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Abstract— Many people who have to rely on powered
wheelchairs find it hard to fulfill daily navigation tasks with
their chairs. The SmartWheeler project aims at developing an
intelligent wheelchair that minimizes the physical and cognitive
load required in steering it. In this paper we briefly outline
the SmartWheeler project and its goals. We then argue that
it is important to have a standardized test to evaluate intelligent
wheelchairs in terms of performance and safety. No such test
exists as yet for intelligent wheelchairs, but there has been an
effort in the clinical community to design tests for conventional
wheelchair usage. We discuss the existing Wheelchair Skills Test
(WST). We then suggest a paradigm that allows us to use this
test to benchmark the quality of intelligent wheelchairs, and in
particular their interface, in a task context that is relevant to
clinical practice in rehabilitation.

Index Terms— smart wheelchairs, human-robot interaction,
assistive robotics, dialogue management

1. INTRODUCTION

MANY people who suffer from chronic mobility im-
pairments, such as spinal cord injuries or multiple

sclerosis, use a powered wheelchair to move around their
environment. However, factors such as fatigue, degeneration
of their condition and sensory impairments often limit their
ability to use standard powered wheelchairs. It has been
reported that as many as 40% of powered wheelchair users
surveyed found daily steering and maneuvering tasks to be
difficult; and according to the clinicians who treat them, nearly
half of those patients unable to control a powered wheelchair
by conventional methods would benefit from an automated
navigation system [1].

Such numbers make it seem likely that intelligent wheel-
chairs catering to those patients’ needs would have a deep soci-
etal impact. One might argue that the transition to wheelchairs
that cooperate with the user is at least as important as that from
manual to powered wheelchairs—possibly even more impor-
tant since this would mark a paradigmatic rather than merely
a technological shift. However, to the best of our knowledge,
there is no general method of evaluating the performance of
intelligent wheelchairs yet [2]. And in particular, no formal
tools exist to evaluate the interaction between the intelligent
wheelchair and its operator.
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In this paper, we try to make a first step by suggesting a
methodology based on work done in the clinical rehabilitation
community. In particular, we investigate the use of a specific
corpus of tasks, as defined by the Wheelchair Skills Test
(WST) [3], [4], [5]. The use of such a well-defined set of tasks
(or skills) has many advantages for the objective evaluation
of intelligent wheelchairs. It ensures the evaluation criteria is
relevant to the end-user (since the task domain was originally
defined for conventional wheelchair usage), it provides a
repeatable evaluation protocol between test subjects, and it
admits an objective performance measure.

We first describe the SmartWheeler project and the in-
telligent wheelchair developed by our research team. The
rationale that supports the use of a standardized test and the
relevant literature are exposed. Finally, we present results from
the evaluation of the SmartWheeler’s human-robot interaction
architecture using the WST (version 4.1) protocol.

2. THE SMARTWHEELER PROJECT

The SmartWheeler project [6], [7] aims at developing—
in collaboration with engineers, rehabilitation clinicians and
rehabilitation researchers—a prototype of a multi-functional
intelligent wheelchair to assist individuals with mobility im-
pairments in their daily locomotion, while minimizing physical
and cognitive loads. The projected was initiated in 2006, and
a first prototype, shown in Figure 1, was built in-house at
McGill’s Centre for Intelligent Machines.

This prototype is built on top of a commercially available
Sunrise Quickie Freestyle powered wheelchair. The added
robotic components include two SICK laser range-finders and
two wheel encoders to permit autonomous navigation func-
tionalities, as well as a multi-modal communication interface
including a microphone and touch-sensitive display. The added
components are not specific to the Sunrise platform, and could
be easily installed on most commercially available powered
wheelchairs.

A second intelligent powered wheelchair prototype was built
in 2008 by research collaborators at Ecole Polytechnique de
Montréal. This second robot, described in recent publica-
tions [8] and shown in Figure 3, has very similar hardware
and software components. It uses the smaller Hokuyo laser
range-finders, and thus the overall design is better suited to
being used (and evaluated) by individuals with disabilities.

Most of the software components governing the autonomous
navigation are being developed by some of our collabora-
tors [8]. The main contribution of the authors, and the main
subject of the evaluation presented below, is towards the
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development of the human-robot interface for the intelligent
wheelchair. Figure 2 presents an overview of the software
architecture controlling the human-robot interface on-board
the robot. The primary mode of interaction is a two-way
speech interface. Speech recognition is achieved through the
commercially available Dragon NaturallySpeaking (version
9). We then employ a number of natural language tech-
nologies to achieve robust interaction, including automatic
grammatical parsing [9] and high-level dialogue management
using Partially Observable Markov Decision Processes [10].
A tactile/visual interface system is also installed, and used
primarily for provide visual feedback to the human regarding
the state of the dialogue system.

Fig. 1. The SmartWheeler robot platform.

Fig. 2. The SmartWheeler Interaction Architecture.

Speech provides a natural interface for human operators. It
has been used as the primary mode of input in a few intelligent
wheelchairs to date [2]. Yet speech-based interactions are sub-
ject to significant failure rates due to the noise and ambiguity
inherent in speech-based communication, and it has not been
clearly demonstrated whether this is an effective mode of
communication for intelligent wheelchairs. In addition, it is
important to realize that the choice of tasks and physical
environment can significantly affect the performance of an
automated dialogue system. Thus it is imperative to be able
to carefully quantify the performance of our speech-based
interface in the context of natural interactions and in a realistic
environment. This is one of the primary contributions of the
present paper.

3. IN SUPPORT OF STANDARDIZED TESTING FOR
INTELLIGENT WHEELCHAIRS

All engineered research needs to be assessed in terms of the
results it produces. In this section, we list the major reasons
we see for adopting a standardized test for intelligent robotic
wheelchairs.

In general, quantifying the performance and safety of a
robotic device designed to aid people is a necessary step in
the evaluation of its impact. A machine will only be accepted
by people if it is of use to them. A rigorous, controlled
evaluation is essential in the context of health-related projects
like SmartWheeler because it provides a benchmark for prov-
ing that appropriate performance and safety requirements are
met before a new technology, such as an intelligent powered
wheelchair, can be deployed in real-world situations. This
is especially true for intelligent powered wheelchairs, which
will eventually act at least partly in an autonomous manner.
As more control is taken from the user and given to the
on-board intelligent system, it becomes more important to
make guarantees about its performance and safety. Certainly
a standard evaluation scheme is a crucial step if the use of
intelligent powered wheelchairs is to be funded by public
health services and insurance companies.

Also, one generally strives to supply a person with the
wheelchair that fits them best. This is true for regular powered
wheelchairs, and it applies equally to intelligent wheelchairs.
For instance, certain features (e.g. an eye tracker) might be
expensive, so one would like to dispense with them if they
are not necessary. A standardized test might help figure out
the best configuration for a user. Again, this will be essential
for funding purposes.

Moreover, as more projects of the kind described above
come into being, it will be helpful to benchmark the efficacy
of the technologies employed. On the one hand, this can
serve to assess how well the algorithms and hardware being
developed within one research project work in a setting that is
close to the real world, which can guide researchers towards
the problems that have to be addressed next. On the other
hand, a standardized test facilitates the comparison of similar
projects by different research teams, thus highlighting the most
promising approaches.

Finally, from a practical point of view, a standardized test
can be helpful during the development process because it
focuses the objectives of the research team. This has inherent
limitations in the long-term. Nonetheless keeping the test in
mind can help by providing a useful basis for thinking of
possible deployment scenarios. For instance, a first English
grammar for the natural language understanding component of
a voice recognition system could cover the set of commands
that represent the skills required in a standardized test.

4. RELEVANT LITERATURE

In a recent review of intelligent wheelchair projects Simpson
concludes that, “[while] there has been a significant amount of
effort devoted to the development of smart wheelchairs, scant
attention has been paid to evaluating their performance. [...]
Furthermore, no smart wheelchair has been subjected to a
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rigorous, controlled evaluation that involves extended use in
real-world settings” [2]. Since 2005, two research teams have
undertaken the task of formally evaluating their intelligent
wheelchair prototype with the target population. In the first
case, the evaluation protocol involved 30 disabled users which
tested two tasks: forward motion through a corridor, and
passing through a door [11], [12]. In the second case, the
evaluation involved 17 able-bodied and 17 disabled subjects,
and required each of them to complete a number of point-to-
point navigation tasks (indoor and outdoor, through corridors
and among obstacles), though the tests were restricted to small
environments [13]. Yet both of these evaluations primarily
used metrics that are typical of robotics research, and did not
explicitly focus on clinically relevant protocols of evaluation.

If a test is to be used for the reasons listed above, it should
be valid and reliable from a clinical point of view, i.e. it should
actually measure what it is intended to measure, and do this
in a reproducible way. Designing such a test can be difficult
for a computer scientist or engineer lacking the necessary
background in clinical rehabilitation. Yet several manual and
powered wheelchair skills tests have been proposed in the
literature, and Kilkens et al. [14] and Routhier et al. [15]
fairly recently provided the first systematic overviews. In
this section we will briefly summarize their results. In the
following section we describe the test we chose for evaluating
the SmartWheeler project, and how we are applying it in
practice.

In their review, both Kilkens et al. [14] and Routhier et
al. [15] come to the conclusion that no standard test to
measure wheelchair skill or performance exists as yet, despite
a considerable clinical and academic need for such a measure.
From a clinical point of view, a standard test should allow for
extrapolation of test results to assess subjects in their everyday
activities, in order to guide training and facilitate the selection
of a suited wheelchair. From an academic perspective, a stan-
dard test would alleviate the current difficulty in comparing
study results due to the lack of a common benchmark. As a
first step towards standardization, both articles give surveys
about existing non-standardized or standardized wheelchair
tests.

Kilkens et al. [14] conclude that, while more research is
needed to identify the skills to be included in a standard
test, out of the 24 tests they reviewed only the WST has
been adequately tested on both validity and reliability (for the
results on this see [3], [4], [16]). Note that Kilkens et al. center
their discussion on manual wheelchairs, not including powered
wheelchairs.

The article by Routhier et al. [15] is slightly more general
in that it considers tests for manual as well as powered
wheelchairs and reviews not only controlled environments (as
Kilkens et al. [14] do) but also distinguishes between three
categories of test environments:

1) Real environments (observing subjects’ daily wheelchair
activities).

2) Controlled environments (e.g. obstacle courses).
3) Virtual environments (using a simulator).
Routhier et al. [15] recommend the controlled-environment

paradigm. One important reason that makes the WST partic-

ularly appropriate is that, unlike many other tests, it has not
been designed for a specific target group (e.g. stroke patients)
but for wheelchair users in general (manual and powered). This
is important if the intelligent wheelchair shall serve as an aid
to more than just a fraction of patients. Furthermore, the WST
version 4.1 is conceived for powered wheelchairs as well as
manual wheelchairs (whereas previous versions were aimed
only at manual wheelchairs), and thus is possibly suitable for
intelligent powered wheelchairs.

5. THE WHEELCHAIR SKILLS TEST

The WST, currently in version 4.1 [5], is being devel-
oped as part of the Wheelchair Skills Program (WSP) at
Dalhousie University in Halifax, Canada, as a “standardized
evaluation method that permits a set of representative man-
ual and powered wheelchair skills to be objectively, simply
and inexpensively documented [5].” Extensive information
about the test can be found at the WSP website (www.
wheelchairskillsprogram.ca). A copy of the eval-
uation grid (including a list of all tasks) is included in the
Appendix.

The developers envision several situations in which to apply
the WST:

1) In the early rehabilitation process it can serve to identify
the skills that should be addressed during training.

2) It can serve as an outcome measure to compare a
subject’s performance before and after rehabilitation.

3) It can be used to test research hypotheses and to assist
engineers in the development of new technologies.

Since the WST strives to be as general as possible,
it specifies four test categories, one for each combination
of wheelchair type (manual vs. powered) and test subject
(wheelchair user alone vs. wheelchair user with caregiver).
Some of the tasks do not apply to all of the four categories
(e.g. ‘Picks object from floor’ is not applicable if a caregiver
is present, since it is assumed that the latter rather than the
wheelchair user will do this when the situation arises.)

Tasks covered: The powered wheelchair version of the WST
(version 4.1, formally identified as the WST-P-WCU), covers
32 skills which are considered representative for general
activities. The assumption is that a person doing well (in terms
of performance and safety) on the 32 tasks included in the
WST can be considered a skilled powered wheelchair user,
because the situations he/she encounters on a daily basis will
resemble those tested. In other words, the WST abstracts from
a real-world setting to measurable powered wheelchair skills.
It is based on realistic scenarios but is still standardized enough
to allow for precise measurements. As one would expect,
most tasks test navigation skills (e.g. ‘Rolls forward 10 m
in 30 sec’, ‘Gets over 15-cm pot-hole’), but there are some
other actions as well, e.g. those concerning the wheelchair
configuration, like ‘Controls recline function’. Figure 3 shows
an experimenter undergoing some of the skills included in the
test. One pass over all tasks takes about 30 minutes [4].

Evaluation method: The test evaluates (separately) both
skill performance and safety. Each skill is graded in terms
of these two criteria in a binary manner: a person either
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Fig. 3. Various skills of the Wheelchair Skills Test, with an intelligent wheelchair. (a) The wheelchair must travel along a 5o sloped platform (the platform
is angled along the wall). (b) The wheelchair must be aligned to the left wall. (c) The wheelchair must move forward through a door. (d) The wheelchair
must travel through increased rolling resistance (in this case, gravel).

passes or fails a task, and he/she does so either in a safe
or in an unsafe way. The Total Percentage Score consists of
two numbers, which are simply: one indicates the proportion
of applied skills that were successfully passed, the other one
states how many of the skills were carried out safely. A task
is considered unsafe if injury to the patient or to a bystander
seems likely or actually occurs during task completion. The
pass/fail grading method makes the evaluation simple and as
objective as possible.

The WST requires the presence of a tester (giving instruc-
tions and being in charge of conducting the test) and a spotter
(ensuring safe test execution); both roles can, however, be
assumed by the same person.

To summarize, the WST takes little time and effort and
is easy to evaluate. More important, we think that it makes
most sense to adopt a test developed by the rehabilitation
community and emphasize that the latter seems to converge
on the WST as a standard. This is why we have decided to
use this test in order to evaluate the SmartWheeler project and
propose that it be used by similar projects, too.

6. PROPOSAL OF A TEST PARADIGM

As mentioned above, it is desirable to use a test developed
by the rehabilitation research community to evaluate the
performance and safety of intelligent wheelchairs. The WST
(like the other tests reviewed in [14] and [15]) was designed
principally to evaluate the joint performance of the disabled

person with their wheelchair, rather than evaluating specifi-
cally the person, or wheelchair, alone. This is an important
aspect, one that is worth considering also in the context of
evaluating intelligent wheelchairs.

The expected outcome of applying the WST consists of two
numbers indicating the percentage of skills that were accom-
plished successfully and safely, respectively. These numbers
are absolute though, and there is no obvious way of interpret-
ing them. For instance, what does it mean if a disabled person
in an intelligent wheelchair (or, to stay within our paradigm,
rather the intelligent wheelchair in cooperation with a disabled
person) achieved a score of 60%? Is 60% a good or a bad
score? In order to attribute more meaning to the result, one
should apply the test under different conditions.

A standard way of doing this in clinical practice is to use the
WST with a given individual using a variety of wheelchairs.
This setup measures the change in the skills exhibited by the
person on-board the various wheelchair platforms, and can
allow the selection of a wheelchair matched to a person’s
needs. In the context of intelligent wheelchairs, the WST could
be applied to compare the performance and safety achieved by
an individual using both a conventional powered wheelchair
and an intelligent wheelchair. The difference between the two
outcomes measures how helpful the intelligent software was
to the wheelchair user.

The WST was also developed for assessing the efficacy
of rehabilitation, by comparing the results of taking the test
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before and after training or modification to the wheelchair.
The WST can thus be applied to evaluate the impact of
incorporating different intelligent systems on-board the smart
wheelchair (e.g. speech vs. tactile interface, semi-autonomous
vs. fully autonomous navigation, etc.) The WST can be further
used to evaluate the efficacy of the training phase, when the
human is becoming acquainted with the intelligent wheelchair.

Alternately, the WST could be used to facilitate the compar-
ison of results produced by different research teams working
on similar projects.

Finally, in the context of evaluating the interaction manager
of an intelligent wheelchair, the WST can be used to verify
whether the interface is suitable for completing the requisite
set of tasks, as well as sufficiently usable for the target
population. As well, it provides a well-defined set of tasks
to evaluate the robustness of our voice-activated system in a
clinically-relevant context.

Yet there are limitations to using such a constrained eval-
uation procedure. The set of tasks included in the WST is
precisely defined and constrained, which makes it difficult to
test the system for higher-level tasks such as ‘Leave the house’.
We will touch on this problem in the discussion. Another
limitation is that the presence of a qualified tester/spotter is
required. However, dispensing with such personnel is possible
only if an experiment does not involve actual patients. We
see our methodology in between these two extremes: We are
not arguing that the WST be the only evaluation tool used
to validate intelligent wheelchairs, but rather that it serves
a useful purpose to benchmark systems at a crucial point
in their development, namely when the state of the project
already warrants experiments with real patients, without being
as advanced yet as to necessitate long-term studies in real
environments.

7. EVALUATION OF THE INTELLIGENT WHEELCHAIR
INTERFACE

A preliminary evaluation was conducted to evaluate the
initial design and implementation of the communication in-
terface of the intelligent wheelchair. Seven healthy subjects,
all of them university students without involvement in the
project, were asked to go through the tasks of the WST, using
appropriate vocal commands to communicate each task. The
physical robot was not involved in this task; the only measures
of interest were the performance of the speech recognition and
the dialogue management modules through the set of WST
skills. These results were reported in earlier publications [6].
The results from these preliminary experiments served to
improve the interaction system, and in particular helped us
collect data that was used in the probabilistic language models
that underlie the interaction manager.

In this section, we describe the evaluation of the improved
intelligent wheelchair interface, focusing primarily on the
ability of the interaction system to correctly recognize the
tasks of the WST. These experiments were performed on the
second robotic platform developed at École Polytechnique de
Montréal (see Sec 2 above, and [8]). Subjects were asked
to execute the full set of skills in the WST-P-WCU by

controlling the robot only through vocal commands. Subjects
could monitor execution of the tasks by observing the robot’s
behavior, as well as via feedback provided on the touchscreen
(usually just showing the action selected by the robot). Prior
to running the test, subjects received a 30-60min. introduction
to the intelligent powered wheelchair, and were allowed to
try out a number of commands. Subjects also underwent a
10-min. speech collection procedure (standard procedure for
the NaturallySpeaking software package) designed to briefly
customize the speech recognition to the subject’s vocal charac-
teristics. Subjects were not required to memorize any special
set of commands, but rather were encouraged to use whatever
commands they felt were most appropriate.

Experiments were conducted with two types of subjects.
The first group consisted of eight healthy subjects, all of
them clinicians in local rehabilitation centers, but without
involvement in the project. The second group consisted of
nine individuals with mobility disorders resulting from var-
ious conditions, including stroke, spinal cord injury, multiple
sclerosis, and arthritis. These subjects ranked in age from 31
to 85 (mean=58), and had been using a conventional powered
wheelchair for anywhere between 2 to 17 years (mean=6.8).
Each subject completed the test only once; we did not consider
the effect of training on performance at this stage in the
development.

The results are presented in Tables I and II. The first column
shows the subject id. The second column shows the number
of vocal commands issued by the user throughout the test.
The third column reports the raw speech recognition error
rate (deletions, additions and substitutions). The fourth column
shows the number of clarification queries issued by the robot in
cases where the command was misunderstood or ambiguous.
The fifth column presents the number of correct actions
carried out by the robot, as identified by human labeling of
video sequences. Finally, the last column reports the number
of times the robot selected an incorrect action; users were
instructed to recover from such situations by issuing a Stop
command, or starting a new command. The results presented
here were acquired during experiments involving the full robot
capabilities, from the robust communication to autonomous
navigation. However the results presented here focus primarily
on the speech interface, which is the primary contribution of
the authors. Results for the performance of the full robotic
system are not available yet, as their analysis is subject to
clinical consideration.

All subjects, with one exception, were able to complete the
test. Subject 7 in Table II was unable to complete the test due
to fatigue and health issues unrelated to our experiment. The
remaining subjects used between 94 and 219 commands to
complete the test. The word error rate for some subjects was
quite high (up to 30.9% for subject 5 in Table II). However
the appropriate use of queries allowed the system to reach a
performance level comparable to that of other users, as shown
by the low incidence of incorrect actions. The number of
queries used tended to be proportional to the word error rate;
subjects with high word error rates required a larger number
of queries to clarify their intent. In general, the average word
error rate was higher for the disabled subjects (mean=18.5%)
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than for the healthy subjects (mean=13.9%). Yet the number
of incorrect actions remained low for all subjects, and fur-
thermore we observed no significant difference in terms of
the number (p = 0.35) or percentage (p = 0.27) of incorrect
actions between the two types of subjects.

Subject Number of Word Number of Number of Number of
Id commands error rate queries correct incorrect

actions actions
1 136 19.2% 10 121 5 (3.7%)
2 159 13.8% 18 136 5 (3.1%)
3 165 13.5% 11 152 2 (1.2%)
4 201 23.6% 37 155 9 (4.5%)
5 114 6.2% 13 97 4 (3.5%)
6 219 2.3% 10 208 1 (0.5%)
7 210 13.1% 25 175 10 (4.8%)
8 141 19.3% 26 111 4 (2.8%)

TABLE I
PERFORMANCE OF THE INTERACTION MANAGER FOR THE TASKS OF THE

WHEELCHAIR SKILLS TEST WITH HEALTHY SUBJECTS.

Subject Number of Word Number of Number of Number of
Id commands error rate queries correct incorrect

actions actions
1 149 12.1% 13 131 5 (3.4%)
2 145 14.5% 20 119 6 (4.1%)
3 94 7.2% 8 85 1 (1.1%)
4 122 22.9% 24 96 2 (1.6%)
5 149 30.9% 38 106 5 (3.4%)
6 117 5.2% 2 115 0 (0.0%)
7 16 18.9% 1 14 1 (6.3%)
8 120 23.1% 27 86 7 (5.8%)
9 149 32.7% 35 104 10 (6.7%)

TABLE II
PERFORMANCE OF THE INTERACTION MANAGER FOR THE TASKS OF THE

WHEELCHAIR SKILLS TEST WITH DISABLED SUBJECTS.

Overall, the subjects indicated that they were largely sat-
isfied by the functionality of the robot’s vocal interface.
While the word error rate was in some cases quite high,
the use of probabilistic techniques allowed the system to
maintain a low rate of incorrect actions for all subjects, thus
providing satisfactory performance overall. Some subjects felt
they needed more time to get familiar with the platform
to exploit it more successfully (recall that training time for
all subjects was on the order of 30 minutes). This will be
addressed when designing experiments that evaluated the long-
term performance and safety of our system.

8. DISCUSSION

The WST has been designed for evaluating skill perfor-
mance and safety in a controlled environment. We believe that
this paradigm is generally well-suited for the purpose of testing
intelligent wheelchairs, especially at the advanced prototyping
stage. In our experiments, we applied the WST as a benchmark
for testing the interaction architecture implemented on-board
the SmartWheeler. We observed that even though both able-
bodied and disabled subjects had a high rate of word recog-
nition error, the natural language processing applied in the
interaction architecture was able to prevent a large number of
mistakes in selecting the robot’s actions. The results presented
above are limited to the evaluation of the SmartWheeler’s in-
terface, and do not report on the performance of the full system

(including autonomous navigation). This will be the subject
of further analysis, in collaboration with clinical partners, to
determine clinically relevant notions of performance and safety
for our intelligent powered wheelchair.

We have argued above in favor of using the WST for
evaluating intelligent powered wheelchairs. However, as we
further increase the amount of autonomy onboard smart
wheelchairs, it is worth asking whether the types of tasks
that will become standard on such platforms will remain
similar to the set of tasks that are characteristically required of
conventional powered wheelchairs. Given a speech interface,
is it easy for a user to request ”Take me to the kitchen”. This
high-level type of task is obviously not currently included
in the repertoire of the WST. There are important issues
to explore in terms of developing standards specifically for
intelligent powered wheelchairs and related devices. The ISO
13482 standard (currently under development) may provide
a good model of a safety standard for personal care robots,
including smart wheelchairs [17]. It may be useful to develop
other standards, including possibly a version of the WST
for intelligent powered wheelchairs, which provide a set of
target tasks that are relevant for evaluating both safety and
performance.

Another aspect which we have not yet evaluated concerns
whether the intelligent components provided onboard the
SmartWheeler are an effective means of reducing the physical
and cognitive burden of operating a powered wheelchair.
Investigating this question requires a longer-term interaction
between the user and the intelligent powered wheelchair;
currently, because the subjects are not accustomed to the
intelligent interface, we hypothesize that it causes a significant
cognitive burden (though we did not measure this formally).
Future experiments will consider the long-term impact of em-
bedding an intelligent system on-board a powered wheelchair.

Regarding the long-term evaluation of the SmartWheeler
and similar systems, it is worth referring to the distinction
made in [15] (and summarized in section 4) regarding different
choices of procedures and environments. We now briefly
comment on two test categories that will be the subject of
future work:

Real environments: Observing users in their everyday set-
ting in order to assess their performance in a standardized
manner is difficult both practically and theoretically. First,
from a practical point of view, it is time-consuming and
thus expensive, as a clinician would have to examine the
test subject’s daily wheelchair performance over a sufficiently
long period of time. Second, the high variance in terms of
environment properties makes it conceptually hard to compare
scores. Coping with this high variance is, however, one of
the foremost challenges in the development of an intelligent
wheelchair, so evaluating how well the device can deal with
it is crucial for assessing the success of the project. Consider,
for instance, a user utterance like “I’m hungry.” There is no
standardized way of benchmarking the wheelchair’s reaction in
such a situation because the best reaction depends very much
on the setting: In an urban setting, the best option might be to
ask the user which restaurant he/she wants to go to, whereas
at home, it might be best to take him/her to the kitchen. A
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modified test paradigm will be necessary to rate the quality of
intelligent control software in such real environments. But to
rigorously assess more basic performance and safety quality,
we need the more restricted and controlled type of scenario
presented above.

Virtual environments: Virtual tests involving a simulator are
probably even cheaper to conduct than controlled-environment
tests as proposed in this article. Routhier et al. [15], however,
state that such tests have demonstrated a “limited applicability
to assessment” mainly due to technical weaknesses of the
simulators used. However, since big parts of the technology
developed for intelligent wheelchairs (e.g. the interaction man-
ager) are software rather than hardware, it might indeed make
sense to evaluate these parts in a simulator. In fact, we did
just this in the preliminary development phase, as outlined
in [6]. In the long term, as the technology underlying virtual
environments advances, such evaluations will clearly become
more feasible and more realistic than they are today. But
to assess the entire project it will be necessary to evaluate
the interplay of both software and hardware. This is why
evaluation of the full system in a controlled-environment test
like the WST continues to be important for time being.

9. CONCLUSION

In this paper we have suggested a methodology to quantify
the performance of intelligent wheelchairs, and have applied
this test to the evaluation of the speech interface of an intel-
ligent wheelchair. Rather than designing a test from scratch
we are building on work done by specialists (clinicians and
researchers) in the field of rehabilitation. We have picked the
WST, which seems to emerge as a de facto standard in the
clinical and research communities. It is based on situations
occurring in the daily lives of wheelchair users but still abstract
enough to allow for precise measurements, and has been
checked for validity and reliability by the developing team,
which is crucial both principally and practically if outcomes
of that test are to be used as evidence that a wheelchair is
ready to be deployed and funded by public health services
and insurance companies. In this sense, a strict evaluation is a
critical step towards both establishing and gauging the efficacy
of intelligent wheelchairs.
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APPENDIX: WHEELCHAIR SKILLS TEST 4.1
Reproduced from: http:www.wheelchairskillsprogram.ca

FORM_WST_P_WCU_4.1.13 
February 14, 2011 

Wheelchair Skills Test 4.1 
Power Wheelchair - Wheelchair User 

Name: ____________________________  

Date: ___________  Tester: ___________  
 
Time start: _______ Time finish: _______ 

 
Additional comments: _________________________________________________________________________ 

 Individual Skills 
Capacity/ 

Performance Safety Comments 
1. Moves controller away and back   No Part?     
2. Turns controller on and off    
3. Selects drive modes and speeds   No Part?    
4. Controls tilt function   No Part?       
5. Controls recline function   No Part?       
6. Disengages and engages motors    
7. Operates battery charger     
8. Rolls forward 10m    
9. Rolls forward 10m in 30s    

10. Rolls backward 5m    
11. Turns 90! while moving forward L&R    
12. Turns 90! while moving backward L&R    
13. Turns 180!in place L&R    
14. Maneuvers sideways L&R     
15. Gets through hinged door in both    
16. Reaches 1.5m high object     
17. Picks object from floor    
18. Relieves weight from buttocks    
19. Transfers from WC to bench and back    
20. Rolls 100m    
21. Avoids moving obstacles L&R    
22. Ascends 5! incline     
23. Descends 5! incline     
24. Ascends 10! incline     
25. Descends 10! incline     
26. Rolls 2m across 5! side-slope L&R     
27. Rolls 2m on soft surface    
28. Gets over 15cm pot-hole    
29. Gets over 2cm threshold    
30. Ascends 5cm level change    
31. Descends 5cm level change    
32. Gets from ground into wheelchair    

Total Percentage Scores    

Scoring Guide   (see over for details) 
!   = pass, safe           
"    = fail, unsafe 
NP = no part (only for indicated skills) 
TE = testing error

Type of Test 
# Objective - Capacity 
# Questionnaire - Capacity 
# Questionnaire - Performance 
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Note: The WST 4.1 Manual should be consulted for scoring details (www.wheelchairskillsprogram.ca). 

Scale for Scoring Skill Capacity/Performance 

Pass: (on the Data Collection Form, record “P” or !) 

! Task independently and safely accomplished. Unless otherwise specified, the skill may be performed in any 
manner. The focus is on the task requirements, not the method used. Aids may be used (section 2.23). 

! A pass may be awarded if the subject passed a more difficult version of the same skill (e.g. if a subject 
successfully ascends a 15cm curb, a pass may be awarded on the 5cm level change without the subject 
needing to actually perform the latter). 

Fail: (on the Data Collection Form, record “F” or ") 
! Task incomplete. 
! Unsafe performance (as defined in section 2.25). 
! Likely to be unsafe in the opinion of the clinician or tester (e.g. on the basis of the subject’s description of how 

a task will be attempted). 
! Unwilling to try. 
! Has failed an easier version of the same skill (e.g. if the subject cannot roll forward 10m [#5.8], he/she need 

not be asked to roll 100m [#5.21]). 

! If a caregiver is the subject of testing, he/she may not ask the wheelchair occupant for advice or physical 
assistance in the performance of the skill unless specifically permitted in the caregiver section of the 
individual skill descriptions (section 5). 

! Wheelchair part malfunction. 

Scale for Scoring Skill Safety 

Safe: (on the Data Collection Form, record “S” or !) 
! None of the unsafe criteria were met. 
! Although a failing capacity score will be awarded in such circumstances, a safe score can be awarded to a person 

who states that he/she cannot do and/or will not attempt a skill. 
Unsafe: (on the Data Collection Form, record “US” or ") 

! Subject requires appropriate significant spotter intervention to prevent acute injury to the subject or others (section 
2.26). Performing a skill quickly is not, in and of itself, unsafe. A significant intervention is one that affects 
performance of the skill. 

! A significant acute injury occurred. This includes sprains, strains, fractures or head injury, but does not include 
minor blisters, abrasions or superficial lacerations. Poor technique that may or may not lead to overuse injury at a 
later time should be noted in the comments section, but does not warrant awarding an unsafe score. 

! During screening questions (section 3), the subject describes a method of performing a skill that the tester 
considers dangerous.  

! If a caregiver creates more than minimal discomfort or potential harm (e.g. using excessive force with the knee 
against a flexible backrest of the wheelchair to help push the wheelchair through gravel). 

! Specific risks and whether they warrant an unsafe score or merely a recorded comment can be found later in the 
section on individual skills (section 5). 

Note: If an easier version of the skill has been failed, the skill under consideration is not objectively tested, so the tester needs 
to determine whether the attempt would have been safe or unsafe on the basis of interview only. 

For both Capacity/Performance and Safety 
No Part: (on the Data Collection Form, record “NP”) 

! As for Capacity scoring (Table 1). 
Testing Error: (on the Data Collection Form, record “TE”) 

! As for Capacity scoring (Table 1). 
 

 
 
 
 

Total Capacity/Performance Score = # passed skills _____ /  (32 - # NP - #TE)  X 100% = _________% 
Total Safety Score = # safe skills _____ /  (32 - # NP - #TE)  X 100% = ________% 
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