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Abstract. Current brain-computer interfacing (BCI) research focuses
on detection performance, speed, and bit rates. However, this is only a
small part of what is important to the user. From human-computer in-
teraction (HCI) research, we can apply the paradigms of user-centered
design and evaluation, to improve the usability and user experience. In-
volving the users in the design process may also help in moving beyond
the limited mental tasks that are currently common in BCI systems. To
illustrate the usefulness of these methods to BCI, we involved potential
users in the design process of a BCI system, resulting in three new men-
tal tasks. The experience of using these mental tasks was then evaluated
within a prototype BCI system using a commercial online role-playing
game. Results indicate that user preference for certain mental tasks is
primarily based on the recognition of brain activity by the system, and
secondly on the ease of executing the task.

Keywords: user-centered design, evaluation, brain-computer interfac-
ing, multimodal interaction, games.

1 Introduction

The research field of brain-computer interfaces (BCI) originates from the wish
to provide fully-paralyzed people with a new output channel to enable them
to interact with the outside world, despite their handicap. As the technology
is getting better, the question arises whether BCI could also be beneficial for
healthy users in some way, for example, by improving quality of life or by pro-
viding private, handsfree interaction [IIII8]. There are still a lot of issues yet
to solve, such as delays, bad mental task recognition rates, long training times,
and cumbersome hardware [8]. Current BCI research concentrates on improv-
ing the recognition accuracy and speed, which are two important factors of how
BCI systems are experienced. On the other hand there is a lot of interest for
making BCI a more usable technology for healthy users [IIT3]. But in order for
this technology to be accepted by the general public, other factors of usability
and user experience have to be taken into account as well [T4/19]. There is some
tentative research in this direction, such as Ko et al. who evaluated the conve-
nience, fun and intuitiveness of a BCI game they developed [6], and Friedman
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et al. who looked into the level of presence experienced in two different navigation
experiments [3]. But a lot of research still needs to be conducted.

In this paper we focus on applying HCI principles to BCI design. In Section
we apply a user-centered design method to the selection of mental tasks for
shapeshifting in the very popular massively-multiplayer online role-playing game
World of Warcraft®, developed by Blizzard Entertainment, Inc®. Within the
large group of healthy users, gamers are an interesting target group. Fed by
a hunger for novelty and challenges, gamers are often early adopters of new
paradigms [12]. Besides, it is suggested that users will be able to stay motivated
and focused for longer periods if the BCI experiment can be presented in a game
format [4].

Afterwards, in SectionBland M the selected mental tasks are evaluated in a user
study; in this evaluation the focus was on the user preferences — which among
others include recognition, immersion, effort, ease of use — for the designed
mental tasks. The main research questions we try to answer are: Which mental
tasks do the users prefer, and why? How may this preference be influenced by the
detection performance of the system? The results are discussed in Section [l and
conclusions of this user-centered design and evaluation can be found in Section[6l

2 User-Centered Design: What Users Want

One of the problems facing BCI research is the uncovering of usable mental tasks
that trigger detectible brain activity. The tasks (by convention indicated by the
name of the corresponding brain activity) that are currently most popular are:
slow cortical potentials, imaginary movement, P300, and steady-state visually-
evoked potentials [IB/I7]. Users regularly indicate that these tasks are either
too slow, nonintuitive, cumbersome, or just annoying to use for control BCIs
[10/12]. Current commercial applications are a lot more complex and offer a lot
more interaction possibilities than applications used in BCI research. Whereas
current game controllers have over twelve dimensions of input, BCI games are
generally limited to one or two-dimensional controls. Also, the mental tasks
that are available are limited in their applicability for intuitive interaction. New
mental tasks are needed that can be mapped in an intuitive manner with the
system action.

One way to discover mental tasks that are suitable from a user perspective
is to simply ask the user what they would like to do to trigger certain actions.
In World of Warcraft®, the user can play an elf druid who can shape-shift into
animal forms. As an elf, the player can cast spells to attack or to heal. When in
bear form, the player can no longer use most spells, but is stronger and better
protected against direct attacks, which is good for close combat.

In an open interview, we asked four World of Warcraft® players of varying
expertise and ages what mental tasks they would prefer to use to shape-shift
from the initial elf form to bear, and back again. The participants were not in-
formed about the limits of current BCI systems, but most people did need an
introduction to start thinking about tasks that would have a mental component.
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They were asked to think of using the action in the game, and what it means to
them, what it means to their character in the game, what they think about when
doing it, what they think when they want to use the action, and then to come
up with mental tasks that fit naturally with their gameplay. The ideas that the
players came up with can be grouped into three categories. For the user evalu-
ation of these mental tasks in Section [B] these three categories were translated
into concrete mental tasks, mapped to the in-game action of shapeshifting. Each
category consists of a task, and its reverse, to accommodate the shapeshifting
action in the directions of both bear and elf form.

1. Inner speech: recite a mental spell to change into one form or the other.
The texts of spells subsequently used were derived from expressions already
used in the game world. The user had to mentally recite “I call upon the
great bear spirit” to change to bear. “Let the balance be restored” was the
expression used to change back to elf form.

2. Association: think about or feel like the form you want to become. Con-
cretely, this means the user had to feel like a bear to change into a bear, and
to feel like an elf to change into an elf.

3. Mental state: automatically change into a bear when the situation demands
it. When you are attacked, the resulting stress could function as a trigger.
For the next step of this research, this had to be translated into a task that
the users could also perform consciously. To change to bear form the users
had to make themselves feel stressed; to shift into elf form, relaxed.

3 User Evaluation Methodology

The goal of the user evaluation was to answer the following questions in this
game context: Which mental tasks do the users prefer, and why? How may this
preference be influenced by the detection performance of the system?

Fourteen healthy participants (average age 27, ranging from 15 to 56; 4 female)
participated in the experiment voluntarily. All but one of the participants were
right-handed. Highest finished education ranged from elementary school to a
master’s degree. Experience with the application World of Warcraft® ranged
from “I never play any games” to “I raid daily with my level 80 druid”. Three
participants were actively playing on a weekly basis. A written informed consent
was obtained from all participants.

The general methodology to answer these questions was as follows. In order
to measure the influence of the detection performance of the system the par-
ticipants were divided in two groups, a so-called “real-BCI” and “utopia-BCI”
group. The group that played World of Warcraft® with “utopia-BCI” decided
for themselves whether they performed the mental task correctly, and pressed
the button to shapeshift when they had. In this way a BCI system with 100%
detection performance (an utopia) was simulated. The group that played World
of Warcraft® with “real-BCI” actually controlled their shapeshifting action with
their mental tasks, at least insofar as the system could detect it.
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The participants came in for experiments once a week for five weeks, in order
to track potential changes over time. During an experiment, for each pair (change
to bear, to elf) of mental tasks (inner speech, association, and mental state), the
participant underwent a training and game session and filled in questionnaires
to evaluate the user experience. The following sections explain each part of the
methods in more detail.

3.1 Weekly Sessions and Measurements

The participants participated in five experiments, lasting about two hours each,
over five weeks. The mental tasks, mentioned above, were evaluated in random
order to eliminate any potential order effects, for example, due to fatigue or user
learning.

For each task pair, a training session was done. The purpose of the training
session was manifold: it gathered clean data to evaluate the recognizability of the
brain activity related to the mental tasks, the user was trained in performing
the mental tasks, the system was trained for those participants who play the
game with the real BCI system, and the user experience could be evaluated
outside the game context. A training session consisted of two sets of trials with
a break in between during which the participant could relax. Each set started
with four watch-only trials (two per mental task), followed by 24 do-task trials
(twelve per mental task). The trial sequence constituted of five seconds watching
the character in their start form, followed by two seconds during which the
shape-shifting task was presented. After this the participant had ten seconds
to perform the mental task repeatedly until the time was up, or just watch if
it was a watch-only trial. At the end of these ten seconds, the participant saw
the character transform. See Figure 1 for a visualization of the trial sequence.
During the watch-only trials, the participant saw exactly what they would see
during the do-task trials, but they were asked only to watch the sequence. This
watch-only data was recorded so it could function as a baseline. It is possible
that simply watching the sequence already induces certain discriminable brain
activity. This data provides the possibility to test this. The character in the
videos was viewed from the back, similar to the way the participant would see
the avatar in the game.

At the end of the training session, the participant was asked to fill in forms
to evaluate the user experience. The user experience questionnaire was loosely
based on the Game Experience Questionnaire [5]. It contained statements for
which the participants had to indicate their amount of agreement on a five-point
Likert scale, for example: “I could perform these mental tasks easily”, “It was
tiring to use these mental tasks”, and “It was fun to use these mental tasks”.
The statements can be categorized into the following groups: whether the task
was easy, doable, fun, intuitive, tiring to execute, whether they felt positive or
negative about the task, and whether the mapping to the in-game action made
sense or not.

After the training session, the participant had roughly eight minutes to try the
set of mental tasks in the game environment. The first experiment consisted only
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Fig. 1. Training session trial sequence: first the character is shown in their start form,
then the task is presented, after which there is a period during which this task can be

performed. At the end the animation for the shape-shift is shown.

Fig. 2. Orange feedback bar with thresholds. The user has to go below 0.3 to change
to elf, and above 0.7 to change to bear. In between no action is performed.

of a training session. For weeks two up to and including four, the participants
were split up into the “real-BCI” and “utopia-BCI” group. Groups were fixed for
the total experiment. During the last week all participants followed a training
and played the game with the real BCI system.

The “real-BCI” group received feedback on the recognition of their mental
tasks in the form of an orange bar in the game (see Figure [2). The smaller the
bar, the more the system had detected the mental task related to elf form. The
larger, the more the system had interpreted the brain activity as related to bear
form. When the thresholds were crossed the shape-shift action was executed
automatically.

The “utopia-BCI” group participants had to interact with a BCI system with
(a near) 100% performance. Since this is not technical feasible yet, one could
rely on a Wizard of Oz technique [I6]. The users wear the EEG cap and have to
perform the mental tasks when they wanted to shapeshift and the Wizard decides
when it was performed correctly. In this case, however, the Wizard would have
no way of knowing what the user is doing as there is no external expression of the
task. The only option left to simulate a perfect system is to let the participants
evaluate themselves whether or not they had performed the task correctly. Then
they pressed the shape-shift button in the game manually.

At the end of the session, the user experience questionnaire was repeated,
to determine potential differences between the training and game sessions. The
game session questionnaire contained an extra question to determine the per-
ceived detection performance of the mental tasks. A final form concerning the
experiment session as a whole was filled in at the end of the session. The partic-
ipants were asked to put the mental tasks in order of preference, and to indicate
why they choose this particular ordering.
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3.2 EEG Analysis and Mapping

The EEG analysis pipeline, programmed in Python, was kept very general, as
there was no certainty about how to detect these selected mental tasks. Common
Average Reference was used as a spatial filter, in order to improve the signal-
to-noise ratio [9]. The bandpass filter was set to 1-80Hz. The data gathered
during the training session was sliced in 10-second windows. These samples were
whitened [2], and the variance was computed as an indication of the power in
the window. A support vector machines (SVM) classifier trained on the training
session data provided different weights for each of the EEG channels.

To make the BCI control more robust to artifacts, two methods were applied
to the mapping of classification results to in-game actions. A short dwelling was
required to trigger the shape-shift, so it would not be activated by quick peaks in
power. Secondly, hysteresis was applied: the threshold that needed to be crossed
to change into a bear was higher than the threshold required to revert back to
elf form. In between these two thresholds was a neutral zone in which no action
was performed, see also Figure

4 Results

4.1 Which Mental Tasks Do Users Prefer and Why?

In the post-experiment questionnaire, the participants were asked to list the
mental tasks in order of preference. The place in this list was used as a preference
score, where a value of 1 indicated first choice, and 6 is the least preferable.
These values were rescaled to match the user experience questionnaire values:
ranging from 1 to 5, with 5 most preferable, and therefore 3.0 indicates a neutral
disposition in preference order. Sixty-nine measurements were obtained from 14
participants over five weeks. One week one participant had to leave early and
could not fill in his preference questionnaire.

The average preference scores show a general preference for the association
tasks, and the mental state seems to be disliked the most. But this paints a
very simplistic image, as there are large differences between the “real-BCI” and
“utopia-BCI” groups.

To better understand the effects of the different aspects, Figure [3] shows the
preference and user experience scores for each of the three mental task pairs,
separate for the two participant groups. Whereas for the “real-BCI” group the
mental state tasks are most liked, for the ”Utopia BCI” group, they are most
disliked. Similarly, The “utopia-BCI” group most preferred inner speech, which
was least preferred by the “real-BCI” group. Because of these large differences,
these two groups need to be investigated as two separate conditions.

4.2 What Is the Influence of Recognition Performance on Task
Preference?

Although it is not possible to completely separate the influence of the recognition
performance and other aspects that differ between the participant groups, based
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Fig. 3. User experience, preference, and perceived performance scores for the “utopia-
BCI” and “real-BCI” groups, separate for the three mental task pairs, averaged for
weeks 2 to 4. The bar plot is annotated with significant differences between task pairs
(association, inner speech, mental state; with a line with star above the two pairs) and
game conditions (“utopia-BCI”, “real-BCI”; indicated by a star above the bar).
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on the user experience scores, recognition perception scores, and the words the
participants used to describe their reasoning for their preference, it is possible
to explain the discrepancy between the two conditions and get an idea of the
influence of recognition performance.

Inner speech is preferred by the “utopia-BCI” group, mainly because it is
considered easy and doable. Although the inner speech tasks were rated highly
by both groups, the system recognition had a heavy impact: it is the least pre-
ferred task pair for the “real-BCI” participants. The association tasks are valued
mostly for their intuitiveness and the mapping with the in-game task, by the
“utopia-BCI” group. Where the bad detection of inner speech mainly affected
the preference scores, for association the user experience is significantly different
on multiple aspects: easy, intuitive, and positive. The opposite happens for men-
tal state. This task pair scores low across the board by both groups, yet it was
preferred by the “real-BCI” group. It was also the task that was best recognized
by the system, which is reflected in the perceived recognition scores.

Based on these results, it seems that the recognition performance has a strong
influence on the user preference, which is the most important consideration
for the “real-BCI” group. For the “utopia-BCI” group different considerations
emerge, where the ease of the task pair seems to play a dominant role, followed
by the intuitiveness.

20
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Fig. 4. Counts for the categories of words used to describe the reasoning behind the
participant’s preference ranking, total for weeks 2 to 4

This view is confirmed by looking at the reasons the participants describe for
their preference ranking, see Figure @l The words they used were categorized,
and the number of occurrences within each category was used as an indication
of how important that category was to the reasoning. To reduce the number of
categories, words that indicated a direct opposite and words that indicated a
similar reason were merged in one category. For example, difficult was recoded
to easy, and tiring was recoded to effort. In the words used by the “real-BCI”
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group, recognition performance is the most used (n = 15), more than twice as any
other word category (n <= 7). The "Utopia BCI’ group mostly referred to the
ease of executing the task (n = 12, where n <=5 for the other word categories).
Other issues that were often mentioned were effort, feels good, and speed.

4.3 Correlations between Preference and User Experience

Given the fact that participants indicated task recognition and ease to be the
most important considerations for their preference, do these aspects from the
user experience questionnaire also show a correlation to the preference scores?

Weeks 1 and 5 were excluded from this analysis as both groups perform the
tasks in the same conditions in these weeks (“Utopia” in week 1 and “Real”
in week 2). Therefore the number of samples for the correlation tests are 63 (3
weeks, 3 task pairs, 7 participants), except for one case where there are some
missing samples due to a participant having to leave early. For the correlation
tests with the two conditions (“Real” and “Utopia”) combined, there are twice
the number of samples. There are no perceived recognition scores for the “utopia-
BCI” group.

Table 1. Pearson correlation coefficients and p-values for the correlation of user expe-
rience componenents and perceived recognition rate with the preference scores for the
mental task pairs. Significance annotation: p <= 0,005 in bold.

doable easy fun intuitive mapping posit. negat. concentr. tiring recogn.

Utopiar -,482 -,542 -,478 -,384  -,395-,579 297 273 254
p ,000 ,000 ,000 002 ,002 ,000 ,019 032,047
Realr -,218 -293 -294 057 079 -,189 201 246 137 -316
p 095 023 023 665 550,147 124 058 295 014
Allr -,360-,415-,391  -203  -190-,410 ,252  ,259 199 - 316
p ,000 ,000 ,000 025 ,036 ,000 005 004 028 014

For the “utopia-BCI” group, the expected correlations with the ease-related
aspects doable and easy were found, as well as correlations with most of the
other aspects. After correction for multiple tests, the correlations with concen-
tration and tiring are not significant. There were no significant correlations of
preference with any of the user experience aspects for the “real-BCI” group, but
the most relevant correlation was with the perceived recognition performance by
the system, which is as expected. Looking at the conditions combined, the most
significant correlations are for doable, easy, fun, and positive.

The relation between preference and recognition performance is not that ap-
parent when investigating this correlation. Yet, the correlations do show the
importance of easy, expressed in how easy and how doable it is to perform the
task. They also show that other aspects can be important as well, such as fun,
how intuitive it is, and the mapping to the in-game action.



A Study in User-Centered Design and Evaluation of Mental Tasks for BCI 131

5 Discussion

The participants were varied in both age and experience with the game. It would
be interesting to investigate the influence of these aspects on the preference and
user experience.

The participants in the “utopia-BCI” group had to evaluate their execution
of the mental tasks themselves. This means we had no control over whether
they were really performing the tasks seriously. It is unsure how well people
can evaluate their own task execution and how this may affect their experience.
This is a problem in any methodology that relies on self-evaluation in any part
of the experiment. Nonetheless, we assume that participants really did perform
the mental tasks: during the game sessions short delays were perceived where
the participants seemed to pause, after which the button was pressed. For the
“utopia-BCI” participants the brain activity has been recorded as well, which
would have been another motivator. The recordings cannot be used to be certain
about the task execution as the execution may be different for different partic-
ipants, and it is unsure whether there are clear differences between the brain
signals for the task pairs to begin with.

Aspects that were indicated by the participants to influence preference ratings
overall, in order of number of mentions from high to low, are: ease, recognition,
feels good. Certain terms could be grouped because of similarity, like ease and
effort, which would make the results more clear.

As expected, the perceived recognition performance of the system was low.
This fact could have a big impact on the interpretation of the scores of the
“real-BCI” group. It is however interesting to note that for the mental state
task, the participants did feel the system responded to their mental actions.
Over time, the perceived recognition increased, and the recognition scores for the
assocation tasks also rise above the neutral response. Secondly, the participants
have a tendency to be optimistic about the system recognition. A score of 1
would indicate really no recognition at all, and even though the recognition for
inner speech for example would have been minimal, the average rating is still
above 2. This optimism about self-assessment of the level of control you have is
know from other studies [7].

This analysis focused on the features derived from explicit subject reporting,
to show how valuable this information can be, or at least to indicate the im-
portance of the user in it all. This information should preferably be combined
with more objective measures, such as the speed and accuracy of the BCI system
mentioned earlier. The goal when evaluating BCI systems should be to obtain a
complete image in order to discover where the main problems lie. If the mental
task is disliked, then perhaps it might be better to look into other tasks that
are suitable for the application instead of trying to gloss it over with recognition
performance improvements.

It is also important to keep in mind that these findings come from a limited
context: the shapeshifting task in World of Warcraft®. The task itself could
have had impact on what the participants value most in a mental task. It is not
possible to see task preference independent of the in-game action as they are



132 D. Plass-Oude Bos, M. Poel, and A. Nijholt

inherently linked. If the game is fast-paced, tasks that can be executed more
quickly will be more suitable, both on a functional and experiential level. If a
task matches the in-game situation it has an advantage compared to a task that
is similar in all other aspects. If a task will be executed often the effort and time
of execution become more important than when it is only to be done every now
and then.

Finally, the point was made that healthy users will be less accepting than
patients of the problems that current BCls still struggle with. But it is important
to consider that patients will also benefit from usability improvements.

6 Conclusions

When evaluating BCls, current research only pays attention to task recognition
performance, speed, and the derivative: bit rates. Human-computer interaction
research shows that for a user to accept and value this new means of interaction
other aspects may be important as well, generally summarized as usability and
user experience.

For this research, we involved potential users in the design process of deter-
mining which mental tasks to use for certain actions within the application. This
resulted in three categories of mental tasks that are not listed among the most
frequently used tasks in current BCI applications, and which are appreciated by
the users (mental state, inner speech, and association).

The three pairs of mental tasks uncovered in the design process were evaluated
based on user experience with the help of our prototype system. By asking the
participants about their experience, we gained new insights into what potential
users like or dislike about these particular mental tasks for this BCI system
and why. In the context of this experiment, user preference for mental tasks
seems to be based on (in order of preference) accuracy of task recognition by the
system, ease of performing the mental task, and lastly by factors such as fun,
intuitiveness, and suitability for the task.

The fact that the recognition by the system was indicated to be so important
to the participants in this experiment could validate the current focus of BCI
research on speed and accuracy. To prove such a generalization, further research
is required. However, though the speed and accuracy of detection for a given
mental task can be improved with better hardware and analysis methods, the
mental task itself remains the same.

When the performance of BCI systems gets better, other aspects of user ex-
perience , such as ease, fun and intuitiveness, will play a more prominent role.
When designing and evaluating systems it would, both for patients and healthy
users, be beneficial to take the usability and user experience into account.
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