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Abstract. This paper expands upon our previous research in the field of Brain-
Computer Music Interfacing and reports on tools for performance and 
composition controlled via brainwave activity in development at ICCMR, 
University of Plymouth. Our approach measures electroencephalogram (EEG) 
data elicited via generating Steady State Visual Evoked Potentials (SSVEP) to 
allow for real-time control of musical parameters. This paper presents Flex, a 
solo performance piece designed for a portable BCMI (Brain-Computer Music 
Interface) system. Flex serves as a demonstration of the mapping complexities 
and control on offer through interfacing brainwaves with a musical system. 
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neurofeedback, brainwave control. 

1   Introduction 

Our research aims to unravel the creative possibilities of harnessing brainwave 
information for musical control to inform those wishing to utilise this approach within 
composition and system design. The technologies we are developing have shown 
potential in the fields of music therapy [1], real-time notation [2], and in electronic 
music performance [3]. This paper presents new research with regards to the latter.  

Using the brain as a means of extracting control is a well-established research area 
in the field of brain-computer interfacing (BCI).  Traditionally BCI systems have been 
associated with medical research due to the high costs involved and the therapeutic 
benefits offered to individuals with motor disabilities. Fast forward into the present, 
and the field of BCI is currently receiving considerable attention in large part due to 
the recent surge in affordable and portable interfaces marketed to gaming audiences, 
music listeners and developers through platforms such as Muse, NeuroSky and 
Emotiv.  

One of the key elements of BCMI (Brain-Computer Music Interface) systems for 
creating and performing music is the way in which the brain affects the relationship 
between music the user, and an audience. Performing with BCMIs requires a 
performer to have electrodes placed on their scalp, connected to a computer system. 
For accurate brain wave measurement the performer must remain still to avoid 
electrode movement, which can introduce noise to the signal. Because of this 
engaging an audience with a static performer can be difficult, especially when the 
performer is positioned in front of a computer screen, as is often the case. On the 
whole, BCI (and our previous BCMI) systems are designed for explicit control, 
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providing a user subjective choice over the functions available. Other uses of BCI 
adopt a passive interaction where control is implicit; the system merely monitors the 
electroencephalogram (EEG) of a user and applies this to control parameters [4]. The 
system presented here, through the piece Flex, draws on elements from both of these 
approaches and is therefore somewhat unconventional. A user seeks explicit control 
but it is hidden and has to be found. The design of the piece is embedded with 
dramatic elements (seeking, finding and losing control) that are communicated to an 
audience. Additionally implicit interactions are embedded into secondary mappings, 
where the system responds to the implicit behaviour of a users EEG. In practice our 
system would be considered unfit for either standard BCI applications. However, it 
demonstrates a novel and creative approach to using brainwaves in an artistic setting.  

2   Elements of a BCMI system 

2.1   General Elements 

BCMI systems vary depending on their intended use. Their musical applications of 
can be categorised into the sonification of EEG, whereby EEG data is translated into 
sound; musification of EEG, where EEG signals are mapped to musical parameters 
and musical control; whereby a user elicits cognitive control over brain activity and 
consequently music. Sonification and [5] musification [6] BCMI systems are 
essentially passive; a user has no control of their brain activity. 

On the whole modern BCMI systems consist of the following elements: 
• Stimuli (Generally, only used in active BCMIs). In our BCMI four icons 

on a computer screen provide the stimuli for generating SSVEP. 
• EEG Input. Electrodes are positioned on the scalp in order to measure the 

brain activity. 
• Signal Processing. Electrical signal is amplified and processed for extracting 

meaningful data.  
• Transformation Algorithm. Data is converted into control values for 

mapping to musical parameters. Data is governed by the rules within the 
mapping strategy. 

• Musical Engine. Where the composition receives the data from the 
transformation algorithm and in response plays back and affects the music. 
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Fig. 1. The components that make up a typical BCMI system. 

2.2   EEG Signal Analysis 

There have been a number of methods of eliciting meaningful EEG data for active 
BCMI control in the years since alpha bursts were first harnessed for music. These 
include internal mental processing techniques such as auditory focusing [7] and motor 
imagery [8], and much broader EEG analysis using different methods of data 
classification [9] [10]. Methods that use external stimuli to elicit certain expected 
brainwave responses have become increasingly common in BCI technologies due to 
the accuracy they provide and the limited training needed for a subject to accomplish 
the technique. Event Related Potentials (ERPs) are spikes of brainwave activity 
induced by external stimuli. For example the P300 technique, which elicits a positive 
deflection 300ms post visual stimuli, is commonly associated with spelling devices 
but has also been used for musical composition [11]. A major benefit of external 
visual stimuli is the ability to inject meaning within the stimuli that does not interfere 
with the audio neurofeedback process.  

Steady State Visual Evoked Potentials (SSVEP), another form of ERPs, occur 
when a subject focuses their vision on an icon flashing at a predetermined frequency. 
Instead of a momentary excitation of the brainwave, which can be difficult to detect, 
it remains in a steady state of excitation due to the repeating flashes of the icon. Icons 
flashing at rates of between 3.5 - 70Hz elicit an SSVEP response, in the visual cortex 
of the brain, as an increase in amplitude. Amplitude can be increased, to a limit, 
through sustained gazing and concentration. In practice, icons are presented on a 
computer screen. A user selects a function mapped to each icon simply by looking at 
the icon. The length the user focuses their gaze results in an increase in amplitude (to 
a maximum point). Therefore control is realised in the form of icon selection and 
amplitude variance both locked to the time of selection. This technique of eliciting 
brainwave control occurs in real-time as, unlike P300, accuracy of interpreting 
SSVEP is reliable and does not require multiple trials to gauge whether brainwaves 
are in fact responding to the stimuli. An SSVEP BCMI will require calibration to be 
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attuned to a user’s thresholds but this takes approximately 5 minutes and does not 
affect performance. 

A recent study undertaken by g.tec medical engineering reported that SSVEP 
provides the most accurate and responsive method when trialled alongside the motor 
imagery and P300 techniques [12], making it a suitable choice for BCMIs with less 
accurate hardware systems for EEG measurement. 

4   BCMI Systems for Musical Performance 

4.1   Passive BCMIs 
 
 
Passive BCI systems imply brainwaves are uncontrollable where certain changes 

may be a response to the environment and/or mental state of a user. This implicit 
control, often referred to as neurofeedback, was predominant in early uses of EEG 
and music before explicit control was possible, and still features in contemporary 
systems. 

Brainwaves have been exploited in musical performance for almost 50 years, with 
the possibility of a brain-computer interface for direct communication and control 
first seriously investigated in the early 1970s. After Joe Kamiya’s discovery of 
voluntary alpha wave control in the 1960s [13] [14] composers were quick to 
integrate brainwaves with performance. Famously, Alvin Lucier amplified his alpha 
waves (8 – 13Hz) via EEG during Music for Solo Performer, first performed in 1965. 
With such frequencies below the threshold of human hearing, loudspeakers were 
coupled with percussive instruments. Here a simple neurofeedfack loop is created; the 
increase in alpha wave amplitude results in a direct increase in the intensity of the 
instruments’ resonance, and yet this is remarkably effective for performing such a 
literal mapping of brainwaves to an audience. The concept of Lucier’s brainwave 
intensity affecting sound is communicated with ease and requires little understanding 
of the techniques used. Interestingly, in a report on the piece, Lucier remarked on his 
desire for more complexity within his system. In particular, he sought greater control 
over a wider range of musical parameters [15]. This need for control has been a 
prominent theme in BCMI research ever since and has been intrinsic in the design of 
BCMI systems.  

In contrast to Lucier’s desire to communicate the natural frequencies of brain 
activity through acoustic and tangible sound sources Richard Teitelbaum, 
incorporated bio-signals into his performances using modular synthesisers in the 
1970s. In his piece In Tune (expanded version), Teitelbaum maps a performer’s EEG 
alpha activity to synthesis modules to which he then interacts with in response to the 
EEG. This introduction of a second person widens the neurofeedback to incorporate a 
collaborative approach to music making. Teitelbaum is also able to exact further 
control over the alpha signals and, in playing the role of conductor, can direct the 
performance as a whole involving other members and different bio-signals. 

Designing performance systems with EEG has previously been heavily reliant on 
the roles of collaboration with instrumentalists, other users of bio-signal interfaces or 
a combination of the two. The BioMuse project, led by Knapp et al, has integrated 
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EEG and other bio-signals in systems since the early 1990s, initially interfacing with 
MIDI instruments [16]. More recently, the BioMuse Trio has integrated acoustic 
instrumentation and real-time bio-signal processing, including EEG, in their 
performances. 

Another successful approach to performing music controlled by brainwaves has 
been achieved by composing conceptual pieces that reflect an idea that is simple to 
communicate to an audience and fascinating to watch. Music for Sleeping and Waking 
Minds, first performed in 2011, is an eight-hour long composition intended for night-
time listening. Four performers wearing EEG sensors effect the properties of tones 
using simple direct mappings, in order to project basic changes in their brainwave 
activity to an audience [17]. 
 

 
 
 

4.2   Active BCMIs 
 
In recent years BCMI systems with active control have demonstrated different 

approaches to music making through applying cognitive thought processes and 
subjective choice. A number of which have utilised ERPs to derive the control. 

Researchers at the EAVI (Embodied AudioVisual Interaction Research Group) at 
Goldsmiths, University of London, reported on their application of a BCMI using 
P300 control to select musical notes from a range of three octaves as a simple method 
of composition [11]. 

In 2011, researchers from Universitat Pompeu Fabra performed using their 
Multimodal Brain Orchestra (MBO) that featured both the SSVEP and P300 BCI 
techniques. Brainwaves were used to effect changes in articulation and dynamics 
within a generative musical system. To add to the performance, the brainwave data 
was used to manipulate real-time visuals alongside the music [18]. Performers used 
stimuli icons from either a small box or a computer screen. Here, the visual element 
of a BCMI performance was enhanced through the projected visualisation of 
brainwaves.  Although the musical mappings were relatively straightforward, it was, 
and can be be difficult for an audience to feel incorporated into the performance when 
BCMI subjects are required to simply sit and gaze at screens and devices.  

Much of the common aesthetics inherent in traditional musical performance is lost 
when performing with brainwaves, and indeed with much electronic based music. 
Physical gestures engage with audiences as they present the humanisation of musical 
expression and communicate the intentions of either the composer or the performer. 
BCMI systems pose difficulties in retaining these qualities therefore it is down to 
composers to communicate dramaturgy and narrative through the narrow means 
available.  
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5   Flex 

5.1   Design Considerations 

It is our aim to develop BCMI systems that are suitable for performance 
environments. Consumer level headsets offer cheaper alternatives to medical systems 
but they are considerably less accurate in interpreting brainwave signals, and are more 
susceptible to interference. Both platforms require the development of bespoke 
software to compose performance pieces and both need to be calibrated to respond 
optimally to the brainwave thresholds of a user in different environments. In the 
system presented here we use the Emotiv headset with our own signal processing 
software coupled with the open source audio platforms Pure Data and Integra Live. 

To generate SSVEP responses a stable visual interface is required. Each icon must 
update at its precise frequency without frame drops or deviations in speed. This can 
be a struggle for many laptop computers although a good quality graphics card can, 
by today’s standard, provide the processing required. We have used the OpenGL API 
for designing an interface that responds to data from our brain signal processing 
software to provide visual feedback to a user. We have adopted the style of pattern 
reversal icons with a checkerboard pattern, as this method requires 50% fewer display 
updates than single graphics stimuli, a method whereby two colours alternate [19]. 
This reduction diminishes the graphics processing required, providing a more stable 
and accessible technique. Fig 2 below shows the interface and the visual feedback 
mechanism designed to show a user when SSVEP has been detected for an icon. This 
is a useful feature for musical engines where control is time locked to a beat and can 
have a non-instantaneous effect on the music. 
 

 

Fig. 2. Four icons are presented on a computer screen use pattern reversal alternating 
at frequencies of 6Hz, 7.5Hz 8.5Hz and 10Hz. Note the icon on the left hand side is 
illuminated indicating that it has ben selected by a user. The black background is 
useful for gazing at when no icons are to be selected although the use of Greek letters 
and the colour blue are for aesthetic purposes only. 
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5.2   Live Performance 

Flex is a quadraphonic piece performed live with a solo BCMI. Flex builds on the 
system designed for a previous composition, The Warren [19], but takes a different 
approach with regards to the mapping strategy for controlling the musical engine. It 
also is comprised of consumer level equipment using the aforementioned Emotiv 
EEG hardware, one laptop computer for providing the interface and signal processing, 
and a second laptop hosting the musical engine. 

The piece is designed to be between approximately 10 to 15 minutes long 
depending on the how the controls are found and used. The composition combines 
sound sources recorded in surround sound, ranging from fairground ambience to bell 
chimes, with synthesised and heavily processed sounds. A key aim of the 
performance is to convey the narrative of the composition whilst attempting to engage 
an audience with the control tasks being undertaken by the performer. 

Flex uses the idea of control as a key theme. Instead of merely providing control, 
Flex hides control and moves it around forcing the performer to adapt to the system 
and learn control before it is taken away again. In effect, the controls corresponding to 
the icons are randomised; different elements of the composition are presented without 
any way of the performer knowing in advance. Built in rules allow for the presence of 
mappings corresponding to the current sounds being played, but the choice of 
parameters is selected at random from an array of predetermined functions. Flex is 
designed to present the mind as muscle, using thought, memory and controlled 
randomisation to replace the physical embodiment of performance. Control is explicit 
to the musical engine but only becomes explicitly known to the performer after they 
have consciously derived it from its effects. As a result of this, mappings are key to 
providing the feel, direction and nature of accuracy within the piece, from the micro 
to macro musical parameters, replacing traditional, physical controllers to manipulate, 
arrange, synthesise and diffuse combinations of recorded and computer generated 
sound. 

Indeed, there are more mappings available that can be used in any one 
performance, which helps make every performance different. Control in Flex can be 
difficult to establish, and this brings elements of the unexpected and even the 
undesired into a performance. Hidden secondary mappings are also built-in to add 
elements of surprise, in effect further flexing the rigidity of control throughout the 
piece. Overall, the mapping system is designed for control to be manageable and, 
where control becomes lost, it is relatively easy to recover. As such, certain safety 
features are implemented in order to prevent complete chaos. 

5.3   System Design 

Two laptop computers are used in order to spread the processing required to perform 
Flex. The first laptop hosted the interface, the brain signal processing and subsequent 
data management. Control data is passed via MIDI to a second laptop running Integra 
Live, which provides the musical engine for the piece.  
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Fig. 3. The system components for Flex comprising two laptops with the resultant music 
connected to a quadraphonic speaker system. 

Signal analysis software measures the incoming EEG signal and watches for any 
SSVEP activity. SSVEP was chosen for Flex for the quick response time on offer. 
Setup and calibration time is short and only three electrodes are required. In a system 
where controls have to be discovered a fast response and feedback time allows for a 
feel of connection between the control and the performer; the control may be initially 
unknown, but they are heard in real-time. The potential for implementing a wide 
range of mapping rules across the four icons/frequencies makes SSVEP a good choice 
for a piece with a large number of parameters. When SSVEP is detected, a control 
signal is passed to the interface to provide the visual feedback. A duplication of this 
signal is passed to the Pure Data transformation algorithms to be mapped to the audio 
engine.  

The transformation algorithms used to provide the control range depend on the 
intended musical effect at a given time. At irregular points in time the meaning of 
each icon is open to change and different selection rules are applied. Fig 4 shows a 
patch that maps icon selections to pan position controls. In this mapping, a secondary 
level of control is being used to affect the volume of a track. Here, the system 
observes the behaviour of the performer and adds extra controls to the most 
commonly used icon (in this case a channel’s volume), in part adapting to the 
performer and providing further control. These secondary mappings can be thought of 
as implicit interactions [20] as they are derived from the side effects of the performer 
attempting to discover the primary mappings.  
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Fig. 4. A Pure Data patch handles the mappings that are sent to the audio engine. 

5.4   Performing Flex 

Flex was first performed at Sight, Sound Space and Play, at De Montfort University 
in June 2013. The performer sat on stage in front of the laptop containing the stimuli, 
facing an audience in a darkened room. Therefore the only lighting came from the 
laptop screen illuminating only the performer’s face to the audience. This element of 
stage design was crucial in communicating the performance and how control was 
being dealt by the facial expressions and intense concentration of the performer. The 
piece was introduced to the audience as a game where the aim for the performer was 
to find control and guide the piece in as close to its intended format as possible. 
During times when the performer failed to follow the correct arrangement, frustration 
and disappointment was clearly conveyed through their facial expressions, and times 
when control was found and used to perform certain specific nuances elation and joy 
could be seen. Interestingly, this was not staged or exaggerated but by making the 
face of the performer the focus of the performance itself the subtlest of expressions 
were able to translate well providing additional context to the audience and 
complimenting the musical narrative.  In a musical sense, loss of control or extreme 
control choices resulted in dissonance and sonic chaos that again communicated the 
playing of the system.  

6   Discussion 

Our research into brainwave control of music has led us to design a portable system 
for performing music with real-time control. Flex is a successful demonstration of the 
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creative BCMI tools that can be built with consumer level hardware and open source 
software. It requires minimal calibration, apparatus and setup time. 

Flex is a musical piece for BCMI designed to respond to different levels of user 
control and adapt to a user’s behaviour in a game-like setting. Flex blurs the line 
between passive and active BCIs, taking elements of each approach to fit the criteria 
of the design. We hope to see more BCMIs that are led by compositional and 
performance considerations as opposed to straightforward adaptations of BCI 
techniques. 

With Flex the success rate of BCI control was not the primary aim, although our 
system was designed to provide robust SSVEP, and we aim to expand upon this in 
further studies. The quality of EEG measurement via the Emotiv hardware is low, 
which provided limitations in designing complex control and mapping strategies.  

The rise of consumer level neuro-technology is rapidly widening access to 
brainwave interfacing. Although the quality of EEG measurements in these systems is 
still comparatively weak, we hope that future improvements will allow for greater 
control of musical engines and more creative adaptions of BCMI systems.  

Currently, BCMI design requires a range of appropriate skills and tools focused 
around a number of interoperable platforms. There is no one-size-fits-all BCMI 
system available offering a complete solution for musical control. Interfaces, signal 
processing, mapping and musical engines all require customisation tailored to the 
aims of either a composition or a musical idea. 

There is a need for further quantitative studies of SSVEP control and Flex, and 
research into the experiences of using (or performing) Flex from a wider body of 
subjects. We also hope to further explore the creative applications of BCMIs and are 
currently developing systems of control for real-time notation [2], the use of multiple 
BCMIs in performance environments, integrating BCMI systems with live coding, 
and integrating emotional arousal within EEG as a mapping tool. 
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