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Abstract
This thesis presents a cVEP based step sequencer, a musical interface that uses a
grid-like structure to decouple input and playback. A comparison was made between
two separate variations of this application – with a Pentatonic and a Major scale -,
after which the general user experience was assessed through a copy-spelling task and
a free-play task. When properly calibrated, participants were able to reach an average
speed of 7.4 seconds per selection with an accuracy of 69.4%. The Major scale
variation was generally preferred, with participants rating the overall experience as
“fair”. However, enjoyment seemed to be heavily tied to factors outside of the scale
differences, like calibration accuracy. This technology may allow patients that have
lost their ability to move to compose short musical pieces.
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1
1.1

Introduction
Introduction to BCI’s

Brain-Computer Interfaces (BCI’s) are systems that allow users to interact with their
environment through brain activity, removing the need for voluntary muscle control.
They do this through a process known as the BCI-cycle. This cycle starts with the
generation of brain activity from the user, either through a specific stimulation or by the
user inducing it themselves. This brain activity is generally measured by an EEG, which
then gets pre-processed for decoding. This decoding step outputs usable information
about the user’s brain activity, which gets fed back to the user as a stimulus (thereby
completing and restarting the cycle) [1] .
BCI use cases vary, from improving mobility through exoskeletons [2] and prosthesis
control, to restoring communication with spellers [3] . Many of the abilities that this
technology opens up are especially useful for patients with total or partial Locked-In
Syndrome (LIS), who have lost their ability to move or communicate verbally due to
complete paralysis [4, 5] . When researching Quality of Life among these LIS patients, one
of the key factors of unhappiness was a desire for more recreational opportunities [6] .
This is where BCI’s with the purpose of creative expression and entertainment - also
known as artistic BCI’s - come in.

1.2

Artistic BCI’s

Creative expression through BCI’s is nothing new [7–9] ; a common example is the brain
painter for ALS patients, a BCI which uses an adapted P3001 speller that allows ALS
patients to draw paintings with relatively high accuracy [14] [15] . There are also use cases
for the non-paralyzed; games like MindLight use neurofeedback from a BCI to interact
with the game world, requiring players to calm down to make enemies disappear and
progress in the game. This can help children with anxiety disorders to manage their
distressing emotions through self-regulation [16, 17] . In this thesis, the focus will be on
the sub-topic of music in relation to BCI’s [18] .

1.3

Music-related BCI’s: Previous work, approaches and challenges

Research in music-related BCI’s has taken a few general directions. On the one hand,
some research has focused on aiding the consumption and interaction with music. For
example, using brain signals to analyze the enjoyment of music, as to allow for automated
music evaluation for streaming services [19, 20] . This can help those who are unable to
interact with these services in more conventional manners. Another example is the
capturing and altering of a participants’ affective state through musical feedback [21] .
1 The

P300 is an event related potential (ERP) which occurs when a rare stimulus is shown in the
context of normal stimuli (also known as the oddball response [10, 11] . It has a positive (P) deflection
in voltage, occurring somewhere about 300ms after the stimulus was shown – henceforth the name.
Most early BCI’s made use of this P300 signal, and many to this day still do due to the signals’
ubiquity in people and requiring zero training [12, 13] .
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On the other hand, one can also use BCI’s to create music. This thesis will be focusing
on this music-creation based software.
Although there is some early work around listening to EEG’s [22] , Alvin Lucier’s Music
for Solo Performer is generally considered to be the first musical performance driven
by brain activity [23] . The piece was created by measuring alpha waves, which were
heavily amplified and band-passed2 . These waves were then sent to loudspeakers that
were coupled to a range of percussion instruments [24] . Similar work occurred in years
after [25] , but all of it was fundamentally based on the sonification3 of the EEG data,
which meant that there was no voluntary control over the musical composition; one
could only simply generate output and transform that output into sounds.
Work that allows for more voluntary control is still relatively new. Early work focused on
creating or completing simple melodies using the structure of P300 spellers, effectively
replacing letters with music notes [26] . One of the leading papers in this field connected a
P300-based BCI control system to music composing software MuseScore, allowing for a
rather extensive amount of functionality with 36 possible targets [27] . However, accuracy
dropped below 90% in some tasks, with speeds around just 2.4 selections per minute.
Participants were generally satisfied with this system, mostly praising its dependability
and novelty.
There are multiple approaches for creating music-based software. Possibly the most
obvious and intuitive manner is using the layout of an instrument – e.g. a piano - ,
which would allow for real-time playback. Although technically possible, a few practical
problems arise. First off, although BCI’s have gotten significantly faster over time [28] ,
the current state of BCI’s is still too slow for any enjoyable real-time music control.
As an extremely low baseline, subjective rhythmization – your brain separating strong
and weak beats – becomes impossible below 33 bpm, and thus requires 33 “characters
per minute” from a BCI instrument with real-time playback [29, 30] . For comparison, the
world’s fastest BCI barely reaches this with an average of 35 letters per minute [28] , while
the BCI kit used for this thesis reaches about 9 commands per minute [31] . Even if the
subjective rhythmization baseline was consistently reached, it is still a far cry from the
BPM ranges of most music, let alone the fact that matching the BPM suggests only one
note per beat, whereas most music has multiples notes per beat.
Additionally, using real-time playback requires a control of rhythm and rests, which
in turn requires precise control of when a user can select a button. Current BCI’s still
have a lot of variability in when a button can be pressed, which means that using precise
timing is not possible.

1.4

An introduction to sequencer

An alternative approach that circumvents these problems is designing the application
like a step sequencer (See Figure 1). A step sequencer is a device that has a grid-like
interface of buttons – also known as steps - that can be toggled on or off. Each column
in this grid represents a slice of time, while each row belongs to a different audio sample.
By looping over the columns of the grid, the sequencer sequentially plays back the audio
that’s related to the buttons that are currently toggled on. A tracking arrow is used
2 Band-passing

is a technique in which high and low frequencies are removed from a signal, generally to
remove noise.
3 Sonification is the process of presenting data through audio, instead of through visuals like graphs.
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to visualize what audio is currently being played back. This setup allows you to plot
out your musical composition over time in advance and set the playback speed separate from input speed, removing the aforementioned limitations on speed and rhythm.
Another advantage is that due to the stacked structure of a grid, one can easily and
intuitively make chords, simply by selecting multiple notes at the same time slot. Step
sequencers are often used for drum loops, but in essence every sound can be placed on
the grid. Some prior limited research with BCI’s sequencer using a P300 response has
shown relatively okay accuracy (averaging 86% with 64 possible selections), but at the
cost of a low speed – averaging only 3 selections per minute [32] . To increase the speed
of BCI’s while maintaining the accuracy, one could decide to use an alternative sensory
stimulation method, such as cVEP.

Figure 1: a hardware-based step sequencer. If a button is lit up, it means that it is
toggled on and that the respective sample will be played back when its column is
reached.

1.5

A cVEP -based step sequencer

This thesis presents a custom-made step sequencer connected to a cVEP based BCI [33]
(see Figure 2). cVEP stands for code-modulated Visual Evoked Potential (also known
as BBVEP), which refers to the manner in which brain activity is evoked in order to
make predictions. cVEP is based on the idea of pseudo-random codes, which contain
binary information pseudo-randomly spread over time. These codes – also known as
noise tags - are then applied to flash sequences, where the binary code is mapped to
the flashing between two colors of an object in the UI. By visually attending such
a flashing object, a cVEP is evoked in the occipital lobe, which gets measured by the
EEG recording. Each element of the interface that requires flashing has its own sequence,
which means that every element produces a different cVEP. As every element now has
its own sequence, you can predict what element a participant is attending to by checking
which flashing sequence has the highest correlation with the incoming EEG data. The
major advantage of this method is a low auto- and cross-correlation between different
codes. In addition, cVEP based BCI’s are also faster than other BCI’s [34] , and are more
proficient in handling noise.
The BCI used in this thesis uses a special kind of pseudo-random codes, known as Gold
Codes. These codes are created by carefully combining two m-sequences, which are
pseudo-random codes that satisfy a few properties that are relevant for achieving the
4

pseudo-randomness. The advantage of this is an even further minimization of the crosscorrelation, while mostly retaining the low auto-correlation that an m-sequence has [33] .
In addition, the BCI uses Canonical Correlation Analysis (CCA), a technique which
creates spatial filters that maximize the correlation between two datasets [35] . This is
done to reduce the noisiness from the EEG signal [33]

Figure 2: Pictured here is the Pentatonic variation of the sequencer.

This thesis will be comparing two possible setups for a BCI-based step sequencer, and
determining which is more enjoyable to use. The trait that sets these configurations
apart is the use of two different musical scales.

1.6

An introduction to scales

To limit the amount of buttons on screen, the design decision was made to limit the
possible notes to a scale. In music, a scale is essentially a group of notes that sound good
together. They are the basis of our understanding of harmonics, melodies and chord
progressions. For our application, two variations of the grid layout will be provided;
one containing a full Major scale, and another containing a Major Pentatonic scale
(henceforth referred to as the Pentatonic scale). There are a few differences between
these scales:
• The Pentatonic scale contains 5 notes per octave, instead of the 7 of a full Major
scale. This reduces the amount of buttons on screen, possibly improving accuracy.
• The Pentatonic scale removes a lot of the dissonance by removing the tritone
interval that’s in the Major scale. This means that (to the Western ear), the
sound of this scale is very pleasant, as nothing ever sounds “wrong”. This has two
possible advantages; it might make the user experience better for patients with
little music knowledge, and the fact that music knowledge is less important should
reduce inter-subject variability.

5

Figure 3: A comparison between the Major and Major Pentatonic scale. The F and B
keys form a tritone interval which sounds rather dissonant, and is thus removed from
the Pentatonic scale.

1.7

Hypothesis

When considering the aforementioned differences between a Pentatonic and a Major
scale, it is expected that the layout using the Pentatonic scale will be generally preferred.
Based on previous work with similar hardware [31] , a speed of around 10 character per
minute and an accuracy of 95% is expected.

6

2
2.1

Methods
Study design

For the experiment, every participant was requested to use the two different layouts for
a short period of time. For both layouts, two tasks were completed; a copy-spelling task
and a free-play test. Prior to starting these experimental tasks, some preparations were
carried out. First off, the participant was required to fill in a consent form and provide
some general information (more information on this under “subjective measurements”).
After this, the BCI was calibrated over 20 trials. Every trial consists of a button in
the sequencer being cued, which is visualized by the button lighting up green. The
participants was asked to focus on the respective button, after which a flickering sequence
occurred. This calibration phase trains the decoder to appropriately respond to brain
activity, which is necessary for ensuring good performance. If calibration gave a poor
result (≤ 50% accuracy), the calibration was restarted for up to 3 attempts per condition.

2.2

Copy-spelling task

In the copy-spelling task, the participant was provided with an example melody and
tasked with inputting said melody into the step sequencer. Per condition, the participant
completed 5 trials, each with a different melody. These melodies start out simple, then
scale up in complexity over subsequent trials. To allow for some direct comparison, 2
of the melodies tested in both conditions are the same. The intent of this task was to
collect some objective data about the speed and accuracy with which the participants
can control the system. It also provides a more structured introduction to the freeplay task. Presentation of the example melody was done by means of an image of the
sequencer with the melody filled into the sequencer (see Figure 4), and an audio file of
the melody if requested. To account for the effects of fatigue and learning, the order of
conditions was switched for half the participants.

2.3

Free-play task

In the free-play task, the participants were given 4 minutes per condition to freely play
around with the application, allowing them to create their own compositions without the
restrictions of the copy-spelling task. As opposed to the copy-spelling task, the intent
here was test a more subjective component of the usage; whether it is actually enjoyable
to use. After all, objective measures are rather irrelevant in entertainment applications
when they aren’t fun to use.

2.4
2.4.1

Materials
The sequencer application

The sequencer application was designed in Python, using the Pyglet [36] package for the
GUI and the provided MindAffect software for decoding [37] . The GUI contains the
aforementioned grid-layout of a sequencer, with the size depending on which variation
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is chosen – 7 by 8 for the Major scale (see Figure 4), 5 by 8 for the Pentatonic scale. To
implement the noise-tagging, there is a flickering sequence on every pressable button.
Once a note is selected, a mild hue will glow surrounding the selected square. This
notation method is chosen as it will not interfere with the color contrast of the flickering.
To deselect a note, simply reselect it. Apart from the buttons in the grid, there are
also some buttons for controlling the playback of the sequencer. A Play/Pause button
pauses and restarts audio playback of the sequencer, while still allowing note selection.
In addition, a Clear button allows for a complete removal of all currently selected notes,
thereby resetting the playback.

Figure 4: Pictured here is the Major variation of the sequencer in action. Notes with a
hue around them are currently toggled on, and will be played when the tracker bar at
the bottom reaches their respective column.

2.4.2

Hardware/BCI

For the hardware, the MindAffect BCI Kit [37] was used (see Figure 5). This is an
affordable development kit, which is intended to allow for easier application development
and research in the field of BCI. The kit consists of a few components. For receiving the
brain activity information, the kit uses 4 water-based TMSI electrodes, spaced exactly
4cm apart on a headset. In addition, there is one ground electrode, and one reference
electrode. The reference electrode is placed in the middle of the headset, with two
electrodes to the left and two to the right. These are intended to be placed over the
occipital lobe, with the electrodes at O1, Oz, Poz and O2, the reference at Pz, and the
ground behind one ear. This headset is connected to the OpenBCI Ganglion amplifier, a
bio-sensing device that measures the EEG signal. Lastly, the kit contains the MindAffect
decoder, which is run on a Raspberry Pi. This handles the decoding part of the BCI
cycle, allowing for an easy prediction of what button the participant is attending to.

8

Figure 5: The elements of the MindAffect BCI Kit (from left to right): The Ganglion
amplifier, the headset with the TMSI electrodes, and the Raspberry Pi decoder.
The experiment was executed on a HP27FW monitor. This is a 27” IPS monitor with
a resolution of 1920x1080 and a 60Hz refresh rate. Participants were seated approximately 70 cm from the monitor. This translates to stimuli with an approximate size of
2.5x2.5cm.

2.5

Participants

Due to the coronavirus, there are limitations on the recruitment of participants. Therefore, a standard setup with multiple participants was not viable. Instead, a smaller
setup was created. To ensure the safety of the participants, only those with which the
author had daily contact will be viable for the role of participant. This results into
3 participants participating in this study, with a mean age of 21 (±1.2)4 . In general,
BCI experience was very limited, with differing levels of music theory understanding
and music creation skills. None of the participants have a history of epilepsy, and all
participants gave written informed consent prior to the experiment.

2.6
2.6.1

Performance evaluation
Objective Measurements

To evaluate the performance of the application in terms of speed and accuracy, some
objective measurements were gathered during the copy-spelling task. As a speed measure, the time from start to completion was measured for every melody. This was used
in conjunction with the amount of total selections to calculate the average time per
selection.

Avg time per selection =

4 Due

time until completion
total selections.

to the limited number of participants, the author participated in the experiment. Despite the
utmost effort to remain objective, this may cause biases in the data

9

For the accuracy measure, a percentage was used that expresses the amount of errors in
ratio to the number of total selections. An error is defined as every selection that is not
part of the intended melody. If a mistake resulted into a correctly toggled on note getting
turned off, it did not need to be turned back on. If a participant accidentally selected
the “clear” button and thereby removed all selection, they were tasked with inputting
the rest of the notes that were still necessary for completion before the accidental clear.

)) · 100
accuracy = (1 − ( totalerrors
selections
These two measures can be combined into a single measure known as the Information
Transfer Rate (ITR). This measure expresses the general performance of the BCI in bits
per minute. This is useful, as it captures the trade-off between accuracy and speed that
a BCI inherently has into a single, easy to compare number:
)
)
ITR = CP M · (log2 N + P log2 P + (1 − P ) log2 ( (1−P
(N-1)

where

CPM = ( T+60ITI )
Here, N is the amount of buttons on screen (42 for the Pentatonic condition and 58
for the Major condition), P is the accuracy, T is the time required for a selection, and
ITI is the Inter Trial Interval (which is always zero in our case). The resulting ITR is
expressed in bits per minute (bpm).
Lastly, the two aforementioned identical melodies were used to make a more direct
comparison. As the melodies are the same over conditions, the average time per selection
is redundant. Therefore, the time until completion was used instead. To avoid the
experiment taking too long in the case of poor performance, every melody was given a
time cap of 3 minutes. This cap was only invoked if it was clear that extra time would
not assist in finishing the melody.
As a large part of the performance is dependent on factors outside of the application
itself, the main usage of these measurements is to see whether any dissatisfaction in
usability can be put down to poor performance (assuming that poor performance reduces
usability).

2.6.2

Subjective Measurements

To receive a subjective measurement and some general information about the participants, a short survey was created (see appendix A) . The survey is divided into a few
sections. Before the experiment, the survey asks some general participant information
related to the research, such as their previous experience with instruments and BCI’s.
After the experimental tasks are completed, some specific questions about each variations of the sequencer were posed. These include questions about how satisfied they
were with components like speed, accuracy and usability. These are followed by some
concluding questions about the application in general. Finally, the participant filled in
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the System Usability Scale, a questionnaire often used in the UI world for measuring
the usability of various products [38] .
The advantage of adding the SUS is twofold; firstly, the scale is still valid for small sample
sizes and rather ubiquitous, allowing for comparing its outcome to similar applications4
. Secondly, this will give a rather objective look on the usability of the system in general,
which offers valuable context to the data about both variations. After all, comparing
variations from an application which is generally considered unusable is rather pointless.
The survey contains a mixture of open- and closed-ended questions. The closed ended
questions are based on the seven-point Likert scale, as this is an often used strategy
to quantify the emotional response to something [39] . This scale works by asking participants how much they agree or disagree with a statement, generally on a scale from
“Strongly Agree” to “Strongly Disagree”. However, other measures are also possible,
such as “very poor” to “very good”. In general, the survey follows the guidelines from
the Harvard program of research writing, as to ensure the quality of the survey [40] .

4 As

this version of the SUS uses a 7 point Likert scale instead of the conventional 5, the calculation
is altered slightly. Apart from giving intermediary values for the added options, the formula remains
fully unaltered.
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3

Results

3.1

Objective Measurements

Note: ± represents Standard Deviation.
In general, performance varied wildly between participants (see Table 1). On average,
participants reached a speed of 8.9 seconds per selection (±2.3) during the copy-spelling
task, with an average accuracy of 63.7% (± 11.9%). The average speed and accuracy
for the Pentatonic variation is 9.4 seconds per selection (± 1.8) with 60.7% (± 13.1%)
accuracy, while this is 8.5 seconds per selection (±2.6) and 66.7% (±9.6%) for the Major
version. The Pentatonic variation reached an ITR of 14.6 bpm, while the Major variation
reached 21.1 bpm. This leads to an average ITR of 17.9 bpm.

Figure 6: A short overview of the objective measurements. The Major condition shows
both a lower time per selection and a higher accuracy.
When comparing the two identical melodies over conditions, the first melody had an
average completion time of 144.3 seconds (± 50.4) with an accuracy of 62.2% (± 19.2%)
in the Pentatonic variation, while the Major version required 100.6 seconds (± 57.7) for
completion, with an accuracy of 65.6% (± 12.2%). The second melody had an average
completion time of 147 seconds (±46.7) with an accuracy of 71.2% (±15.7%) in the
Pentatonic condition, while the Major condition used 156.3 seconds (±33.47), with an
accuracy of 71.6% (± 8.50%).
Participant

Age

overall
speed

speed
Pentatonic

speed
Major

overall
accuracy

accuracy
Pentatonic

accuracy
Major

capped
trials

1
2
3

23
21
20

7.5
9.6
9.8

8
10.2
10.2

7
9
9.5

67.5
66
57.6

68.3
56.4
57.4

66.6
75.6
58

0
6
10

Table 1: The full results of the speed and accuracy measures for all participants.
In total, 16 out of 30 melody trials had to be time-capped due to poor performance.
This was generally down to low accuracy (the calibration score often ranged around 2050% in these cases). When removing these trials from the dataset, the numbers change
quite drastically (see Table 2); the average speed during the copy-spelling task is now 7.4
seconds per selection (± 1.63), while the average accuracy rises to 69.4% (±12.9%). The
average speed and accuracy for the Pentatonic variation becomes 8 seconds per selection
(±1.7) with a 68.3% (±18.6%) accuracy, and 7.1 seconds per selection (±1.5) and 70%
(±7.96%) accuracy for the Major version. The ITR for the Pentatonic variation now
12

rises to 17.7, with the Major variation now reaching 20.4 bpm, resulting in an average
ITR of 19.4 bpm.

Figure 7: A short overview of the objective measurements after removing trials that
were time-capped. The general consensus remains the same; the Major condition is
better in both speed and accuracy.
The values of the two identical melodies also shift rather considerably; the first melody
now takes 73 (±0) seconds with an accuracy of 88.9% (± 0 ) in the Pentatonic variation,
and 61 seconds (±17) with 73.3% accuracy (6.7%). Meanwhile, the second melody now
needs 147 seconds (±0) with 92.3% accuracy (±0) in the Pentatonic condition, and 109
seconds (±0) with 75% accuracy (±0) in the Major condition.
Participant

Age

overall
speed

speed
Pentatonic

speed
Major

overall
accuracy

accuracy
Pentatonic

accuracy
Major

1
2

23
21

7.5
7.2

8
-

7
7.2

67.5
74.4

68.3
-

66.6
74.4

Table 2: The full results of the speed and accuracy measures for all participants from
non-capped trials only. Participant 3 is removed from the data, as no trials were
completed without hitting the time cap.
The difference between conditions was not considered significant; when using a Wilcoxon
Signed Rank test, neither the accuracy nor the speed measures had a test statistic higher
than the critical value ((6 ≮ 0) and (4 ≮ 0) respectively). This was expected, due to
the low number of participants.

3.2

Subjective Measurements

When comparing the survey responses between the conditions, there seems be a strong
preference for the Major scale in all separate categories. Overall, the speed ratings
are rather similar over conditions; When transforming the Likert scale results to ordinal
data, the speed performance rating was slightly higher for the Major scale condition (4.3
vs 3.6). The accuracy performance shows a strong preference for the Major scale (4.3
vs 2.3). For overall usability, there was once again a preference for the Major scale (4.3
vs 3). Finally, the Major scale also trumps in overall enjoyment, receiving a 6 compared
to the Pentatonics’ 5 (on a 0 – 10 scale). Generally, the overall experience was given
an average rating of “fair”, while the majority of the participants (66%) preferred the
Major variation. As for the SUS, the application was rated “awful” with an average
SUS score of 50.8 (± 4.2). This is two tenths away from the score necessary for a “poor”
rating.
13

Figure 8: A short overview of the survey data. Note: the usability question ranges
from ”very satisfied” to ”very dissatisfied”. All responses show a preference for the
Major variation. The SUS graph shows the threshold for the adjective ratings on the
right-hand side.
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4

Discussion

This thesis set out to test the usability of a cVEP-based step sequencer, while simultaneously testing a preference of musical scales through different configurations. The results
show that in general, participants did not reach the performance results mentioned in
the hypothesis; when accounting for the extremely poor performance, the system still
required an average of 7.4 seconds for a selection, with an accuracy of only 68.4%. Both
speed- and accuracy-wise, the Major condition showed better performance; 7.1 seconds
per selection with 70% accuracy, compared to the 8 seconds and 68.3% accuracy for
the Pentatonic version. Additionally, the results also show that over all questioned categories, the Major scale was preferred by a majority of participants. In general, the
rating of the application differed quite heavily over questionnaires. Where on the SUS
the application scored the lowest possible rating of “awful’, the questions about the application in general returned a mean score of “fair”, which is actually an average score
on a 7 point-Likert scale.
Although some of these results look rather poor, most of the issue seems to come down to
the poor calibration accuracy that was often attained. Most of the poor performances
were done with an accuracy score of ≤50%; when an accuracy score of ≥80% was
possible, performance was generally on par with similar applications. The poor accuracy
seems to represent the application nor the headset rather well, as both have been shown
to be capable of better performances.
Although the majority of participants preferred the Major variation, this choice seems
largely driven by factors outside of the musical aspect. Specifically, the accuracy seems
to once again have a major impact on the preference; score-wise, the largest deviation
between conditions is seen here. This accuracy seems mostly driven by calibration, and
not the actual application or hardware itself, as the application reached high accuracy
in certain trials. Part of the variation in preference may also depend on the task that
was executed. One participant noted that she preferred the Pentatonic variation, as the
reduced number of squares made the comparison to the finished melody easier in the
copy-spelling task.
Furthermore, the score for enjoyment may represent a different meaning for every participant, which may not fully capture the actual usability. One participant remarked that
although she did not consider the system actually usable, some enjoyment came from
the general process of attempting to control an application with her mind. Although
this makes sense for those who encounter this technology for the first time, it does not
translate well to those who rely on these pieces of software for all their entertainment and
day-to-day communications. This may also explain the discrepancy between the score
given for enjoyment of a variation and the general experience/SUS score; although the
general process may have been entertaining for some participants, actually controlling
the device with low accuracy was not considered enjoyable.
In addition, there were some remarks. One participant mentioned that the hue around
a selected note was rather distracting when seen in the peripheral vision, and that it
affected his ability to focus on the flickering. Another participant noted that while
testing the Major-scale condition, there was a plethora of distracting noises outside of
the room, which also affected her ability to focus. Finally, a participant noted that
there seems to be a vicious cycle of reduced accuracy; low accuracy leading to multiple
consecutive errors, which causes agitations. These agitations then lead to a loss of focus,
and thus a further reduction in accuracy These remarks indicate that the ability to focus
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may not only affect performance, but also the enjoyability.
Taken together, these findings suggest that many factors outside of the aforementioned
musical aspect have had a considerable impact on the overall experience. When considering the performance present with good calibration and the overall enjoyment despite
the poor performance, it is concluded that this application could be a suitable tool for
paralyzed patients looking for a possibility to express themselves musically.

4.1

Future Work

There are a few limitations in the current study design that could be improved upon
in future research. The most obvious one is the current sample group, which has some
serious limitations due to circumstances. 3 participants is rather few, which limits most
forms of proper significance testing. The sample group is also rather homogeneous, with
all participants in a similar age bracket and having comparable BCI experience. In
addition, there also aren’t any participants with Locked-In Syndrome, which was the
intended target group for this application.
Another extension could be the usage of more dissonance. The removal of dissonance
makes sense in the context of a sample group that mostly contains musical novices, but
dissonance can also be a useful tool if you know how to use it. Resolution – moving
from dissonant sounds back to consonant sounds – is an important part of creating
interesting chord progression that feel like they have movement and suspense; you create
instability, which is then resolved. A good example of this is the famous II-V-I chord
progression in jazz, where the unstable and (partially) dissonant V chord (also known as
the dominant) gets resolved by the consonant I chord (also known as the tonic). Setting
up an experiment with more experienced musicians who know how to use dissonance
properly may lead to different results.
Finally, the sequencer application itself can also be heavily expanded. Although the BCI
system may force some workarounds, most functionality found in modern sequencers and
software synthesizers could be implemented in future versions of similar software. The
most basic additions include things like custom sound banks, effect chains for effects like
reverb, delay or distortion, and modulation options like ADSR envelopes and LFO’s.
However, subsequent versions could include advanced functionality like wavetable synthesis, audio resynthesis, or granular synthesis.
Pictured in Figure 9 is a basic mockup of a possible future layout of this application.
Despite being a future design, it respects the current limitations on BCI applications.
The intent is to extend functionality while limiting the amount of on-screen buttons (to
avoid a reduction in accuracy). This is done by providing quick access to often used
functions, while hiding more specific actions behind context-sensitive buttons. Although
continuous control through knobs is currently not viable, future BCI’s that do attain
this may allow for a more conventional layout.
Alternatively, one could also decide to step away from conventional sequencing and
step in the realm of more exotic sequencers. Good examples of this are generative
sequencers, where an application creates a constantly evolving set of patterns based
on the parameters that the users feeds the application (e.g. alter pitch within certain
constraint). They can even create their own new rules based on previous loops. This
technique is used by sequencers like CodeFN42 transition [41] and Polyphase [42] . Because
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Figure 9: Mockup for a possible future sequencer layout. This version has 14
permanent on-screen buttons for synthesis control, a number far lower than most
synthesizers.
the user doesn’t have to generate entire sequences by themself, this could be much faster
than conventional step sequencers. It might also be more accurate, as you only need
buttons for parameter control instead of a full grid. However, it does requiring giving
up a level of creative freedom, as more direct input is now taken over by the program.
Another option is a cellular automata sequencer, which uses the simulated cellular
growth patterns of cellular automaton like Conway’s game of life [43] to create sequences,
allowing the sequence to continually evolve into new permutations. Each button on the
grid represents a cell that can either grow or die off, based on the rules of the game
of life. This is used by sequencers like Xynthesirz [44] and NI’s Reaktor Newscool [45] .
There are many more unusual sequencing methods [46–49] that – although they are often
intended as fun experimental software instead of serious tools - may work well within
the limitations of BCI.
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4.2
4.2.1

Auxiliary Information
BCI Kit Information

Working with the MindAffect kit was a generally pleasant experience; the setup of
the system is pretty simple for this rather complex technology, and the provided SDK
makes interacting with the decoder a lot easier than was expected beforehand. Although
documentation and information about background processes was limited at times, almost
everything was doable by looking at the example codes and properly reading code in
the SDK. For the few cases where this didn’t hold, team members like Dr. J. Farquhar
were easily reachable to provide extensive feedback, and at times even help alter the
decoder code. The presentation examples were also very helpful. Especially the selection
matrix code turned out to be a great stepping stone to the sequencer application, as
the presentation of the grid and the structure of the code translated well to what the
sequencer was trying to achieve. This also meant that debugging issues related to the
noise-tagging were rare, as the foundation from the example was very solid. Most of
the difficulties in the implementation actually came from the Pyglet package, as this
gave issues in drawing elements at times. Adding or altering code gave weird results
at unrelated code, and even lead to elements flat out refusing to draw. Apart from
issues related to this package, the hardest thing to implement was the logic of the
sequencer (especially the timing-related elements). However, this was mostly due to
poor programming on the author’s end, and after restructuring the code most issues
disappeared rather quickly. As for the poor calibration accuracy - and thus poor overall
accuracy -; those that have more experience with the kit mentioned that performance
can vary drastically depending on things like the location of the kit. Thus, it is possible
that simply performing the experiment in a more suited room would have yielded better
result. The current limitations unfortunately do not allow for testing this theory.

4.2.2

Corona

Discussing a thesis created in early 2020 requires discussing the spread and impact of
the coronavirus. This virus lead to the closure of locations like the university and other
public study places, while simultaneously limiting real-life communications with the
people involved in the project. The actual consequences of this are sometimes hard to
grasp, especially when compared to the much more severe real-life consequences many
have faced. There are more obvious and practical limitations such as limited access to
participant recruitment, less face-to-face contact with supervisors, and tougher access
to things like the BCI kit. However, most of these problems were handled pretty well,
and gave little to no actual delay. The more bothersome consequences seemed to be in
the small things; not having dedicated spaces to work outside of busy student housing,
or not having direct contact with other students for support and discussion. This was
mostly resolved through online contact, such as short Skype meetings in study breaks.
There were also more indirect consequences, like the limitations of the available testing
rooms, possibly leading to poor calibration accuracy (as things like nearby sockets sometimes impact accuracy). Overall, the experience was less cumbersome than expected,
especially considering how intense the impact of the virus has been on others.
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sequencer.”

A

Survey

PRE - EXPERIMENT
1. I consider myself experienced in regards to creating music (either through playing an
instrument or using digital tools).
Strongly agree – Agree – Somewhat Agree – Neutral – Somewhat Disagree - Disagree –
Strongly disagree

2. I consider myself competent in regards to understanding music theory.
Strongly agree – Agree – Somewhat Agree – Neutral – Somewhat Disagree - Disagree –
Strongly disagree

3. how frequently have you used BCI systems in the past?
Very Frequently -Frequently -Occasionally -Rarely -Very Rarely - Never
POST EXPERIMENT (Answered for both variations) 1. How would you rate the speed
performance of this variation?
Very poor - somewhat poor - poor – fair – somewhat good - good - very good

2. How would you rate accuracy performance of this variation?
Very poor - somewhat poor - poor – fair – somewhat good - good - very good

3. How satisfied were you with the overall usability of this variation?
very dissatisfied - moderately dissatisfied - slightly dissatisfied – neutral - slightly satisfied - moderately satisfied - very satisfied

4. In general, how much did you enjoy using this variation?
1 – 2- 3- 4- 5- 6- 7- 8- 9- 10
GENERAL QUESTIONS
1. In general, how would you rate your experience with the sequencer?
very poor- poor – fair – good - very good – excellent - exceptional

2. In general, what variation did you prefer?
Pentatonic – Major

3. Do you have anything you would like to comment on (missing functionality, general
comments, possible improvements etc)?
OPEN QUESTION
SUS QUESTIONAIRRE
(answer ranges from ”Strongly disagree” to ”Strongly agree”)
1. I think that I would like to use this system frequently.
2. I found the system unnecessarily complex.
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3. I thought the system was easy to use.
4. I think that I would need the support of a technical person to be able to use this
system.
5. I found the various functions in this system were well integrated.
6. I thought there was too much inconsistency in this system.
7. I would imagine that most people would learn to use this system very quickly.
8. I found the system very cumbersome to use.
9. I felt very confident using the system.
10. I needed to learn a lot of things before I could get going with this system.
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