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Abstract
This paper presents a real-time brain-computer interface (BCI) sys-
tem that moves beyond passive data sonification to prioritize in-
tentional musical control. Developed as a collaborative dialogue
between a student researcher and a legacy practitioner, the system
maps EEG data from a Muse S Athena headband to melodic and har-
monic parameters within Csound. While many BCI systems focus
on autonomous generation, our contribution lies in a hybrid control
model that uses a sample-and-hold mechanism to ’tame’ physiologi-
cal ’jitter’ into a stable, SATB harmonic framework.We demonstrate
that this ’Bio-Interactive’ approach allows the performer to balance
spontaneous internal states with traditional musical intentionality.
Through a series of performances - including multi-generational
duets - we illustrate how ’Open Source Pedagogy’ and mapping
transparency can transform raw brainwave data into a deeply per-
sonal and expressive musical instrument.
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1 Introduction
Physiological signals can serve as both data inputs and sources for
musical control. This project asks: Can brainwave activity become
a playable musical structure? While the technical foundation of
the system rests on the second author’s 45-year development of
Csound-based BCI tools - rooted in his work with Max Mathews
and Pauline Oliveros - the current iteration was driven by the first
author’s artistic challenge. The first author pushed the system to
move beyond ’data sonification’ toward ’musicality,’ focusing on
the emotional resonance of specific frequency bands to create a
controllable, expressive instrument.

This research is ultimately driven by the first author’s personal
experience with the "silence" of dementia. Observing the loss of
verbal communication in a loved one sparked a pivotal inquiry: can
bio-interactive music serve as a surrogate voice for those trapped
within an inner silence? By using Csound to translate EEG fluctua-
tions into a stable SATB harmonic framework, we aim to demon-
strate that even when cognitive pathways are obscured, the mind’s
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internal musicality persists, offering a new medium for empathetic
connection.

2 Historical Lineage and Related Work
The development of Csound’s Brain is a direct continuation of the
second author’s work with Oliveros at the University of California,
San Diego (UCSD). During his doctoral studies under the supervi-
sion of F. Richard Moore, the author served as a Research Assistant
at the Center for Music Experiment (CME) and the Computer Audio
Research Laboratory (CARL). In this capacity, the author assisted
Oliveros in realizing technically demanding works such as The
Wheel of Time for the Kronos Quartet. This collaboration involved
designing custom sound palettes to Oliveros’s specifications using
Moore’s CMUSIC language. Central to this era was the second au-
thor’s hosting of Sonic Meditation performances, which pioneered
the use of bio-reflexivity and focal attention as musical practices.
Csound’s Brain translates these philosophies into a modern BCI
framework, moving toward a "Deep Listening" interaction in which
EEG data serves as a conduit for the performer’s internal state. The
use of EEG data as a generative musical source has a rich history
within the NIME and experimental music communities. This work
follows in the footsteps of pioneers such as Alvin Lucier, whoseMu-
sic for Solo Performer (1965) [19] utilized alpha waves to physically
vibrate percussion instruments, marking the first major intersec-
tion of brain activity and acoustic performance. Similarly, Pauline
Oliveros’s Sonic Meditations (1971) [22] emphasized the role of deep
listening and internal states in musical creation, a philosophy that
informs our system’s focus on ’listening to the internal self.

Technically, our system builds upon the sonification strategies
explored by Rosenboom [26] and more recently by Miranda et al.
[20], who used BCI interfaces to trigger MIDI events and control
generative algorithms. However, while previous works often fo-
cused on mapping data to abstract timbres, our research focuses on
a harmonic ’taming’ process. By using a four-part (SATB) harmonic
framework within Csound, we prioritize the musicality of the out-
put, ensuring that the EEG data is not just ’heard’ as a signal, but
’performed’ as a melodic dialogue.

2.1 From Gestural to Physiological Control (The
Mathews Lineage)

The mapping strategies employed in Csound’s Brain represent a
direct evolution of the gestural control philosophies pioneered by
Max Mathews and the second author. Specifically, this work builds
upon the ’conductor-program’ paradigm of Mathews’ Radio Baton,
which the second author premiered at NIME 2003 (Montreal) in
works such as StarDust and DarkMatter. Where the Radio Baton
used spatial (𝑥,𝑦, 𝑧) coordinates to trigger and shape Csound events,
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the current system replaces physical mallets with EEG-derived fre-
quency bands. We argue that the Gamma and Alpha fluctuations
in the cortical signal function as ’internal gestures,’ requiring the
same level of instrumental ’taming’ and mapping transparency as
the physical strikes of a Baton. By transitioning from the gestural to
the physiological, we continue Mathews’ vision of making the com-
puter a truly ’playable’ instrument, shifting the site of expression
from the hand to the mind while maintaining a rigorous, real-time
connection between the performer and the synthesis engine.

3 System Overview
The system architecture (see Figure 1) facilitates a real-time data
pipeline from cortical activity to synthesis. It uses theMuse S Athena
EEG headband and the Mind Monitor application as the acquisition
front end, with Csound serving as the real-time audio engine.

3.1 Device and Signal Acquisition
The Muse S Athena is a 7-channel wearable EEG device. For this
system, we focus on the four passive EEG sensors (TP9, AF7, AF8,
TP10), which provide a stable view of frequency band fluctuations.
While signal integrity depends on sensor-to-skin adhesion, the
system uses Csound-based filtering to mitigate transient spikes.
These hardware configurations and stable contact protocols have
been refined through over 30 years of sensor workshops at Berklee
College ofMusic, ensuring a reliable baseline for creative expression
without requiring specialized medical-grade preparation.

Figure 1: The Muse S Athena EEG and fNIRS Headband.

3.2 OSC Streaming and Connectivity
The system utilizes the Muse S (Gen 2) Athena headband, which
provides four channels of EEG data via dry-electrode sensors at
positions TP9, TP10, AF7, and AF8 (International 10-20 System). By
focusing on these frontal and temporal lobes, the Csound engine
can reliably distinguish between the ’focal attention’ signals in

Figure 2: Mind Monitor waveform and band values during a
stable connection.

Table 1: Characteristics of EEG Frequency Bands in Mind
Monitor

Band (Color) Typical State and Characteristics

Delta (red) Lowest frequency; indicates states of deep sleep or pro-
found relaxation.

Theta (purple) Common during light sleep, meditation, and states con-
ducive to memory recall or intuition.

Alpha (blue) Occurs during relaxed yet alert states, such as resting
with eyes closed; indicates calmness and stability.

Beta (green) Linked to task-focused thinking, judgment, and sus-
tained attention; can increase with tension or excite-
ment.

Gamma (orange) Highest frequency; describes high-intensity information
integration and highly focused processing.

the pre-frontal cortex and the ’meditative’ alpha rhythms typically
associated with the temporal regions.

Data transmission is handled via the Open Sound Control (OSC)
protocol over a local Wi-Fi network. Mind Monitor scales and trans-
mits absolute frequency-band data to a target IP address. To ensure
low-latency performance - crucial for the "feel" of live interaction -
the system requires a dedicated network environment to minimize
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jitter. Once established, this data link provides �ve continuous nu-
merical streams that serve as the generative seeds for the Csound
engine.

4 Implementation and Open Source Pedagogy
In the spirit of Open Source Pedagogy, one of the complete Csound
".csd" �les is provided here (see Listing 1), based on the FLOSS
manual [15], to ensure reproducibility and provide a foundational
framework for other student researchers. By documenting the exact
mapping logic between OSC-streamed EEG data and Csound's
synthesis engine, we aim to lower the barrier for interdisciplinary
collaboration [18] between neuroscience and computer music.

1 <CsoundSynthesizer >
2 <CsInstruments >
3

4 ; Header Section
5 sr = 44100 ; audio or sample rate
6 ksmps = 100 ; control rate
7 nchnls = 2 ; stereo
8 0dbfs = 1.6 ; max amplitude
9

10 ; Global Ini t ial izat ion
11 schedule 1, 0, -1 ; Start OSC Monitor
12 schedule " revsc " , 0, -1 ; Start Reverb
13

14 ; Waveform Definit ions
15 giSine ftgen 1 ,0 ,16384 ,10 , 1
16 giSquare ftgen 2 ,0 ,16384 ,10 , 1 ,0 ,.33 ,0 ,.2 ,0 ,.14 ,0 ,.11 ,0 ,.09
17 giSaw ftgen 3 ,0 ,16384 ,10 ,

1 ,.5 ,.3 ,.2 ,.1 ,.06 ,.04 ,.028 ,.010
18 giFour ftgen 4 ,0 ,16384 ,10 ,

1 ,.2 ,0 ,.4 ,0 ,.6 ,0 ,.8 ,0 ,1 ,0 ,.8 ,0 ,.6 ,0 ,.4 ,0 ,.2
19 giFive ftgen 5 ,0 ,16384 ,10 ,

1 ,0 ,0 ,.6 ,0 ,0 ,.5 ,0 ,0 ,.4 ,0 ,0 ,.3 ,0 ,0 ,.2 ,0 ,0 ,.1
20 giAmy ftgen 6 ,0 ,16384 ,10 , 7 ,23 ,11 ,10 ,9 ,5 ,8 ,12 ,26 ,14 ;

First Author Design
21

22 gaRvbL init 0
23 gaRvbR init 0
24

25 gkF1 init 0
26 gkF2 init 0
27 gkF3 init 0
28 gkF4 init 0
29

30 ; SATB Chord Tables
31 giSoprano ftgen 111 ,0 ,4 , -2 , 62 ,60 ,55 ,71
32 giAlto ftgen 112 ,0 ,4 , -2 , 59 ,57 ,60 ,62
33 giTenor ftgen 113 ,0 ,4 , -2 , 52 ,52 ,55 ,59
34 giBass ftgen 114 ,0 ,4 , -2 , 36 ,41 ,40 ,43
35

36 instr 1 ; OSC Stream Reader
37 giHandle OSCinit 5003
38 kk OSClisten giHandle ," /muse /elements / delta_absolute " ," ffff

" ,gkF1 ,gkF2 ,gkF3 ,gkF4
39 endin
40

41 instr 2 ; Synthesis and Mapping Logic
42 iNum notnum
43 iTrans = (exp( log (2.0) *(( iNum) -69.0) /12.0) )
44

45 ; Map Control lers
46 kGainC midic7 21, 0, 1
47 kSpeedC midic7 22, .05 , 3
48 kTrigC metro kSpeedC
49

50 ; Sample and Hold Brainwave Data
51 kFvalC samphold gkF2 , kTrigC
52 kFvalC = kFvalC * 10000
53 kIndexC = int (abs(kFvalC )) % 4
54

55 ; Table Lookup
56 kPitch1 table kIndexC , giSoprano
57 kPitch2 table kIndexC , giAlto
58 kPitch3 table kIndexC , giTenor
59 kPitch4 table kIndexC , giBass

60

61 ; Audio Output
62 aOut1 oscil i (0.3* kGainC) , ( iTrans )* cpsmidinn (kPitch1 ) ,

giAmy
63 aOut2 oscil i (0.4* kGainC) , ( iTrans )* cpsmidinn (kPitch2 ) ,

giSquare
64 aOut3 oscil i (0.5* kGainC) , ( iTrans )* cpsmidinn (kPitch3 ) ,

giFour
65 aOut4 oscil i (0.6* kGainC) , ( iTrans /2) * cpsmidinn (kPitch4 ) ,

giSaw
66

67 ; Reverb Sends
68 gaRvbL += aOut1 * 0.4
69 gaRvbR += aOut2 * 0.4
70 outs aOut1 , aOut2
71 endin
72

73 instr revsc
74 aOutL , aOutR reverbsc gaRvbL , gaRvbR , 0.8 , 8000
75 outs aOutL , aOutR
76 gaRvbL = 0
77 gaRvbR = 0
78 endin
79

80 </CsInstruments >
81 </ CsoundSynthesizer >

Listing 1: Full Csound Orchestral Implementation.

4.1 Mapping Strategy and Performance Control
A primary challenge in BCI is the "jitter" of raw EEG. To resolve
this, we employ a hybrid control model. While a MIDI keyboard
serves as the performance anchor for transposition and phrasing,
the EEG data is managed via a sample-and-hold mechanism. As
shown in Listing 1, the metro opcode generates trigger pulses at a
rate de�ned by the performer. At each pulse, the sample-and-hold
captures a snapshot of the brainwave streams from each of the
four channels (e.g., Gamma for melody). These values are scaled
and used as an index for the SATB (Soprano, Alto, Tenor, Bass)
chord tables. This transforms chaotic physiological �uctuations
into stable, musically coherent events.

Table 2: Mapping of EEG Frequency Bands to Csound Musical
Parameters

Frequency Band EEG State Musical Role in Csound

Delta (X) Deep Sleep/Rest Foundational Texture / Bass Density
Theta (\ ) Meditation/Intuition Harmonic Complexity / Inner Voices
Alpha (U) Calmness/Stability Global Volume / Spatial Breadth
Beta (V) Focused Thinking Rhythmic Density / Trigger Speed
Gamma (W ) High Processing Melodic Indexing / Timbral Brightness

5 Implementation: Redesigning for Focus and
Agency

In response to the �rst author's initial observations - speci�cally,
that the system lacked a dramatic, distinct "signature" for di�erent
users - the Csound architecture was re-engineered. The goal shifted
from mapping all data to providing a �ltered, intentional musical
output.

5.1 Discrete Mapping and SATB Framework
To address the "sameness" of the output, we replaced continuous
modulation with a Sample-and-Hold logic.
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