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Mental workload during brain—computer interface training
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It is not well understood how people perceive the difficulty of performing brain—computer interface (BCI) tasks,
which specific aspects of mental workload contribute the most, and whether there is a difference in perceived
workload between participants who are able-bodied and disabled. This study evaluated mental workload using
the NASA Task Load Index (TLX), a multi-dimensional rating procedure with six subscales: Mental Demands,
Physical Demands, Temporal Demands, Performance, Effort, and Frustration. Able-bodied and motor disabled
participants completed the survey after performing EEG-based BCI Fitts’ law target acquisition and phrase
spelling tasks. The NASA-TLX scores were similar for able-bodied and disabled participants. For example,
overall workload scores (range 0-100) for 1D horizontal tasks were 48.5 (SD = 17.7) and 46.6 (SD 10.3),
respectively. The TLX can be used to inform the design of BCIs that will have greater usability by evaluating
subjective workload between BCI tasks, participant groups, and control modalities.

Practitioner Summary: Mental workload of brain—computer interfaces (BCI) can be evaluated with the NASA Task
Load Index (TLX). The TLX is an effective tool for comparing subjective workload between BCI tasks, participant
groups (able-bodied and disabled), and control modalities. The data can inform the design of BCIs that will have
greater usability.

Keywords: brain—computer interface (BCI); mental workload; NASA Task Load Index, NASA-TLX; Fitts’ law;
electroencephalogram (EEG)

1. Introduction

A brain—computer interface (BCI) is a communication system that does not depend on the brain’s normal input/
output pathways of peripheral nerves and muscles (Wolpaw et al. 2000). It is anticipated that the more direct
connection between a computer and neural commands should give BCIs a would-be advantage over other
augmentative communication methods. This technology offers the promise to provide functionality and
independence to individuals with severe motor disabilities by enabling them to directly control assistive devices
such as computers, wheelchairs or prosthetic limbs.

Previous BCI studies have demonstrated that humans can move a computer cursor to a target using signals from
surface electrodes (i.e. electroencephalogram or EEG) (Wolpaw et al. 2000, Wolpaw and McFarland 2004, Kubler
et al. 2005), subdural electrodes (i.e. electrocorticogram or ECoG) (Leuthardt et al. 2004, Felton et al. 2007b), or
electrodes implanted within the brain (i.e. local field potentials and action potentials) (Kennedy et al. 2000,
Hochberg et al. 2006). Although the methods vary, cursor control is often accomplished by training the participant
to use motor imagery to modulate neural signals (Wolpaw et al. 2002, Leuthardt et al. 2004, Wolpaw and
McFarland 2004, Felton et al. 2007b).

Although BCI research is rapidly advancing, there are still limitations to overcome before BCIs become a widely
available assistive technology. It is not well understood how people perceive the difficulty of performing BCI tasks,
which specific aspects of workload contribute the most, and whether there is a difference in perceived workload
between users who are able-bodied and disabled. Equally important is an understanding of how to best design the
interface to reduce mental workload and prevent fatigue, both of which are likely to be limiting factors of the
current technology (Curran and Stokes 2003, Riccio et al. 2011).

This study evaluated mental workload using the NASA Task Load Index (NASA-TLX) for EEG-based BCI
target acquisition and phrase spelling tasks executed by participants who are able-bodied and motor-disabled. The
target acquisition task experiment involved training participants to use motor imagery to control the movement of a
computer cursor in one dimension (1D) or two dimensions (2D). Fitts’ law, which is a predictor of human
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movement time, was used to determine the information transfer rate, which was based on target acquisition time
and target difficulty (Felton et al. 2009). The phrase-spelling task experiment involved training participants to use
similar brain-controlled cursor movements to interface with a text-entry system to write short phrases (Felton et al.
2007a). For comparison, able-bodied participants also performed the tasks using a manual control device (joystick
or mouse).

1.1. Mental workload

Mental workload should be considered when designing tasks or procedures that require user attention. Research
on mental workload started in the 1960s when investigators evaluated human—machine systems such as ground
transportation, air traffic control, and process control (Parasuraman and Hancock 2001). Many studies have
evaluated strategies to reduce mental effort when performing computer tasks (Wickens and Hollands 2000),
which tend to require high visual and cognitive demands, leading to an increase in mental workload (Hjortskov
et al. 2004).

A systematic evaluation of mental workload during BCI training and use has not yet been performed. BCI research
is typically conducted in the well-controlled environment of an isolated, distraction-free laboratory where participants
are instructed to sit still and concentrate on the task. In addition, the types of tasks tend to be emotionally neutral,
which clearly will not always be the case for people who might use BCI as their main mode of communication. In actual
use, BCI users will have a higher cognitive load due to increased attentional demands from distractions, emotions, and
interactions with other people (Curran and Stokes 2003). Kennedy et al. reported that one participant with an
implanted neurotrophic electrode had reduced BCI performance when medicated, ill, or fatigued (in general or from
repeat BCI use) (Kennedy et al. 2000). When the researchers noticed a decline in performance and asked about the
participant’s sense of effort, the participant reported that it was maximal (Kennedy et al. 2000). This follows the theory
that high workload can lead to stress and errors (Wickens and Hollands 2000).

1.2. NASA-Task Load Index

The NASA-TLX was developed by the Human Performance Group at the NASA Ames Research Center (Hart and
Staveland 1988). It is a multi-dimensional rating procedure with six subscales: Mental Demands, Physical Demands,
Temporal Demands, Performance, Effort, and Frustration. The first three subscales relate to demands on the
participant and the last three relate to the interaction of the participant with the task. Numerical ratings for each
subscale are obtained by having the participant mark a line divided into 20 equal intervals, which is converted to a
rating on a 0—100 scale. The line is anchored on each side with bipolar descriptors (for example, low and high). A
raw workload score is calculated by adding the rating given to each of the six subscales and dividing by six
(Byers et al. 1989). The more commonly used overall workload score is calculated based on a weighted average
rating of the subscales. Weights are determined by the participant’s evaluation of how much each factor
contributed to the task workload. After completing the initial ratings, 15 pair-wise comparisons of the 6 subscales
are presented individually, and the participant chooses the subscale contributing most to the task workload.
The weight for each subscale is the total number of times it was selected divided by 15. An overall workload score
is calculated by multiplying each rating by the weight given to that subscale, and can range from 0-100 (Hart and
Staveland 1988). As a multidimensional scale, the NASA-TLX is useful for obtaining more detailed and diagnostic
data than a unidimensional scale (Hill ez al. 1992). The NASA-TLX has been used in many investigations of
human—computer interaction as a method of assessing mental workload (Smith ez al. 2001, Vitense et al. 2003).

2. Methods
2.1. Participants

Twelve participants with disabilities (see Table 1 for demographic information) and 32 able-bodied participants
were enrolled, however, the requirement for inclusion in this data analysis was completion of at least six one-
hour BCI training sessions. Therefore, 12 able-bodied participants (7 men and 5 women, aged 19-34) and 7
participants with disabilities (4 men and 3 women, aged 46-60) were included in the analysis. The majority of
participants excluded from the analysis did not complete enough sessions. The only exceptions were two
participants with disabilities for whom there were difficulties in administering the TLX, so accuracy of responses
could be not be assured. The participants were naive to BCI tasks upon initial enrolment in the study, with the
exception of one able-bodied participant who participated in ECoG-based BCI experiments 1.5 years prior to
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Table 1. Demographics of participants with disabilities.

Speech  Mobility >5 BCI Cursor NASA-
Duration of affected Affected sessions Control TLX

# Description of disability Gender Age disability Y/N)*  (Y/N) (Y/N) Y/N)  (Y/N)
1 Spinal muscular atrophy (type 2) F 27  Birth Y Y Y N N
2 Spinal cord injury (level T-10) M 51 8 years N Y N N N
3 Locked-in syndrome M 59 20 years Y Y Y N N
4 Amyotrophic lateral sclerosis M 50 18 years Y Y Y Y Y
5 Amyotrophic lateral sclerosis F 46 19 years Y Y Y Y Y
6 Spinal cord injury (level C4-5) M 50 9 years N Y Y N Y
7 Post-polio F 65 51 years N Y N N N
8 Post-polio M 60 53 years N Y Y Y Y
9 Muscular dystrophy (MD) M 54  MD - Birth, Y Y Y Y Y

and post-polio Polio — 51 years

10 Cerebral palsy M 47  Birth Y Y N N N

11 Spinal muscular atrophy F 49  Birth N Y Y Y Y

(type 2/3)
12 Spinal muscular atrophy (type 3) F 47  Birth N Y Y N Y

Note: *The degree of speech impairment varied from difficult to understand to no speech at all.

commencing participation in the EEG experiments presented here. The tasks performed in the prior experiments
were different than those used in the current study, and her BCI task performance did not differ significantly
from the participants who were naive to BCI tasks. All participated with informed consent and the protocol
was approved by the University of Wisconsin-Madison Health Sciences Institutional Review Board.

2.2. Experimental hardware and software

Participants wore a 16-channel electrode cap (Electro-Cap International Inc., Eaton, OH), which recorded and
transmitted their EEG signals to a computer via a g.USBamp amplifier (Guger Technologies, Graz, Austria) or
Pentusa amplifier and signal processing system (Tucker-Davis Technologies, Alachua, FL). The pure tin electrodes
were 9 mm in diameter and the cap configuration followed the standard 10-20 system for electrode placement (see
(Sharbrough et al. 1991) for details).

BCI2000, a general-purpose brain—computer interface software package created by investigators at the
Wadsworth Center in Albany, New York, was used for these experiments (Schalk et al. 2004). BCI2000 uses a
standardised data format for offline analysis and is based on a model that can be applied to any BCI system.
The code for BCI2000 is open-source, so the programme was modified with in-house software routines for the
tasks used in this experiment (Schalk et al. 2004).

2.3. Experimental procedure: screening and parameter selection

A screening procedure was performed during the first experimental session to determine the EEG spectral
frequency components of specific electrodes that participants could self-modulate using motor imagery.
Participants imagined different types of movements (e.g. clenching their hands, tapping their feet, sticking out
their tongue) in response to visual cues presented on a computer screen. These data were processed in the
frequency domain using autoregressive spectral analysis to find frequency bands of specific electrodes that
changed in power between the imagery (active) and blank screen (rest) time segments. If a high correlation
(* > 0.3) was observed between the power change and an active response time segment, it was concluded that
the participant could use that imagery to self-modulate the specific signal component. Based on the analysis, 3—
5 Hz wide frequency bands (e.g. 12-15 Hz) of specific electrodes were assigned a preferred direction for cursor
movement (e.g. left or right). A specific electrode, frequency range, and weighting factor were used to control
each direction of cursor movement (up, down, left, right). The seclected electrodes usually corresponded to
locations over sensorimotor cortex, such as C3 and C4 (based on 10-20 electrode system convention). During
each trial, the EEG power spectral content for each electrode was measured continuously, and the signal
magnitude was entered as the independent variable in a linear calibration equation that controlled cursor motion in
real time. Calibration occurred at the beginning of each session, so the weighting factors could vary slightly
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between sessions. Details on the calibration and weighting algorithms can be found in previous work describing the
BCI2000 platform (Schalk et al. 2004).

Once the parameters selected from the screening tasks were established, participants were trained to use motor
imagery to acquire onscreen targets with a computer cursor controlled by their neural signals. Participants were
instructed to use the same imagery as during the screening tasks and adjust as necessary to what seemed to work
best for them. By using imagery to control the cursor movement, they were effectively self-modulating the EEG
signals.

2.4. Experimental procedure: target acquisition tasks

At the start of each trial, a rectangular target appeared on the screen (Figure 1) and then 2 s later, a circular ‘cursor’
appeared at the centre of the screen. The participant was instructed to use specific types of imagery to control the
cursor movement in each direction. For example, cursor movement in the horizontal direction was typically
accomplished by instructing participants to imagine clenching their left or right hand to make the cursor move left
or right, respectively. The task was to move the cursor to the target as quickly and accurately as possible and hold it
within the target for 500 ms. When the centre of the cursor moved into the target, the target changed colour to
indicate the cursor was in the target and the participant needed to hold it there for 500 ms. After 500 ms, the target
flashed and disappeared to indicate a successful acquisition. If the cursor did not come in contact with the target
after 15 s, the trial ended. However, if the cursor came in contact with the target, but did not dwell 500 ms, the timer
kept going until the target was acquired, or 15 s passed without contacting the target. There was a 2 s rest period
between trials and participants completed as many trials as possible in sets lasting 3 min. The targets appeared in a
random order over the duration of the set. A typical training session would include 10 of the 3 min sets, and each set
had 10-20 trials depending on how fast targets were acquired.

The Fitts’ index of difficulty (ID) describes the relative difficulty of a ballistic movement in a target acquisition
task emphasising speed over accuracy, and is based on the distance (A) from the starting point to the target, and the
width (W) of the target (Equation 1) such that movement time (MT) is a function of ID (Equation 2). The
information transfer rate (bits/sec) is calculated by taking the reciprocal of the slope, b, in the regression equation.

24
ID = logzw (1)

MT:a+b[log2 <2I/1;/1>} =a+b(ID) (2)

W = Target Width l

P

A = Distance from
start position to center
of target

T ¥~ Subject moves cursor

left or right by
Ciirsor staxt modulating EEG or
position ECoG power

The goal is to move the
cursor to the target and hold
for a 500 ms dwell time

Figure 1. Target acquisition task based on Fitts’ law. The task is to move the circular cursor to the rectangular target. One
target is shown, but targets of varying indices of difficulty are presented one at a time on each side of the screen during the
task. Index of difficulty is varied by changing the width () of the target and distance from the start position of the cursor
to the centre of the target (A).
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BCI task degrees of freedom increased from unidirectional (1D) to orthogonal directional (OD) to two-
dimensional (2D). The 1D task constrained presented targets along a single coordinate axis and the cursor could
only move along that axis (either left-right horizontal OR up—down vertical). The OD task targets could be
presented in any of the four directions and the cursor could move along either of the two orthogonal coordinates
(left-right horizontal and up—down vertical). The 2D tasks involved free movement in any two dimensional
direction (e.g. up—right diagonal). Participants typically learned horizontal 1D movement first and then they learned
vertical 1D movement. Even as participants advanced to more difficult tasks as described below, there was always
time at the beginning of each session to practice movements learned previously.

There were seven indices of difficulty (ID) for the 1D tasks: 0.58, 0.74, 1.14, 1.22, 2.0, 2.59, and 3.70 bits. This meant
there were 28 possible target positions (seven each on the top, bottom, left, and right sides of the screen), although the
horizontal and vertical dimensions were evaluated separately because the cursor movement for each dimension required
different types of imagery. For example, in a 1D horizontal task set, targets would appear only on the left or right side
of the screen and the cursor movement was constrained to the horizontal (left-right) direction. After at least five
sessions of learning how to control both the horizontal and vertical dimensions of cursor movement, these were
combined in the orthogonal directional (OD) task where the six of the same seven indices of difficulty (0.58-2.59 bits)
were evaluated, for a total of 24 possible targets positions that appeared randomly in a test set. In order to perform the
Fitts’ law analysis, which is reported separately (Felton ef al. 2009), the task difficulty is controlled and a minimal level
of task accuracy is expected. For this study BCI cursor control is definite as >80% task accuracy.

Finally, two participants who were successful with the OD tasks (>90% accuracy) advanced to a true 2D task
where the targets could be located diagonally from the cursor start position. Participants could acquire targets by
simultaneously or sequentially performing the imagery attributed to each direction of cursor movement. For
example, if a target was located to the bottom-left of the cursor, and the participant used foot movement imagery
for downward cursor movement and left hand clenching imagery for leftward cursor movement, they could either
think about the foot and hand movement together or sequentially. The 2D task only had two levels of ID: 1.59 and
1.92 bits.

2.5. Experimental procedure: Dasher-BCI

In addition to the basic BCI target acquisition tasks, eight able-bodied participants who completed at least six 1-
hour BCI sessions with 1D task accuracy >90% for three consecutive sessions were trained to use similar brain-
controlled cursor movements to interface with the Dasher text-entry system. Participants with disabilities were not
trained to do the Dasher-BCI because none of them achieved the consistent high level of task accuracy required.
Dasher is a user interface for computer text entry intended for situations when a keyboard cannot be used. The
programme uses a language model to predict the probabilities of characters that come next, making more likely text
easier to write. For detailed information about Dasher and details of the Dasher-BCI experiment see (Wills and
MacKay 2006, Felton et al. 2007a).

Participants wrote six predetermined short phrases (‘good morning,” ‘turn tv on,” ‘clean glasses,” ‘too cold,’
‘lights off,” and ‘head hurts’) in Dasher using brain-controlled cursor movements. The Dasher-BCI tasks used the
direction (horizontal or vertical) of cursor movement most accurately controlled by the participant. For example, if
a participant was able to best control horizontal cursor movement using left and right hand motor imagery, they
used the same motor imagery and screen orientation for Dasher-BCI tasks. In Dasher, the letters could be set up to
appear at the right side or bottom of the screen, requiring 1D vertical or horizontal cursor movement, respectively.
Participants moved the cursor in one direction to select letters and if an error was made, they moved the cursor in
the opposite direction to remove unwanted letters.

2.6. Experimental procedure: manual cursor control

Manual control tasks using a joystick or mouse were also carried out with able-bodied participants. All participants
reported some prior experience using both a joystick and mouse, and none reported difficulty with their operation.
The BCI target acquisition tasks were performed with a hand-held joystick (Logitech Attack 3, Logitech Inc.) and
the Dasher phrase spelling tasks were completed with a standard hand-held mouse. This procedure took place
during a session at the end of BCI training, so a direct comparison between manual and brain-controlled cursor
movement could be made. Nine able-bodied participants did the joystick task and seven did the Dasher-mouse task.
The purpose of this part of the study was to produce a baseline level of performance using a conventional computer
input device to compare against the BCI performance.
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2.7. Mental workload analysis

Participants were administered the computerised NASA-TLX at the end of BCI training, after completing at least
six one-hour sessions. Therefore, it was administered after participants had adequate practice with the tasks.
Separate evaluations were completed for brain-controlled target acquisition tasks, joystick-controlled target
acquisition tasks, brain-controlled phrase writing in Dasher, and mouse-controlled phrase writing in Dasher. The
mean raw workload, overall workload, and weighted subscale scores were calculated for each task. The raw and
overall workload values indicated the tasks requiring the most mental workload, while the weighted subscale scores
identified the workload factors contributing most to each task. The highest possible score for the raw and overall
workload is 100, while the highest score for the weighted subscales is 33.3. The independent variables were task
(target acquisition or Dasher) and input modality (brain or manual input). The dependent variables were overall
workload and each weighted subscale score.

3. Results
3.1. NASA-TLX scores

NASA-TLX mean raw, overall workload, and weighted subscale scores are shown in Tables 2 and 3 for participants
who are disabled (D) and able-bodied (AB). Table 2 shows the data for participants who achieved BCI cursor
control (>80% task accuracy for 1D tasks) and Table 3 shows the data for participants who did not. The six NASA-
TLX subscales are: Mental Demands, Physical Demands, Temporal Demands, Performance, Effort, and
Frustration. Note that these are subjective ratings; so for example, the perceived performance does not necessarily
reflect the participant’s actual performance. The raw score is the average of the six subscale ratings, while the overall
workload score is the total after weighting each subscale rating.

For participants who achieved cursor control, the tasks with the highest and lowest overall workload scores were
Dasher-BCI (81.1, SD = 14.3) and 1D joystick (31.3. SD = 13.5), respectively. However, when evaluating the
weighted subscale ratings, the Dasher-BCI task was highest on only two of the six subscales: effort (19.9, SD = 9.1),
and frustration (15.8, SD = 10).

A one-way repeated measures analysis of variance (ANOVA) indicated no significant effects for overall
workload score between brain-controlled target acquisition tasks performed by able-bodied participants who were
able to achieve cursor control for the basic 1D horizontal, 1D vertical, and orthogonal directional tasks, with mean
scores of 48.5, 69.1, and 60.8, respectively. There also were no significant differences (p < 0.05) for any of the
subscales between the three tasks.

3.2. Comparison between participant groups for 1D BCI tasks

A between groups ANOVA was performed to determine the effect of participant group (able-bodied or disabled) on the
1D brain-controlled task conditions (horizontal and vertical). There were no statistically significant differences
(p > 0.05) between raw TLX, overall workload, or subscale scores between groups for participants with cursor control.

3.3. Comparison between cursor control groups for 1D BCI tasks

A between groups ANOVA was performed to determine the effect of ability to perform the BCI tasks (cursor
control and no cursor control) on the 1D brain-controlled task conditions (horizontal and vertical). For able-bodied
participants, there were no statistically significant differences (p > 0.05) between raw TLX, overall workload, or
subscale scores between those who were and were not able to perform the 1D BCI tasks. For participants with
disabilities, there was a statistically significant difference (p < 0.05) for the overall workload and raw TLX scores
for the 1D horizontal task. Participants with disabilities who had cursor control had an overall workload score of
46.6 (SD 10.3) compared to 81 (SD 0) for those who did not. All other differences between scores for the 1D
horizontal and vertical tasks were not statistically significant. Note, the low participant numbers in each group must
be considered when interpreting these results.

3.4. Dasher-BCI tasks

Dasher BCI tasks were only performed by the able-bodied participants. A one-way repeated measures ANOVA
indicated statistically significant effects (p < 0.05) for overall workload score between both 1D tasks (horizontal
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and vertical) and Dasher-BCI tasks. The mean overall workload scores for 1D horizontal, 1D vertical, and Dasher-
BCI were 48.5 (SD = 17.7), 69.1 (SD = 18.6), and 81.1 (SD = 14.3), respectively. The only statistically significant
subscale score (p < 0.05) was between 1D horizontal and Dasher-BCI tasks for frustration, with a mean subscale
score of 5.9 (SD = 6.6) and 15.8 (SD = 10), respectively.

3.5. Manual control tasks

Comparisons were also made between the brain and manual controlled tasks performed by able-bodied
participants. The manual control tasks were identical to the brain-controlled tasks, but were carried out with either
a joystick or mouse. Scores for manual devices were used to determine baseline mental workload for each task using
a familiar device and can be used to determine sources of workload that differ between modalities.

In general, the most important contributors to the workload for the basic BCI target acquisition tasks (1D
horizontal and vertical) were mental demand and effort, while physical demand and effort were most important for
the equivalent task carried out with a joystick. There were statistically significant effects (p < 0.05) for overall
workload between 1D horizontal BCI and joystick tasks, with a mean score of 48.5 (SD = 18) and 31.3
(SD = 13.5), respectively. There were also statistically significant effects between 1D BCI and joystick controlled
tasks (p < 0.05) for the mental demand and effort subscales.

There were statistically significant effects (p < 0.01) between Dasher-BCI and Dasher-mouse tasks, with a mean
overall score of 69.2 (SD = 13.9) and 32.6 (SD = 14.7), respectively. There were also statistically significant effects
between Dasher-BCI and Dasher-mouse tasks (p < 0.05) for the mental demand, effort, and frustration subscales.

4. Discussion

This study investigated mental effort for brain-controlled target acquisition and phrase-spelling tasks. This
information was studied in order to understand the practicality of using BCIs for assistive technology and
alternative control tasks, and to make comparisons between participant groups for different computer input
modalities. Although BCI technology is targeted for individuals with disabilities, the majority of BCI research
participants are able-bodied (AB). It was anticipated that persons with disabilities who may benefit from BCI would
perceive these tasks as less mentally demanding.

Evaluating BCI technology in AB participants provides a good starting point for understanding BClI-related
mental workload. However, many differences can exist between AB and populations with disabilities, so the results
may not translate directly. For example, users with disabilities may report less mental workload because the brain-
controlled tasks are easier for them to execute than manual tasks. Or, even if the brain-controlled tasks are more
difficult than tasks carried out using an alternative computer input method, the difference may be smaller than that
experienced by AB participants who can easily perform computer tasks with a joystick or mouse.

This study had several limitations. The total number of study participants, particularly those with disabilities,
was limited due to multiple factors including the number of training sessions needed for this study. Further, the
participants with disabilities varied in their type and duration of disability (see Table 1), making this a relatively
heterogeneous group. Recruitment of participants with disabilities is difficult and although the numbers in this study
were small, they are comparable or larger than other BCI studies of this type. The mean age of the two participant
groups was quite different, so there may be other factors, such as general comfort with technology, which influenced
the results of the younger able-bodied group. Also, the NASA-TLX was administered after several training sessions,
once the participants were familiar with the task. However, it would be interesting to administer the tool at regular
intervals throughout training to evaluate how perceptions change over time. Finally, the manual cursor control
conditions were not counterbalanced in this experiment — they were done at the end of BCI testing.

Despite the limitations, this study has shown that the NASA-TLX scale can be an effective tool for evaluating
mental workload for a range of BCI tasks and participant groups. NASA-TLX scores can be used to inform the
design of BCI applications because it provides data on both overall and individual contributors to workload. The
scores can be used to directly compare different designs to find those requiring the least amount of mental workload.

The unidirectional (1D) horizontal and vertical tasks were similar in that they required the use of motor imagery
to move the cursor in one dimension (i.e. left-right or up—down) only. However, different types of imagery were
used for each movement direction and they may not be equally easy to execute. The orthogonal directional (OD)
tasks put the two separate dimensions of cursor movement together, so participants were expected to use four
different types of imagery depending on the target location. The cursor did not always move directly to the target, so
unless immediately acquired, more than one type of imagery may have been necessary for a particular target.
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Despite this, there were no significant differences (p < 0.05) in the NASA-TLX scores between the 1D horizontal,
1D vertical, and OD brain-controlled tasks. The finding of no differences between the 1D tasks supports results
reported separately showing no significant differences between Fitts’ law regression lines for the four movement
directions (up, down, left, right) (Felton et al. 2009).

The Dasher-BCI task was a different implementation of the same brain-control used for the 1D target
acquisition tasks. The direction of cursor movement (left-right or up—down) best controlled by the participant was
used to continuously steer the cursor towards letters to complete phrase-writing tasks. Although the same brain-
control is used for both tasks, there are key differences between the tasks. The standard BCI target acquisition tasks
required participants to move the cursor to a target after which a two-second break was given before the next target
appeared. In addition, whether they were able to acquire a particular target had no influence on the next target; they
were essentially able to ‘start-over’ with each next target. By contrast, the Dasher-BCI tasks required continuous
brain-control of the cursor without any breaks. In addition, a certain sequence of letters had to be selected, so if the
incorrect letter was selected, the participant had to make a correction. Significant differences were found between
the standard BCI target acquisition and Dasher-BCI phrase-spelling tasks. These findings are important because in
order for BCI technology to be pragmatic, the programme will likely involve more than simple target acquisition,
even if meaning were to be attributed to the targets (e.g. yes/no, letters, etc.). Programmes such as Dasher have been
successful for other types of alternative input modalities, such as the eye tracker and breath mouse (Ward et al.
2002, Ward and MacKay 2002, Shorrock et al. 2005, Wills and MacKay 2006). Information about the highest
sources of workload for that task can be used to make strategic changes to the programme to enhance user
performance and reduce mental workload. Because the same type of cursor control was used for the 1D target
acquisition tasks, that task can be used as a baseline for comparison. While the overall workload was significantly
higher for Dasher-BCI and all subscale scores were higher, the only subscale score that achieved statistical
significance was frustration, which was higher for Dasher-BCI.

The NASA-TLX scores for mental workload were similar for able-bodied and participants with disabilities.
Mental demand and effort were the subscales contributing most to overall workload in both participant groups. The
similarity between groups suggests that participants with disabilities do not have a greater sense of subjective
workload when completing BCI tasks. This was despite differences in their cursor movement times as determined by
the Fitts’ law analysis which is reported separately (Felton e al. 2009). For example, participants with disabilities
had average 1D movement times ranging from 3.20 s (SD = 0.84s) to 7.01 s (SD = 1.14 s) at the lowest and highest
indices of difficulty, 0.58 and 2.59, respectively. Whereas, able-bodied participants had average times ranging from
1.78 s (SD = 0.10 s) to 5.62 s (SD = 0.4 s). Note that although the participants with disabilities had longer
movement times, they still met criteria for control, so were able to perform the task. The increased movement time
required for participants with disabilities can be accounted for in the task design.

This similarity in mental workload scores will be useful because different types of tasks can be screened in able-
bodied participants, who are readily available for BCI studies. Once a set of tasks that requires low workload are
selected, these can be evaluated in participants with disabilities. Information from the NASA-TLX can be used to
inform the design of BCI applications because it provides data on both overall and individual contributors to
workload. The scores can be used to directly compare different designs to find those requiring the least amount of
mental workload. For computer-based BCI tasks, the ultimate goal is to reduce workload to that from using a
standard mouse or joystick.

An interesting observation was the significantly higher overall and raw workload scores for BCI tasks performed
by participants with disabilities who did not have cursor control compared to those who did. It is reasonable to
assume that participants who have difficulty performing the BCI task may experience a higher subjective workload.
However, that the scores were higher in the disabled versus able-bodied participants who did not have cursor
control is also worth noting. Although the participant numbers in each group were low, these differences should be
explored further in future studies that include both participants who are able-bodied and disabled.

In addition to making comparisons between different groups of participants there is a need for comparison of
workload and performance between modalities. In this study, a manual joystick was compared against EEG based
BCI tasks. However, future studies will need to make mental workload comparisons between manual tasks and
other brain-controlled modalities, such as those from electrocorticogram (ECoG) and single unit brain recordings.
Although those methods are more invasive, they have the potential of an improved signal-to-noise ratio making
brain control easier. The NASA-TLX can be a useful tool for comparing across these modalities.

NASA-TLX is just one method that can be used for mental workload analysis. Future studies should consider
other objective measures of mental workload. One example of such a measure is heart rate variability (HRV), which
describes the variations of instantanecous HR and RR intervals (distance between subsequent R waves on an ECG
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recording) (Camm et al. 1996). HRV has been shown to be sensitive to acute stress, with mental load lowering HRV
(Hjortskov et al. 2004). Objective measures of workload for BCI tasks may also prove useful for studies that use
non-human primates as BCI test participants.

The application of methods from the human factors, ergonomics, and neuroergonomics to BCI research will
help take the technology out of the lab and into the real world where it can benefit people with motor disabilities.
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