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ABSTRACT

Music can evoke measurable physiological responses, yet
these responses have been predominantly explored from
the performer’s perspective in interactive and biofeedback-
based music systems. In contrast, the sonification of audi-
ence physiology remains relatively underexplored in live
music contexts. We present The Singing Skin, a real-time,
audience-centered biofeedback system for live performance
that integrates listeners’ physiological responses into mu-
sical control. The system measures galvanic skin response
(GSR) and uses the phasic component of the GSR signal as
an index of moment-to-moment audience engagement. This
phasic GSR-based control signal is normalized and mapped
to the rhythmic subdivision of a monophonic lead line gen-
erated by a wavetable synthesizer. Rather than directly
modifying tempo or pitch, the control signal modulates
the cutoff rate of a low-pass filter, producing an indirect
pacing effect that influences perceived musical drive and
energy. The system is demonstrated in a live performance
setting involving a violinist and a listener equipped with
GSR sensors. This work contributes a novel approach to
audience-inclusive musical interaction by extending audi-
ence physiology as an active control source in live music
performance.

1. INTRODUCTION

Music has the strong power to evoke emotional and arousal-
related processes, which can be measured through phys-
iological signals. Over the years, several artists have ex-
plored innovative ways to make physiology audible. Early
biofeedback works, such as Alvin Lucier’s Music for Solo
Performer [1] and Richard Teitelbaum’s synthesizer experi-
ments [2], utilized performers’ biosignals as control sources
for sound production. David Rosenboom’s On Being In-
visible further advanced this approach by sonifying the
performer’s electroencephalography (EEG) alpha activity
[3], while later projects, like Pamela Z’s BodySynth [4],
expanded performer-centered mappings using electromyo-
graphy (EMG) data. Collectively, this body of work has
primarily focused on biosignals from the performer’s per-
spective.

In contrast, audience-centered biofeedback remains rela-
tively underexplored in the realm of computer music, de-
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spite the inherently interactive nature of live performance.
We therefore propose The Singing Skin, a novel audience-
centered biofeedback system for live music that incorpo-
rates listeners’ physiology directly into the performance.
Our focus is on galvanic skin response (GSR), specifically
its phasic component, as an indicator of moment-to-moment
audience engagement. The system establishes a real-time
feedback loop in which both performers and audiences can
perceive and respond to each other’s physiological states.
We demonstrate this framework through a live performance,
offering an exploratory performer—audience biofeedback
framework that positions audience physiology as a primary
musical control element and provides a basis for the imple-
mentation of audience-inclusive biofeedback systems.

2. BACKGROUND
2.1 Physiological Signals

Physiological signals are involuntary bodily responses that
arise when an individual is exposed to external stimuli or
experiences fluctuations in internal states. These uncon-
scious responses are regulated by the autonomic nervous
system (ANS), which maintains homeostasis in the human
body and supports functions (e.g., stress regulation and
blood pressure control) [5]. The ANS is composed of two
complementary branches: the sympathetic nervous system
(SNS) and the parasympathetic nervous system (PNS). The
SNS and PNS work together to regulate bodily function,
but generally operate in opposing ways. The SNS is as-
sociated with "fight-or-flight" responses [6], preparing the
body for action during emergency situations or physical
exertion by increasing blood flow, heart rate, and muscle ac-
tivity. In contrast, the PNS is activated during quiet, resting
conditions to conserve energy and restore bodily balance,
promoting relaxation by decreasing muscle activity and
reducing cardiovascular activation.

Various physiological signatures reflecting ANS activity
can be measured through different biosignals, including
electrocardiography (ECG; German: Elektrokardiogramm,
EKG), electromyography (EMG), galvanic skin responses
(GSR; also referred to as electrodermal activity, EDA), and
electroencephalography (EEG). Each biosignal provides
distinct indicators of SNS or PNS activation. For instance,
heart rate (HR) and heart rate variability (HRV) are the
indicators commonly derived from ECG signals. Increased
HR and lower HRV are typically associated with height-
ened arousal and SNS activation, whereas decreased HR
and higher HRV reflect PNS dominance [7, 8]. In the case
of GSR signals, both tonic skin conductance level (SCL)
and phasic skin conductance responses (SCR) are widely
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regarded as direct indicators of SNS activation. SCL rep-in performance art and dance have incorporated audience
resents baseline arousal levels, whereas SCR re ects rapidphysiology as a means of fostering reciprocal engagement
stimulus-evoked changes in sympathetic activily The between the stage and spectators. An early example is
choice of physiological indicators in the research varies Ruth Anderson's Centering (1979), which brought collec-
depending on the goals of the study and the speci c facetstive GSR signals from the audience into the structure of
of autonomic functioning that researchers seek to examinea live dance performancé§. In this work, GSR signals
from four observers were soni ed as pitch height while they
2.2 Biofeedback Systems in Music viewed the performance. This design formed an interdepen-
o . ) dent loop in which audience responses in uenced the sonic
Music is closely linked to emotional and arousal-related g ,tcome and. in turn shaped performers' reactians
proc_esses._'l’_h_e link betwe_en physmlogu_:al changes c_junng More recently, the Boiling Mind project (2021) employed
musical activities and emotional arousal is well-established a5)-time HRV and EDA data from the audience to generate
by empirical evidenced, 7, 10, 11]. Based on this con- g giovisual elements that shaped the performance environ-
nection, various artistic and technological approaches haveyent in a live dance context9]. Audience physiological
aimed to incorporate physiological responses within cre-resnonses were used as staging elements, in uencing sound
ative and_p(?rformatlve contexts. A pioneering example is 5 visual components that interacted with the choreogra-
Alvin Lucier's Music for Solo Performer (1965), inwhich  yhers Subsequent analysis of the performance revealed
the composer utlllzed real-time EEG brain signals from 5 relationship between increased HRV—re ecting PNS
the performer to activate percussion instruments on stagegtjvation—and event-related phasic peaks in EDA associ-
thereby transforming internal physiological activity into  ateq with moments of heightened audience engagement and
musical expressiorl]. Similarly, Richard Teitelbaum ex-  yusical crescendos [20].
p!ored _the use of biosignals to manipulate electronlc_syr_lthe- Related approaches have also appeared in installation-
sizers in the late 19608] In these early systems, biosig- pased works. For example, Phantom Undulations (2023)
nals primarily served to extend the performer's intentional 21] incorporated biodata from both artists and visitors
cqntrol, with phyS|olog|ca'I data used as an additional means ;¢ musical elements, repositioning visitors from passive
of instrument control during performance. _ observers to active contributors in the creation of the artistic
Building on this foundation, David Rosenboom introduced \york. |n this installation, artists' respiration, heartbeat,
On Being Invisible (1975), which shifted the focus from con- epa and HRV were soni ed as timbre. duration pitch
trolling instruments to explicitly revealing the performer's |5,qness, and sonic texture, respectively, while visitors'
internal states through sound using biosign@Jsip, 13].  physiological responses, such as EDA and heartbeat, were
In this work, the performer's EEG alpha-band activity was 4|5 incorporated into the evolving musical artifact.
soni ed as a sustained ton&3, 14]. Because alpha-band Building on these precedents, we propose a biofeedback
brain activity is commonly associated with relaxed or med- gy stem for music performance that integrates audience phys-
itative states, this soni cation made aspects of the per-jgjogy as an integral component of the musical work itself.
formers internal cognitive state perceptible t_hrough Sour?d-Grounded in collaboration across psychophysiology, mu-
Accordingly, Rosenboom approached physiological activ-gic cognition, and computer music, our system transforms
ity not as a control signal, but as a core sound material|isteners' real-time physiological responses into an addi-
shaping the mu5|cal. workLp, 16]. A similar approach  {ional musical layer that is audible to both performers and
appears in Pamela Z's BOdXSymﬂ" eperformative inter- 5 giences. We adopt a physiologically meaningful indica-
face.m which the pe.rformers muscle activity was used t0 oy informed by empirical ndings on musical engagement
manipulate electronic sound sources. Wearable Sensors ayring music listening. The indicator is mapped to rhyth-
tached to.the perfc_)rmer's body captgrgd muscle activity and ic modulation—a musical dimension shown to shape per-
mapped_|t to Musical _Instrume_nt Digital Interface (MIDI)  ceived drive and temporal engagement in music—allowing
control s_|gnals, enabling real-time control of samplers and physiological dynamics to function as an audible musical
synthesizers [17]. _ process within performance. The proposed system operates
These biofeedback-based music systems have focused 0Rg an augmentation of performance texture by modulating
the pe_rformer, .posmonlng biosignals as either control mputs expressive musical parameters within a xed jazz standard,
or sonic material produced by the performer. In comparison, rather than generating novel musical material or dictating
audience physiology has received relatively little attention giryctural shifts. To evaluate this framework, we conducted
in performance settings. However, musical outcomes in g exploratory case study involving a violinist and a single
live performance are contmu_ously shaped py mteracfﬂonsnstener equipped with GSR sensors. Through this design,
between performers and audiences. Accordingly, audiencne system establishes a performer-audience feedback loop
physiological responses can be understood not only as meap which performers respond musically to the audience's
sures of reception, but also as active elements within anphysiological state, while the audience, in turn, responds to
interactive feedback loop, through which performers and e unfolding musical performance.

audiences mutually shape the sonic and formal structure of This work offers a conceptual contribution by demonstrat-

a musical work. ing how empirically grounded insights from music cogni-
_ o tion and psychophysiology can be translated into musically
2.3 Audience-Centric Biofeedback Systems meaningful, real-time interactive systems within computer

To the best of our knowledge, audience biosignals havemUSiC practice. By transforming largely implicit and un-
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conscious physiological responses into audible musical pro-
cesses, the proposed approach enables both performers and
co-present listeners to intuitively perceive and interpret each
other's affective and physiological engagement with the mu-
sic. This initial feedback loop in the current study provides a
scalable foundation for future research aimed at integrating
collective audience biosignals into a uni ed, shared musical
response. Additionally, while the present work focuses on
GSR-based modulation of rhythmic structure as one instan-
tiation, the approach is not limited to this mapping and can
be extended to other empirically validated physiological
indicators to control a wide range of musical parameters
(e.g., pitch or loudness) within interactive biofeedback mu-
sic systems. Moreover, beyond concert performance, such
biofeedback systems may also support communication in
broader music-centered interaction contexts—including mu-
sic therapy and education—by making otherwise unobserv-
able internal responses perceptible and shareable through

sound during musical engagement.
Figure 1. Musical design example illustrating three output conditions of

the lead synthesizer. The top panel shows the default setting without an

audience control signal, while the middle and bottom panels represent high

and low audience engagement, respectively, expressed through increased
3. SYSTEM DEVELOPMENT or reduced rhythmic subdivision at a xed tempo.

3.1 Physiological Indicator for Musical Engagement
3.2 Musical Design

In designing the proposed system to support a performer"I'he musical design of the proposed system aims to make

audlet:}ce Eeedtiac'k loop, we fto::us on ph)f[smk)llogmal .S'gnaés.audience engagement perceptible through a musically co-
capable of capturing moment-io-moment changes In audiy, o ot g interpretable manner. In prior research, musical

ence engagement. Following prior.audi_ence-centered peréngagement has been shown to be closely associated with
_formance works, we employ galvamc skin response .(G.SR)changes in arousal, particularly via listeners' perception
in our system. Within the GSR signal, we make a distinct of musical pace and drive, which is strongly in uenced

di.s'?]n choice to fOCkL.JS spegl c?lly on a phasic (:So&pon?ntt, y tempo. However, directly modifying tempo during live
which we use as a skin conductance response ( )-relate erformance can be musically disruptive and may inter-

indicator of musical engagement. fere with the performer's expressive control and phrasing.
This design choice is further supported by empirical stud- Rather than altering global tempo, we therefore adopt an in-
ies in music cognition. Prior research has shown that height-direct but musically meaningful strategy to convey changes
ened musical arousal, as re ected in acoustic features suchn perceived pace by manipulating the rhythmic subdivi-
as tempo, loudness, and timbral brightness, is associatedjon of a melodic line. For example, higher arousal levels
with increased autonomic nervous system (ANS) responsesare expressed through shorter note durations, while lower
in listeners, including elevated SCR. For example, faster or grousal levels result in more sustained melodic gestures. An
accelerating tempi2, 23], increased sound intensitg4], example output of this musical design is shown in Figure 1.
and brighter tlmbr652[5] have been shown to correlate with This approach allows Changes in engagement to be per-
greater SCR values. Moreover, studies examining the relageived as variations in rhythmic density and momentum,
tionship between physiological responses, musical arousalyhile preserving the notated tempo and the performer's in-
and listener engagement in live music concert have foundtentional timing. By treating physiological in uence as an
that SCR closely tracks sympathetic arousal and is linkedexpressive cue rather than an explicit command, the system
to higher self-reported engagement, with faster-tempo passupports musical interpretation. To implement this design,
sages consistently eliciting elevated SCR values [26, 27]. the melodic line is generated using a wavetable synthesizer
Accordingly, our system maps a phasic GSR-based con{Serum, Xfer) P§], whose low-pass lter cutoff frequency
trol signal, representing SCR-related activity, to MIDI con- rate is modulated by a phasic GSR—-based control signal.
tinuous controller (CC) values that are intended to re ect As the magnitude of this control signal increases, the rate
relative changes in arousal in a musically perceptible man-of the Low-Frequency Oscillator (LFO) modulating the
ner. Increases in this control signal result in shorter note lter cutoff frequency increases accordingly. This modula-
durations in a monophonic lead synthesizer, indirectly con-tion perceptually subdivides a sustained note into multiple
veying a sense of increased pace and drive without explicitly shorter articulations, creating the impression of increased
altering tempo. Using this phasic GSR signal as a real-time rhythmic activity without altering pitch or tempo.
modulator thus enables both performers and listeners to per- We chose this synthesis-based approach over direct note
ceive changes in audience engagement through expressiveiggering or tempo modulation because it enables smooth,
variations in the melodic line. In this way, audience engage-continuous transitions between states of engagement. As a
ment can be incorporated as an active, real-time componentesult, higher levels of audience engagement are conveyed
of the performance structure. musically through more rapid rhythmic subdivision. This



design allows physiological arousal to shape perceived pacThis sampling rate corresponds to the minimum rate se-
ing while remaining embedded within a musically coherent lectable in the BrainVision LSL Connector and was used

structure. for acquisition prior to downstream ltering and resampling.
The same PC 1 ran a Python environment for online pro-
3.3 Overall System Architecture cessing, ensuring low-latency transfer and a uni ed time

. o . . base.
The system architecture is divided into two primary com-

putational units (see Figure 2): a data acquisition and pro-
cessing unit (PC 1) and a sound generation unit (PC 2). The
signal ow begins with GSR signals from the music listener,
captured by an ampli er and transmitted to PC 1.

In the PC 1 environment, GSR signals are streamed into
a Python-based processing pipeline via the Lab Streaming
Layer (LSL) [29]. This pipeline consists of three sequential
stages: (1) GSR pre-processing to obtain a phasic-dominant
signal, (2) listener-speci c calibration and sample-wise
min—max normalization, and (3) extraction of a musically
anchored feature using a sliding window.

Figure 3. Setup of galvanic skin response (GSR) recording using BrainVi-
sion Ag/AgCl electrodes attached to the listener's hand.

3.4.2 Real-Time Preprocessing

In this work, the phasic component of the GSR signal is
used as an index of skin conductance responses (SCR)—
related activity. To emphasize this component, the incom-
ing GSR stream was lItered online using a fourth-order
Butterworth band-pass Iter (0.01-3.0 Hz), implemented as
acausal lter with second-order sections (SOS)<filt
in SciPy B1]). This Itering attenuates very slow tonic
uctuations as well as high-frequency noise, yielding a
phasic-dominant GSR signal suitable for real-time con-
trol. The Itered signal was subsequently downsampled
to 20 Hz, which provides suf cient temporal resolution for

Figure 2. System architecture and signal ow of the proposed audience- SCR-related dynamics while reducing computational load.

centered biofeedback system for music performance. GSR: galvanic skin . . .

responses; LSL: Lab Streaming Layer; OSC: Open Sound Control; MiDI: 3-4.3 Calibration and Normalization

Musical Instrument Digital Interface; CC: continuous controller; DAW: .
Digital Audio Workstation. At the start of each run, 30 s of baseline data were col-

lected to establish a listener- and session-speci ¢ operating

The normalized control signal is then transmitted to PC 2 fange. Based on this calibration window, minimum and
via Open Sound Control (OSC3(. On PC 2, a second Mmaximum values were estimated using percentile statistics,
Python environment translates the physiological data into@nd subsequent samples of the phasic-dominant GSR sig-
musical control parameters. This stage includes (1) settingnal were linearly mapped to the [0,1] range via min—-max
a delay buffer to align physiological feedback with musi- normalization. This sample-wise normalization yields a
cal phrasing, (2) MIDI con guration, and (3) Sca”ng the bounded control S|gna| that is robust to inter-individual dif-
normalized control signal into MIDI continuous controller ferences and facilitates stable inter-process communication
(CC) messages. Finally, the control data are sent via an(€-9., OSC transmission to PC 2).
internal MIDI connection to the digital audio workstation

(DAW), where MIDI mappings modulate synthesizer pa- 3.4.4 Feature Extraction for Musical Engagement

rameters in real time. Rather than performing model-based SCR decomposition
or discrete event detection, we estimate SCR-related activity
3.4 Biosignal Acquisition and Processing by computing a musically anchored control feature from

the normalized, phasic-dominant GSR signal. Speci cally,
a sliding mean statistic is applied over a xed analysis
GSR was recorded using a BrainVision actiCHamp am-window de ned in musical time.

pli er (Brain Products GmbH; see Figure 3). Using the Prior to performance, the tempo (beats per minute; BPM)
BrainVision LSL Connector free software, the raw GSR is speci ed by the user. The analysis window spans four
stream was forwarded in real time to the performance com-bars at the current tempo—a phrase-scale unit commonly
puter (PC 1) via the LSL at a sampling rate of 10,000 Hz. used in musical practice—while the hop size corresponds to

3.4.1 Acquisition



a thirty-second note (32nd note). Expressing both window This design ensures that the current musical output is driven
and hop sizes in musical units, rather than absolute time, enby the audience's physiological response to the preceding
sures that the resulting control feature remains aligned with musical segment, aligning the feedback mechanism with
musical phrasing and automatically rescales with tempo perceptual and musical timescales.
changes. At the 20 Hz analysis rate (50 ms per sample) . .
hop updates are quantized to the analysis grid. When the3'5'3 Biosignal-to-MIDI Value Mapping
duration of a 32nd note falls below 50 ms at higher tempi, After temporal alignment through buffering, the delayed
the hop size is clamped to a single analysis sample. The reeontrol signal is converted into discrete musical control
sulting windowed control signal provides a smooth, tempo- values suitable for real-time synthesis. Speci cally, the
aligned estimate of SCR-related activity, which is transmit- normalized control signal in the range [0:0; 1:0] is mapped
ted in real time to PC 2 via OSC for musical mapping. to MIDI values in the rangf0; 127]using a transfer function
with an adjustable exponent:
3.5 Sound Generation
y=x 127,

Although the proposed system is not tied to a speci ¢ musi-
cal genre, its sound generation design assumes the presenseherex denotes the normalized control signathe result-
of an existing musical layer that can be continuously modi- ing MIDI value, and a sensitivity parameter that deter-
ed in real-time. This assumption allows audience physiol- mines the curvature of the mapping function.
ogy to be integrated into an ongoing performance without Setting = 1:0 yields a linear mapping, in which out-
interrupting musical continuity. Accordingly, the system put values are directly proportional to the input. Values of
operates on pre-existing musical material, consisting ofa < 1:0 produce a concave (logarithmic-like) curve that
pre-determined harmonic progression and a MIDI-basedincreases sensitivity to lower input values, whereas values
melodic line prepared in advance within a DAW. of >1:0 generate a convex (exponential-like) curve that

The computed audience physiology values described inreduces sensitivity in the lower range. The resulting con-
Section 3.4 are used as a MIDI control signal to representtinuous values are quantized into standard 7-bit integers to
moment-to-moment uctuations in audience engagementensure compatibility with the MIDI protocol.
as an explicit musical control parameter. Building on prior This exible mapping function allows the system to ac-
ndings that SCR activity is closely associated with tempo- commodate inter-individual variability in physiological dy-
related musical features during heightened engagement, théamics. For listeners exhibiting a narrow range of control
system links physiological values indirectly to perceived signal uctuations, smaller values ofexpand subtle vari-
rhythmic pace. Rather than directly altering the notated ations into a broader range of MIDI outputs, preventing
tempo, the system modulates rhythmic density by dynami-the musical response from sounding static. Conversely,
cally subdividing the rhythm of an existing melodic line. To for listeners with a wider dynamic range, largevalues
realize this rhythmic modulation in a temporally coherent help prevent saturation at the upper end of the MIDI scale,
and perceptually meaningful manner, the following subsec-preserving musically usable control resolution.
g?]nscd;scrlbe the sound generation pipeline |mplemented3.5_4 Transmission to MIDI Port

Following value mapping, the quantized MIDI control val-

3.5.1 MIDI Synchronization ues are encapsulated into standard MIDI CC messages.

Before processing the incoming normalized phasic GSR_Each message is assigned to a prede ned MIDI channel and

based control signal, the system establishes a synchronize&C NUmber speci ed within the script. The resulting data
temporal environment with the DAW. The Python script run- stream is transmitted via a virtual internal MIDI port (e_.g.,
ning on PC 2 listens for MIDI Transport messages (Start, IAC_Drlver or loopMIDI) to the external sound generation
Stop, and Clock) sent by the DAW. This con guration sup- €hvironment.

ports thz_;tt the system's interngl processing clock is syn_chro-3.5_5 Sound Modulation Strategy

nized with the tempo de ned in the DAW. By conforming ) ]

to the DAW's transport status, the system prevents temporal T he transmitted MIDI control messages serve as an inter-
data drift and maintains musical coherence, ensuring thatMediate representation that enables routing of the audience
the physiological feedback loop begins and ends preCise|ypr_1y3|ology—der|ved control signal to synthesis parameters

with the musical performance. within the sound engine (see Figure 4). In the present sys-
tem, this control stream modulates the rate of an LFO.
3.5.2 Delay Buffer Setting The LFO is routed to modulate the cutoff frequency of

. . a low-pass Iter applied to the lead synthesizer voice. As
To account for the listener's perceptual response latencyy,q | g oscillates, it periodically reveals and masks high-

a delay buffer is applied to the incoming control signal. feq,ency transients that de ne the articulation of rhythmic
Rather than mapping physiological changes to sound pag, jges. The MIDI control values directly determine the

rameters instantaneously, the system is designed to re €Chequency of the LFO oscillation, thereby shaping the per-
the listener's response to the musical phrase they have justq eq rhythmic subdivision of the sound.

heard. Accordingly, a sliding time window (i.e., delay
buffer) is used to temporarily store the normalized phasic
GSR-based control signal. Instead of reading the signal  « High Engagement (Fast LFO Rate): As the control
immediately, the system accesses the buffer with a xed value increases, the LFO rate accelerates, leading to
temporal offset corresponding to the desired delay duration. more frequent articulations and a denser rhythmic

This design results in the following musical behaviors:






	 1. Introduction
	 2. Background
	2.1 Physiological Signals
	2.2 Biofeedback Systems in Music
	2.3 Audience-Centric Biofeedback Systems

	 3. System Development
	3.1 Physiological Indicator for Musical Engagement
	3.2 Musical Design
	3.3 Overall System Architecture
	3.4 Biosignal Acquisition and Processing
	3.4.1 Acquisition
	3.4.2 Real-Time Preprocessing
	3.4.3 Calibration and Normalization
	3.4.4 Feature Extraction for Musical Engagement

	3.5 Sound Generation
	3.5.1 MIDI Synchronization
	3.5.2 Delay Buffer Setting
	3.5.3 Biosignal-to-MIDI Value Mapping
	3.5.4 Transmission to MIDI Port
	3.5.5 Sound Modulation Strategy


	 4. Live Performance Demonstration
	4.1 Music Selection
	4.2 Performance Setup
	4.3 Performance and Recording

	 5. Conclusion and Future Work
	 6. References

