time taken to
mode of operation. drive a specific course. It took participants an average of

Each participant was given five minutes to drive th82.6 seconds (SD = 5.2) to complete each run, when not
wheelchair around the office environment and along the corbieing given any assistance and this increased by an average
dor, to familiarise themselves with the active control modef 3.7 seconds, when they performed the same task using the
Next, whilst they were stationary, they were introduced toollaborative control system. This was also observed i, [20
the secondary task (the participants were told this waswdnere participants took longer to complete the task using
reaction gamg They were then given a practice trial (ondheir equivalent of collaborative control, the semi-awtomous
lap of the circuit shown in Fig. 6), whilst simultaneouslynode, compared with the manual and autonomous modes.
playing the reaction game. It was reiterated that their malithere is often a trade off between speed and safety from a
task was to drive safely and then to play the reaction garagstem point of view and user workload from a human factors
to the best of their ability. They were then asked to repepoint of view.
the trial, whilst we recorded the experimental data. This wa Since some users required more help than others, a more
followed by a two minute break before undertaking the entirealistic measure would be the percentage increase in time
procedure again for the remaining wheelchair control megtthoequired for each person to complete the task with the collab
(either with adaptive assistance, or without assistantkeg orative controller active. In Fig. 8, we show the cost as the
second set of trials were identical to the first, apart from ttpercentage increase in the time taken to perform the primary
fact that the wheelchair control method was swapped and tiask when using collaborative control, as opposed to being
stationary practice session of the secondary task waseamittgiven no assistance. There were a few cases when this cost
Each participant therefore performed a total of 4 trialsd@ f was negative, meaning the user completed the course more
each condition and we used the 2nd trial of each condition fquickly when the collaborative controller was active. liesh
the data analysis). For safety reasons, we limited the maxim cases it took longer to complete the course without assistan
translational velocity of the wheelchair to 1 metre per seto due to head—on collisions that required the user to reverse
and the maximum angular velocity to 90° per second. before continuing with the primary task.
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Increase in completion time when using collaborative control TABLE |
L S A MEAN REACTION TIMES (SIGNIFICANCE: STUDENT’ St—TEST).

Mean reaction times
Doorways Elsewhere| p-value

Percentage Increase

No assistance 706ms 531ms p = 0.050
Collaborative control 521ms 470ms | p=0.254
_ p-value p=0.045 p=0.136

%01 2 3 456 7 8 910111213 14 15 16 17 18 19 20 21
Participant number
Fig. 8. Only three participants completed the primary tasiamquickly |ittje constraint on precision, however the trajectory mis
when assistance was given. . . .
much more precise when manoeuvring through doorways, in

order to avoid collisions. Our results indicate that themnaniy
task was more demanding at these points, resulting in a highe
cognitive workload [42], [43]. Interestingly, when usiniget
- collaborative control method, there was not a correspandin
significant increase (for Studentistest,p = 0.250). We
J can see that compared with when no assistance is given, the
s 1 ‘5 Expermenttime (& % % “ collaborative controller has significantly decreased &stion
Driving using collaborative control times from 706 ms (SD=0.518) to 521 ms (SD=0.189) when
‘ ‘ ‘ ‘ passing through doorways and cluttered spages: (0.045),
which suggests the collaborative controller has simpliftesl
navigation task, thus reducing the user’'s workload.

In keeping with our previous work [17], we find the collab-
5 2 3 s orative controller also significantly decreases the irecirre-
Expermenttime (€) actions from 9.2% (SD=4.65) to 6.6% (SD=2.62= 0.032).

Driving without assistance

Reaction time (s)

2r

Reaction time (s)
\

Fig. 9. A comparison of typical secondary task reactionsmiigving with
and without control. In general, a slight increase in reactimes could be C. E ;

o ’ : - . Eye—tracking Results
observed when negotiating doorways and cluttered spadesh are indicated y 9

by the highlighted regions of the graph. Initially we analysed the eye-tracking video footage manu-

ally. Fig. 10 shows some key frames as a participant passes
hrough the doorway without any assistance. In this cage, th
articipant did not check the surroundings in sufficientetim

oLative cdon;rolborlj] hl_Jman ffactors., the expﬁlrlimer?ters c.ﬂyedfuto prevent a crash (Fig. 10(c)). Consequently some rewgrsin
observed the behaviour of participants, whilst they were-dr re-manoeuvring was required (Fig. 10(d)), before they

ing. When driving V.V'thOUt assistance from the Conabc_)@t'vcould focus on the secondary task again. After the crash, the
controller, the experimenters observed many of the pp#itis

; . g . _ participant appears to take more notice of the surroundings
making rapid corrective joystick movements, which regiilte as shown in Fig. 10(f).

the chair being driven ineﬁiciently, in a manner akin to bang Conversely, when the same participant was assisted by the
bang control [45]. However, this behaviour was not Obse‘rv%%llaborative controller, there was no need to constaritgck

when the coIIaboraUye controller was active. . fhe surroundings for obstacles, since the wheelchair would
We found that this phenomenon could be quantitative

; i . . ) %-align itself, where necessary. In this case, the ppatiti
characterised by analysing the joystick 5|gn§\Is. The smop as gble to devote much mgre time to focusingaon the
ness of movements are typically characterised by the el condary task, yet did not have any collisions. Most par-
component, which is defined as the third derivative of positi _. . - . . ; N
i.e. the rate of change of acceleration [46], [47]. In linghwi ticipants exhibited fairly similar behaviour, spendingasger

. . ) . raction of their time looking at the secondary task when
previous studies [16], we found that, when being assisted Xing given assistance as shown in the histogram of Fig. 12.

the collaborative controller, there was a statisticalyndicant Some participants did exhibit a slight increase in saccagkc

redqc.tlon Of, an average of 23% in the Jerk componenF of ﬂ}ﬁovements when being assisted on the approach to a doorway.

participants” input signalsp( = 0.0015). This resulted in a However, on average these increases were not as large as

Bur pilot study suggested [18]. The latest results suggest

that when we added the dynamic local obstacle avoidance

(DLOA) module, participants became more comfortable with

the collaborative system.

B. Secondary Task Results To provide a useful quantitative analysis of the eye—tragki
Typical reaction patterns are shown in Fig. 9 and as wesults, we calculated both the horizontal and verticaddziad

can see in Table I, when not being given any assistance, teviations of the points of gaze for each subject. The réaluct

mean reaction time increases from 531 ms (SD=0.257) in opiarthe standard deviation of points of gaze when being a&shist

spaces to 706 ms (SD=0.518) when negotiating doorways.(Fig. 11) correlated strongly with our qualitative obsdivas

open spaces many possible trajectories can be followed withthe eye movements. On average, when driving with the
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Furthermore, since we are interested in the effect of cell

control, joystick entropy is used, rather than jerk, butikim
results were found, albeit with only four participants [48]
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Histogram of points of gaze without assistance for participant 18

15

10

Scene image: y pixels
Percentage of trial time

0 100 200 300 400 500 600
Scene image: x pixels

Histogram of points of gaze when using collaborative control for participant 18

Scene image: y pixels
=
@
Percentage of trial time

91 10
(d) Reverse: joystick  (e) Secondary task (f) Check surroundings 5
0
Fig. 10. When no assistance is given a participant crashestlie door— 0 10 0 cenemage x el 500 600

frame. The points of gaze are indicated on the scene imagbsed circles.

Fig. 12. A histogram showing the percentage of the trial thatuser spent
Reduction in deviation of points of gaze in the horizontal direction with collaborative control . . . .
80 -— looking at different regions of the scene image.

The degree to which participants more strongly agreed with each statement
when using collaborative control
2

Q1 The wheelchair was eas]
to manoeuvre.

Q2 The wheelchair behaved
as | expected.

Q3 | had to concentrate harg
to drive the wheelchair.

Q4 It felt natural driving the
wheelchair.

Q5 The reaction game was
easy.

°

T T T S S T SR R
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Participant number

Reduction in x deviation of POGs (%)

Reduction in deviation of points of gaze in the vertical direction with collaborative control
80 T T T T T T T T T T T T T T T T T T T

I

60

Likert difference: Positive values indicate stronger agreement

QL Q2 Q3 Q4 Q5
Fig. 13. The degree to which participants agreed more diofpmpsitive
values) with each statement when using collaborative obas opposed to
being given no assistance.

40

20

!
N
=]

Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Participant number

Reduction in y deviation of POGs (%)

some people foundasyor natural, others did not. Since each
Fio 11 When the particioant <ted by the coiber control participant has their own personal expectations and stiNgec
19. . en the participants were assiste y the co rcontroller, Fes H
there was a statistically significant reduction in eye—muoeet. opinions _Of whether a task W&E_asyor not, much like the}_/
have their own thresholds of pain [49], we therefore decided
to do a within subjects analysis.

assistance of the collaborative controller, there was 8%5. Using the same questionnaire data, we compared the Likert
reduction in the standard deviation of the points of gaze fanking of each statement for the case when assistance was
the horizontal direction and an 18.0% reduction in the gatti given with that when no assistance was given, for each

direction ( = 0.001 for both the x and y directions). individual participant. The graph in Fig. 13, shows how much
more strongly participants agreed with each statementpwhe

D. Questionnaire Results using .coIIabqratll\(e control. The only question that showed
L oo _statistically significant respongg = 0.003) was that people
Each participant indicated how strongly they agreed withy e more strongly with the statement “I had to concemtrat

each of the statements in Fig. 13 for both sets of trials (i.65,q to drive the wheelchair”. when they weret being
when they were not being given any assistance and Whglliciaq by the collaborative C(')ntroller.

the collaborative controller was active). The results shioat
on average, people tended to agree that the wheelchair was
easy to manoeuvre, behaved as expected, was natural to drive
and that the reaction game was easy. They were generallyrhe quantitative data presented so far has related to trials
indifferent to the level of concentration required to peniche with able—bodied subjects. In this section, we compareethes
tasks. However, there was a large standard deviation attressresults with those obtained from a trial with a wheelchaerus
subjects’ answers and appeared to be little differencedsmiw The volunteer participant suffers from complex regionahpa
the perceptions of the system when using the collaboratisgndrome (CRPS) and arthritis. This means that she canmot pu
controller compared with when no assistance was given. any pressure on her left leg and has difficulty using crutches
When doing a between subjects analysis of the results, Wwecause of the complex nature of her condition. To increase
found no statistically significant trends, meaning that whaer independence, she uses a manual wheelchair to get around
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TABLE Il
QUESTIONNAIRE RESPONSES FROM A WHEELCHAIR USE(LIKERT
VALUES 1 = STRONG AGREEMENT5 = STRONG DISAGREEMENY)

Driving without assistance

4

Statement Number
‘ Ql Q2 Q3 Q4 Q5
No assistance 2 4 5 2 2
Collaborative control ‘ 1 4 5 1 1 o

Reaction time (s)
n
|

10 20 30 40 50 60
Experiment time (s)
TABLE Il Driving using collaborative control

MEAN REACTION TIMES FOR AN EXPERIENCED WHEELCHAIR USER 4

Mean reaction times
Doorways  Elsewhere p-value

Reaction time (s)
n
|

No assistance 860ms 1032ms | p = 0.081
Collaborative control 583ms 541ms | p=0.914 o-
p-value »=0033 p=00I3 5 10 15 20 25 30 35 40 45

Experiment time (s)

. . .. . . . Fig. 14. An experienced wheelchair user’'s pattern of reasti Doorways
without exacerbating her joint pains. However, she find8iyV and cluttered spaces are highlighted.

tiring to propel herself manually for more than an hour or so.

Therefore, when she is shopping or travelling further afield

she prefers to use a powered wheelchair. When performing {Reorrect reactions when using collaborative control 8)9
trials with the wheelchair user, we followed exactly the sanfalling within the standard deviation of the results obeairin
protocol that we had previously used with healthy subjesi$s (Section IV-B. Moreover the percentage of reactions thatewer

described in Section IlI-D). incorrect when no assistance was given was even higher than
our previous findings with able—bodied participants.
A. Experimental Results for a Wheelchair User Whilst performing the experiment without being given as-

The responses given to our questionnaire are recorddgtance, the wheelchair user experienced two minor csashe
in Table Il. It was contrary to our experienced wheelchaithe first occurred when she was focused on the secondary task
user’s expectations that whilst performing the secondasi,t and tried to turn right too early as she was coming out of a
she found it easier to manoeuvre with assistance from tfl@orway into the corridor. This meant that the driving wiseel
collaborative controller. Despite this, the wheelchaii diot caught on the door-frame. The second time was a left turn,
behave as she expected in either trial; predominantly due&tering a different office from the corridor. This time hayi
the dynamics of the chair being quite different from her owheen travelling relatively fast down the corridor whilstypay
wheelchair [50]. In particular, to increase safety, theichad little attention to her driving, she approached the dooragy
been speed-limited and sudden changes of direction were $igged and slightly overshot it, bumping the footplate itie t
permitted (these parameters are often be set by the wheelcB#gor—frame. In both of these cases, she had to reverse and
provider, when a user is assessed for a wheelchair [1]).  re-align the wheelchair, in order to successfully comptate

The participant perceived the reaction game to be easficuit; this added to her primary task completion time.
to play when she was driving with assistance from the col- Conversely, when the collaborative controller was active,
laborative controller. This correlates well with her ingse similar crashes were prevented by not letting the chair,turn
in secondary task performance: when not driving throughntil it was clear of an obstacle (or door—frame). Addititipa
doorways, her reactions times almost halved from 1032 rii¢he chair was approaching a narrow gap, it would proative
to 541 ms (Table IlI). slow down and align to the gap, which prevented overshooting

When being assisted by the collaborative controller, tlilorways, even if the initial approach was at relativelyhhig
standard deviation of the participant’s points of gaze cedu speed. Additionally, we observed a change in the wheelchair
more significantly than those of the able—bodied partici)ser’s behaviour in terms of the manipulation of the joystic
pants. Averaged across her trials, it reduced by 41.1% Mhich correlated with that of the healthy participants (see
the horizontal direction and 45.7% in the vertical directio Section IV-A). When being assisted by the collaborative
We hypothesise that this is because, being an experiencedgtroller, the jerk component in the joystick signals reef
wheelchair user, she is more aware of potential obstacles34%, which resulted in visibly smoother hand movements
(including pedestrians) than inexperienced users. Homyvevand consequently more efficient trajectories.
throughout the training period she became more accustomedlthough on average the wheelchair user did complete the
to the collaborative system. In her trials, she left theisiwh primary driving task marginally more quickly when using the
avoidance and heading correction to the wheelchair, atigwicollaborative controller, her results do not statistigaignifi-
her to pay more attention to the secondary task. cantly contradict our findings with able bodied subjectsthBo

The improvement in the percentage of incorrect reactiohger mean completion times fell within the standard devratio
was not found to be statistically significant on its own=¢ of our experiments with able-bodied participants={ 0.620).
0.185), due to the limited number of trials we were abl&he main reason that her task completion times deteriorated
to run. However, it does mimic the results obtained fromwhen driving without assistance was due to her needing to
our able—bodied participants, with the mean percentage refferse and correct the trajectory after the collisionsiclvh

© 2011 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.



This article has been accepted for inclusion in a future issue of this journal. DOI: 10.1109/TSMCB.2011.2181833

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: PART B

occurred in each of her non-assisted trials.

11

ACKNOWLEDGMENT

B. A Qualitative Analysis of the Collaborative Controller The authors would like to thank all the volunteers who
articipated in the experiments. We are particularly duhte

When“choos!ng a new Wheelchaw, the end user 1 encoﬁﬁgeleca and Richard Silversides for their valuable feekba
aged to “test drive the new model in the real world, just as o

would test drive a new car on the roads” [50]. Therefore, %e would also like to thank the members of the BioART team

i o X
addition to gaining the quantitative data from the Wheeitcha%r their insightful comments and continued support.
user’s experiments, she agreed to assess the wheelchair fro
a user’s perspective. The main advantages of our system that
she identified, was that it did proactively help with the siteg
(preventing collisions), but at the same time allowed heyeb [1] D. Sanderson, M. Place, and D. Wright, “Evaluation of ewered
close enough to objects to interapt with them. In particdae mgﬁflg?ﬂ;;?ﬁ: \%ﬁhﬁ;:ﬁﬁegir:g'rtr']"’i‘g\sle&n':gﬁuﬁﬁfgﬂgsgag
managed to help herself to a drink from the water cooler. York (UK), Tech. Rep., March 2000.

However, she did feel some points should be addressed. Sk R. Simpson, D. Poirot, and F. Baxter, “The hephaestusrswizeelchair

: : “ " e system,” IEEE Transactions on Neural Systems and Rehabilitation
found it sometimes “overcompensated” when a collision was Engineering vol. 10, no. 2, pp. 118-122, June 2002,

predicted; this was because safety was our primary cCONncell} s. Evans, C. Neophytou, L. D. Souza, and A. O. Frank, “Ypyeo-
However, the sensitivity of the system could be reduced, ple’s experiences using electric powered indoor - outdobesichairs

; . ; (epiocs): potential for enhancing users’ developmeri¥®ability and
particularly through the use of long—term learning and dser Rehabiltation vol. 29, no. 16, pp. 12811294, August 2007.

modelling techniques [51]. Additionally, she found thaeth [4] A.Frank, J. Ward, N. Orwell, C. McCullagh, and M. Belchéintroduc-
chair could not detect overhanging tabletops. It is diffi¢al tion of a new nhs electric-powered indoor/outdoor chaiidepservice:

; ; i ffi benefits, risks and implications for prescribeiS|inical Rehabilitation
reliably detect a table, since a planar laser scanner idfinsu no. 14, pp. 665673, 2000.

cient and sonar sensors by themselves are not reIiabIeIt52].[5] R. Cooper, M. Boninger, D. Spaeth, D. S. G. Ding, A. Koontz
may be possible to solve the problem, using other devicds suc S. Fitzgerald, R. Cooper, A. Kelleher, and D. Collins, “Eregring
as stereo or infrared time—of—flight cameras [53], however, better wheelchairs to enhance community participatibieliral Systems

liabl d hni do thi | . and Rehabilitation Engineering, IEEE Transactions, eol. 14, no. 4,
reliable sensors and techniques to do this currently reaain pp. 438-455, Dec. 2006.

open area of research. [6] T. Taha, J. Miro, and G. Dissanayake, “POMDP-based lemg user
intention prediction for wheelchair navigation,” Proceedings of IEEE
VI. CONCLUSION International Conference on Robotics and Automation (I;RAsadena,
) LA, May 2008, pp. 3920-3925.
We have comprehensively evaluated our shared contrpf Q. zeng, B. Rebsamen, E. Burdet, and Chee Leong Teo, “feluof
system, placing particular emphasis on the human factors stixeb\(lvhefelchéir syste_mJEEIElgransagtions fglNle%alASylst;%sS and
. . . S . . . ehabilitation Engineeringvol. 16, no. 2, pp. -170, Apri .
analySIS' A suit of tools, Induqmg' JoyS_tICk Slgnal_ anﬂb” [8] J.del R. Millan, F. Renkens, J. Mourifio, and W. Gerstfidoninvasive
secondary tasks and eye-tracking has yielded statistisat brain-actuated control of a mobile robot by human EER3ceedings
nificant results from 21 healthy subjects. We have shown that % ;%Efogéargsacti%% fn Biomedical Engineeringl. 51, no. 6, pp.
; ; — , June .
ou_r collaborative C(.)ntrOI meCham.Sms hav? e_nabled people fg] R. Simpson and S. Levine, “Voice control of a powered woleair,”
drive the wheelchair safely, at a slight cost in time, whilsh-

IEEE Transactions on Neural Systems and Rehabilitationirt&eging
currently reducing the demands on visual attention, cognit

REFERENCES

vol. 10, no. 2, pp. 122-125, June 2002.

workload and manual dexterity. Furthermore, we have fouftf] H- A. Yanco, Assistive Technology and Artificial Intelligenceer.
. . . - Lecture Notes in Computer Science. Springer Berlin / Héiel,
that even an experienced wheelchair user who is mobility 1998, vol. 1458, ch. Wheelesley: A robotic wheelchair systendoor

impaired, but still able to operate a joystick with a readsea navigation and user interface, pp. 256-268.
degree of precision, can benefit from shared control undé} S. Levine, D. Bell, L. Jaros, R. Simpson, Y. Koren, anddrenstein,
e . . The navchair assistive wheelchair navigation systefBEE Transac-
specific circumstances, i.e. when under a heightened waklo  jons on Rehabilitation Engineeringol. 7, no. 6, 1999.
or inattentive to the task. [12] D. Ding and R. A. Cooper, “Electric powered wheelchaifs review
of current technology and insight into future directionigEE Control

VIl. FUTURE WORK AND FURTHER APPLICATIONS Systems Magazineol. 25, no. 2, pp. 22-34, April 2005.
T. Carlson and Y. Demiris, “Human-wheelchair colladion through

13
People with severe physical disabilities may not be able o prediction of intention and adaptive assistance Pinceedings of IEEE
interact through conventional interfaces and instead neamgb g\;erggg%ﬂal COgrgzegeg%% <1>n Robotics and Automation (I;RAsadena,
. . . . s s pp — .
fit from SO',“'F'O”?‘ ,SUCh as bram—computer interfaces (,88]') [ [14] P. Nisbet, “Who’s intelligent? Wheelchair, driver ooth?” in Proceed-
However, it is difficult to control a powered wheelchair gfe ings IEEE International Conference on Control ApplicatipiGlasgow,
and efficiently, using the BCI directly, due to the low in-  Scotland, U.K., September 2002.
formation rate [54]. We have shown how safe and efficiefit®! A Brandt S. lwarsson, and A. Stahle, "Older people’s uspawered
. . wheelchairs for activity and participationJournal of Rehabilitation
manoeuvres can be achieved, even when there is a lack of wedicine vol. 36, no. 2, pp. 70-77, 2004.
precision in the user’s input. Therefore, collaborativetcol [16] T. Carlson and Y. Demiris, “Collaborative control inan wheelchair
may be the key to Compensating for this in BCls. Moreover, interacti(_)n reduces the need for dexterity in_precise mavres,” in
L . Proceedings of Robotic Helpers: User Interaction, Integs and Com-
initial work with a tele—operated robot has shown that asthar panions in Assistive and Therapy Robotics, a Workshop at /FERE
control paradigm has reduced the number of BCl commands HRI 2008 Amsterdam, The Netherlands, March 2008, pp. 59-66.
required to follow a specified trajectory [55], which is akan [17] — “Increasing robotic Wheelchair_safety vyith col@nhtive control:
our findings whereby using collaborative control resulteci Evidence from secondary task experiments,Pioceedings of IEEE In-
ternational Conference on Robotics and Automation (IGR&rhorage,
reduced amount of joystick movement [16]. Alaska, May 2010, pp. 5582-5587.

© 2011 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.



(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]
(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

This article has been accepted for inclusion in a future issue of this journal. DOI: 10.1109/TSMCB.2011.2181833
IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: PART B

——, “Using visual attention to evaluate collaboratiwentrol architec-
tures for human robot interaction,” iRroceedings of New Frontiers in

12

[42] C. J. D. Patten, A. Kircher, Xstlund, and L. Nilsson, “Using mo-

bile telephones: cognitive workload and attention resewattocation,”

Human Robot Interaction, a symposium at AISB 2@8inburgh, UK,
April 2009, pp. 38-43.

L. Montesano, M. Diaz, S. Bhaskar, and J. Minguez, “Taigaan
intelligent wheelchair system for users with cerebral yaldNeural
Systems and Rehabilitation Engineering, IEEE Transastiom vol. 18,
no. 2, pp. 193-202, april 2010.

S. Parikh, V. J. Grassi, V. Kumar, and J. Jun Okamoto ahility study
of a control framework for an intelligent wheelchair,” Proceedings
of IEEE International Conference on Robotics and Autonma(iCRA)
Barcelona, Spain, April 2005, pp. 4745-4750.

J. Philips, J. del R. Millan, G. Vanacker, E. Lew, F. &al P. W. Ferrez,
H. V. Brussel, and M. Nuttin, “Adaptive shared control of aaior
actuated simulated wheelchair,” Proceedings of the 2007 IEEE 10th
International Conference on Rehabilitation Roboti¢éoordwijk, The
Netherlands, June 12-15 2007, pp. 408-414.

M. Kalkusch, T. Lidy, N. Knapp, G. Reitmayr, H. Kaufmanand
D. Schmalstieg, “Structured visual markers for indoor fiatling,”
in Proceedings of The First IEEE International Workshop on the
Augmented Reality Toolki2002.

W. Burgard, D. Fox, and S. Thrun, “Active mobile robot#dization,”
in International Joint Conference on Artificial Intelligenc&997, pp.
1346-1352.

J.-A. Meyer and D. Filliat, “Map-based navigation in hile robots::
Il. a review of map-learning and path-planning strategji€ognitive
Systems Researctol. 4, no. 4, pp. 283-317, December 2003.

Y. Demiris, “Prediction of intent in robotics and mulgent systems,”
Cognitive Processingvol. 8, no. 3, September 2007.

S. Carberry, “Techniques for plan recognitionser Modeling and User-
Adapted Interaction: The Journal of Personalization Resleavol. 11,
no. 1-2, pp. 31-48, 2001.

Y. Demiris and B. Khadhouri, “Hierarchical attentiveuttiple models
for execution and recognition of actionsRobotics and Autonomous
Systemsvol. 54, pp. 361-369, 2006. March 2005.

I. Ulrich and J. Borenstein, “Vfh+: reliable obstaclgoidance for fast [53] A. Mihailidis, P. Elinas, J. Boger, and J. Hoey, “An illigent powered
mobile robots,” inProceedings of IEEE International Conference on wheelchair to enable mobility of cognitively impaired oldadults:
Robotics and Automatiorvol. 2, May 1998, pp. 1572-1577. An anticollision system,”IEEE Transactions on Neural Systems and
D. Fox, W. Burgard, and S. Thrun, “The dynamic window @ggzh Rehabilitation Engineeringvol. 15, no. 1, pp. 136-143, March 2007.
to collision avoidance,Robotics Automation Magazine, |IEE®ol. 4, [54] J. del R. Millan and J. Carmena, “Invasive or non-invasunderstand-
no. 1, pp. 23-33, mar 1997. ing brain—machine interface technologiffEE Engineering in Medicine
S. Quinlan and O. Khatib, “Elastic bands: connectinthpaanning and and Biology Magazinevol. 29, no. 1, pp. 16-22, 2010.

control,” in In proceedings of the IEEE International Conference or55] L. Tonin, R. Leeb, M. Tavella, S. Perdikis, and J. del Rillan, “The
Robotics and Automatiori993, pp. 802-807. role of shared-control in bci-based telepresence,niproceedings of
P. Morin and C. Samson, “Motion control of wheeled mebibbots,” the IEEE International Conference on Systems, Man and Q@gies

in Springer Handbook of Robotic8. Siciliano and O. Khatib, Eds. 2010, pp. 1462-1466.

Springer Berlin Heidelberg, 2008, pp. 799-826.

R. Siegwart and |. Nourbakhshntroduction to Autonomous Mobile
Robots Cambridge, MA: MIT Press, 2004.

G. F. Franklin, J. D. Powell, and A. Emami-Naeifieedback Control
of Dynamic Systems Addison-Wesley, 1986.

C. Ward and K. lagnemma, “Model-based wheel slip deiacfor out-
door mobile robots,” inProceedings of IEEE International Conference
on Robotics and Automation (ICRAApril 2007, pp. 2724-2729.

Q. Zeng, E. Burdet, B. Rebsamen, and C. L. Teo, “Evabumatof
the collaborative wheelchair assistant system,Pmceedings of IEEE
Conference on Rehabilitation RoboticEhe Netherlands, June 2007.
J. Minguez, F. Lamiraux, and J.-P. Laumond, “Motion nlaag and
obstacle avoidance,” irSpringer Handbook of Robotic8. Siciliano
and O. Khatib, Eds. Springer Berlin Heidelberg, 2008, ppl-&52.

J. Borenstein and Y. Koren, “The vector field histograrfast obstacle
avoidance for mobile robots,JEEE Transactions on Robotics and
Automation vol. 7, no. 3, pp. 278-288, 1991.

J. Minguez and L. Montano, “Nearness diagram (nd) retiég: col-
lision avoidance in troublesome scenarioRdbotics and Automation,
IEEE Transactions gnvol. 20, no. 1, pp. 45-59, february 2004.

K. Tsui, H. Yanco, D. J. Feil-Seifer, and M. J. MataritSurvey of
domain-specific performance measures in assistive robatlmology,”
in Proceedings of the Performance Metrics for Intelligent tSys
Workshop Washington, D.C., Aug 2008, pp. 116-123.

H. A. Yanco, “Shared user-computer control of a robatibeelchair
system,” Ph.D. dissertation, Massachusetts Instituteeohifology, 2000.
K. M. Tsui, D. J. Feil-Seifer, M. J. Mataric, and H. A. Neo,
“Performance evaluation methods for assistive robotichrietogy,”
in Performance Evaluation and Benchmarking of Intelligenst&ys
R. Madhavan, E. Tunstel, and E. Messina, Eds. Springer U89,20
pp. 41-66.

Accident Analysis & Preventigrvol. 36, no. 3, pp. 341-350, 2004.

[43] D. Crundall, G. Underwood, and P. Chapman, “Driving @xence and
the functional field of view,"Perception vol. 28, pp. 1075-1087, 1999.

[44] H. Coolican, Research methods and statistics in psychqldyyd ed.
Hodder & Stoughton, 1994.

[45] R. J. Jagacinski and J. Flac8pntrol theory for humans: quantitative
approaches to modeling performanceLaurence Erlbaum Associates,
2003.

[46] T. Flash and N. Hogan, “The coordination of arm moversean ex-
perimentally confirmed mathematical modeldurnal of Neuroscience
vol. 5, no. 7, pp. 1688-1703, 1985.

[47] D. Liuand E. Todorov, “Evidence for the flexible sensootor strategies
predicted by optimal feedback contraldurnal of Neurosciengevol. 27,
no. 35, pp. 9354-9368, 2007.

[48] J. W. Crandall and M. A. Goodrich, “Characterizing affiecy of

human robot interaction: A case study of shared-contreof@tration,”

in Proceedings of the 2002 IEEE/RSJ International Conferenne

Intelligent Robots and Systenisausanne, Switzerland, 2002, pp. 1290—

1295.

[49] J. D. Hardy, H. G. Wolff, and H. Goodell, “Studies on paim new
method for measuring pain threshold: Observations onamatmmation
of pain,” The Journal of Clinical Investigatigrvol. 19, no. 4, pp. 649—
657, July 1940.

[50] M. Batavia, A. |. Batavia, and R. Friedman, “Changingith: anticipat-
ing problems in prescribing wheelchairdisability & Rehabilitation
vol. 23, no. 12, pp. 539-548, 2001.

[51] Y. Demiris and T. Carlson, “Lifelong robot-assisted loitly: models,
tools, and challengesfET Seminar Digestsvol. 2009, no. 12725, pp.
7-7, 2009.

[52] T. Dutta and G. Fernie, “Utilization of ultrasound sers for anti-
collision systems of powered wheelchaif§EE Transactions on Neural
Systems and Rehabilitation Engineetingpl. 13, no. 1, pp. 24-32,

Tom Carlson received the M.Eng. (2006) in Elec-

tronic Engineering and the Ph.D. (2010) in Intelli-
gent Robotics, under the supervision of Dr. Yiannis
Demiris at Imperial College London.

He is currently pursuing post—doctoral research in
shared control for brain machine interfaces (BMI)
at the Ecole Polytechnique Fédérale de Lausanne
(EPFL). His primary research interests include hu-
man robot interaction, shared control and robotic
assistive devices.

Yiannis Demiris is a senior lecturer in Human-
Robot Interaction at the Department of Electrical and
Electronic Engineering at Imperial College London,
where he heads the Biologically Inspired Assistive
Robots and Teams lab (BioART).

His research interests include biologically in-
spired robotics, human-robot interaction, develop-
mental robotics, and robotic assistive devices.

© 2011 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.



