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Abstract
Questions of agency and authorship become central to the de-
sign of expressive digital musical instruments (DMIs). Agency is
recognized as essential for meaningful musical performance but
remains difficult to operationalize and measure. We here propose
sensory attenuation as an implicit measure of self-attribution and
a practical proxy for agency in DMI interaction. We implemented
a pressure-based control system for a digital synthesizer, intro-
ducing nonlinear behaviors along pressure and time dimensions.
Using a psychophysics experiment combined with qualitative
interviews, we investigate how these nonlinearities affect per-
formers’ sense of agency. Results suggest that sensory attenua-
tion provides a viable proxy for self-attribution, but only when
output exceeds a volume threshold. Furthermore, we observe
interaction effects between temporal and action nonlinearities,
indicating that maintaining agency requires control across both
dimensions. Our findings provide empirical grounding for using
sensory attenuation for experimental agency evaluation methods.
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1 Introduction
When playing a physical instrument, there is a complex, non-
linear relationship between the musician’s actions and the result-
ing sound. In digital musical instruments (DMIs), this relationship
becomes malleable, largely determined by the design of mappings
between performer input and sound generation [33, 48]. Mapping
strategies define how gestural variation translates into changes
in timbre, dynamics, and other expressive-related cues [24, 25].
Simple one-to-one mappings offer transparency and ease of learn-
ing but may restrict expressive flexibility [11]; in contrast, more
complex approaches—including one-to-many mappings, nonlin-
ear response functions, and stateful control dynamics—have been
explored to enable richer and more acoustic-like behavior [8, 34].
With the increasing proliferation of generative AI (GenAI) sys-
tems [4, 42, 53], mappings in creative tools can become more
opaque and less directly traceable from action to sound. As AI
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systems take a larger role in music creation, the role and agency
of the musician can become blurred [55]. While the work pre-
sented here is inspired by debates around the use of GenAI in
art, the current work examines a more controllable and better
understood manipulation of input mappings.

This trend inspires us to examine agency in interaction with
DMIs, particularly in a specific aspect put into focus by the prolif-
eration of AI systems: the subjective experience of agency. There is
a fundamental tension in the design of input-to-sound mappings:
while complex mappings can expand expressive possibilities,
they may also weaken action to sound correspondence [24, 37],
potentially making it harder for performers to anticipate how
their actions shape sound. Prior work suggests that nonlinear or
state-dependent mappings can increase learning demands and
reduce predictability [21, 39]; however, they are also desirable
as they provide expressivity and are often used as a stylistic ele-
ment [39, 41], such as in feedback musicianship [31, 38, 40]. To
ground this discussion in empirical observation, a method for
measuring performer agency when using arbitrary instruments
and mappings – with or without AI involvement – is necessary.

The sense of agency is often defined as the experience of con-
trolling one’s actions and their consequences [36]. A distinction
is commonly made between the judgment of agency, which hap-
pens after the fact and is often influenced by context (e.g., beliefs
about causality, social cues) and the sense of agency, which is
the pre-reflective experience one has in the moment, before it is
shaped by judgment [10? ]. Agency judgments can be collected
through self report. However, measuring the pre-reflective sense
of agency those judgments are based on is more difficult. The go-
to measure for assessing pre-reflective agency is temporal binding
[2, 6, 10], but this method is not compatible with assessing con-
tinuous music performances. An alternative approach is inspired
by comparator approaches to agency [16]. A core assumption in
comparator models is that the sensory feedback we receive is
compared to our mental model of the expected sensory feedback,
and that, if these match, then stimuli are attenuated; that is, they
are experienced less salient. While this does not cover the full
scope of agency, it captures the sense of self-attribution as a rele-
vant proxy measure in this context. While sensory attenuation is
well understood and has featured in HCI design [50], it has so
far not been directly used as an evaluation method.

Consequently, we investigate whether sensory attenuation
can serve as an implicit measure of agency with DMIs. Specif-
ically, we present an experiment in which we investigate (a) if
magnitude estimation can capture attenuation effects, (b) how
different action to sound mappings might effect such attenuation,
and (c) how playback volume effects attenuation. We comple-
ment magnitude estimation data with qualitative interviews to
contextualize the results.
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2 Related Work
This work draws on agency research, implicit perceptual mea-
sures, and DMI interaction. We first review theoretical models of
agency and approaches for measuring pre-reflective agency. We
discuss limitations of commonly used measures such as temporal
binding in continuous interaction contexts, motivating sensory
attenuation as a methodological alternative. Finally, we position
DMIs as environments where predictive mechanisms and map-
ping design shape agency-related perception.

2.1 Agency
The sense of agency refers to the experience of controlling one’s
actions and their effects in the world [20]. Beyond simple motor
execution, agency encompasses attribution, responsibility, and
the belief that one’s intentions causally shape outcomes [6]. Psy-
chology and HCI research show that agency is highly sensitive
to interaction design, including factors such as feedback latency
[23, 32], system autonomy [1, 37], and input modality [29, 58].

Agency is often modeled using predictive frameworks like the
comparator model, which proposes that internally generated pre-
dictions of sensory consequences are compared with incoming
feedback to determine self-attribution [16, 17]. When prediction
and perception align, outcomes are experienced as self-caused;
discrepancies may instead be attributed to external factors. Com-
plementary accounts emphasize inferential processes, suggesting
that agency judgments may arise from higher-level reconstruc-
tion of causal relationships between intentions, actions, and ef-
fects [61].

We adopt a two-level account distinguishing a pre-reflective
sense of agency from reflective agency judgments [10]. The pre-
reflective sense emerges from sensorimotor processing and pre-
dictive mechanisms, while reflective judgments incorporate con-
textual interpretation, beliefs, and goals. Because interface design
primarily shapes sensorimotor contingencies, implicit measures
of pre-reflective agency are particularly relevant for evaluating
interactive systems.

2.2 Agency Measurement in Generative AI
Interaction

The need for robust implicit measures of agency becomes par-
ticularly pressing in the context of GenAI systems [4, 10, 42].
Unlike traditional instruments or interfaces, GenAI tools often
introduce partial autonomy, stochastic behavior, and opaque
transformations between user input and system output. These
characteristics can blur authorship and weaken users’ ability to
attribute outcomes to their own actions.

In creative domains such as image or music generation, agency
relates not only to usability, but also to ownership, responsibil-
ity, and artistic identity. Explicit self-reports may be insufficient
because users may rationalize outcomes after the fact; for ex-
ample, when rationalizing if an award-winning image was cre-
ated by GenAI or the person who selected the image from the
GenAI output[49]. Implicit perceptual measures therefore pro-
vide a more robust way to examine how system behavior shapes
underlying experiences of control, independent of conscious in-
terpretation.

2.3 Measuring Pre-Reflective Agency
Two implicit perceptual phenomena are commonly used as prox-
ies for pre-reflective agency: temporal binding and sensory at-
tenuation.

2.3.1 Temporal Binding. Temporal binding refers to the compres-
sion of perceived time between an action and its outcome, where
causally related events are experienced as closer together than
they objectively are [19]. Measurement approaches include Libet
clock paradigms and interval estimation tasks, both of which
quantify perceived delays between discrete action–effect pairs.
Temporal binding has been widely used in HCI research because
it provides a quantifiable perceptual measure without relying
solely on self-report [6].

While widely used as an implicit measure of agency, temporal
binding experiments rely on discrete action–effect pairs, such
as a button press followed by a delayed outcome. This assump-
tion conflicts with many forms of musical interaction. Musical
performance often involves continuous modulation with ongo-
ing control loops linking gesture and sound [56, 57]. Complex
mappings, layered synthesis processes, and dynamic feedback
make it difficult to define clear causal intervals between action
and outcome. As a result, temporal binding may fail to capture
the experiential qualities most relevant to expressive instrument
use. These limitations motivate alternative measures that operate
within continuous interaction dynamics.

2.3.2 Sensory Attenuation as an Alternative Measure. Sensory
attenuation refers to the reduced perceived intensity of self-
generated sensory stimuli relative to externally-generated stimuli
of comparable physical magnitude [26]. Predictive models ex-
plain attenuation through efference copy mechanisms that gen-
erate expectations about sensory consequences; when prediction
matches feedback, sensory responses are attenuated [3, 64]. Clas-
sical examples include diminished perception of self-generated
touch and the reduced ability to tickle oneself.

Because attenuation reflects pre-reflective self-attribution rather
than explicit evaluation, it provides a promising measurement
paradigm for continuous interaction scenarios. Unlike tempo-
ral binding, attenuation does not require discrete action–effect
timing and can be assessed within ongoing sensorimotor loops.

2.4 Digital Music Performance Systems and
Mapping Structure

DMIs are commonly conceptualized as closed-loop interactions
where performer action and system response are continuously
coupled through perception and feedback [59, 63]. Rather than
discrete commands, musical interaction unfolds as an ongoing
sensorimotor process, where performers form predictive models
linking gesture to sound. Within this loop, the mapping layer
plays a central role by transforming gestural input into control
over synthesis parameters [22].

Mapping design has long been recognized as a key deter-
minant of instrumentality and expressivity in New Interfaces
for Musical Expression (NIMEs). While simple one-to-one map-
pings provide transparency and ease of learning, more com-
plex strategies—including nonlinear response functions [39, 41],
state-dependent behavior, and many-to-many parameter rela-
tionships—have been explored to expand expressive possibili-
ties [8, 28]. However, increasing mapping complexity introduces
trade-offs between expressive richness and intelligibility. Non-
linear or stateful mappings may produce qualitatively distinct
behavioral regimes or history-dependent responses, similar to
threshold phenomena observed in acoustic instruments [40] such
as bowed strings or wind instruments [34, 52].

These mapping characteristics directly affect predictability
and, consequently, sense of agency. Performers rely on stable
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predictive relationships to attribute sonic outcomes to their own
actions [35, 37]; when mappings introduce hidden dynamics or
nonlinear transformations, prediction may become more difficult,
potentially altering perceived control. Prior NIME research sug-
gests that successful instruments balance responsiveness with
complexity, remaining reliably unpredictable such that explo-
ration remains possible without undermining intelligibility [44].

Examining the feasibility of sensory attenuation as an eval-
uation method, we investigate this mediation in two distinct
mapping types: response linearity and temporal state. Linear
mappings preserve proportional relationships between gesture
and outcome, supporting direct correspondence, whereas nonlin-
ear mappings introduce threshold effects that may alter system
predictability [39]. Similarly, time-dependent mappings intro-
duce history into the interaction loop, affecting temporal pre-
dictability. By systematically comparing linear and nonlinear
mappings across both gestural (pressure) and temporal domains,
we investigate how these design choices influence pre-reflective
self-attribution as measured through sensory attenuation.

3 Implementation
We implemented a configurable sound control system intended
for expressive, real-time performance. The implementation tar-
gets five requirements: (1) low-latency sound generation and
parameter modulation, (2) capture of expressive gestural input,
(3) timbre control through multiple synthesis parameters, (4) sup-
port for both linear and nonlinear (including stateful) control
dynamics, and (5) switching between simple and complex map-
pings. A full overview of the system can be found in Appendix B.
The system is implemented as a sequencer and synthesizer in
Max/MSP [7], where participants can modulate various parame-
ters using an Expressive E Touché [13].

3.1 Platform for Flexible Sound Control
We used Max/MSP’s visual dataflow environment to provide real-
time scheduling, built-in synthesis and DSP objects, and a fast
iteration workflow that is well-suited to prototyping mapping
engines for DMIs [7, 12]. Text-based environments like Super-
Collider [54] and other visual environments like Pure Data [46]
would likewise be appropriate for these general requirements.

3.2 Controller for Expressive Gestural Input
For gestural input we used the Expressive E Touché [13], which
affords performance gestures such as tapping, sliding, wiggling,
and bending. The device reports pressure-derived values (top,
bottom, left, right) as MIDI Continuous Controller (CC) messages.
We implemented a single pressure stream as the primary con-
trol signal to keep the mapping space interpretable and isolate
complexity in the mapping engine, rather than in multi-sensor
coordination.

In Max/MSP, incoming CC data are received using ctlin,
scaled into a normalized 0–1 control range, and then resampled
and smoothed prior to use by the mapping engine. We sample
the normalized control stream every 15.625 ms (64 Hz), which
provides a stable update rate for parameter modulation while
remaining responsive. Smoothing reduces audible zipper noise
during rapid parameter changes and stabilizes the signal for
stateful processing stages.

3.3 Timbre Manipulation Targets
Expressive control in DMIs performance often relies on timbre
modulation [11, 45]. Combining common subtractive and additive
synthesis approaches, we provide three complementary timbre
control targets [51]: (1) low-pass filtering, (2) wave-folding, and
(3) overdrive.

Pulse-wave duty cycle. The core sound source is a pulse oscil-
lator with a continuously modulated duty cycle.

Low-pass filter cut-off. We apply a low-pass filter and modulate
its cut-off frequency to control spectral brightness by opening
the filter with increasing pressure. This provides a familiar per-
formance metaphor of opening and closing the sound.

Wave folding. Finally, we apply a wavefolder, which creates
additional harmonics by folding amplitude peaks into repeated
segments once they exceed a threshold [5]. Greater volume pro-
duces stronger folding and a more aggressive distortion character.

3.4 Linear vs. Nonlinear Behavior
To model nonlinear and stateful interaction dynamics that are
common in acoustic instruments [34, 39], we provide two be-
havior modes that operate within the mapping engine—we com-
pare Linear to Non-Linear Pressure Mappings, and Linear to Non-
Linear Temporal Mappings.

3.4.1 Pressure Mapping. For the Linear Pressure condition, the
pressure input was mapped to duty cycle (from 50% to 85%) over
the entire input range.

We create a Non-Linear Pressure response via combined three
piecewise-linear functions with different activation thresholds
and slopes (Figure 1). Concretely, each timbral manipulation
begins and plateaus at individual points of the available pressure
range:

• Filter cut-off: active from 0% (100 Hz) and plateaus at 50%
(6000 Hz),

• Duty cycle: starts at 33% (50% duty cycle) and plateaus at
66% (95% duty cycle),

• Wavefolder volume: activates from 50% (0.5×) and satu-
rates at 100% (10×).

These ranges were selected to span clearly audible timbral
changes while avoiding trivial saturation at low pressures. The
combination of effects produces distinct control zones where dif-
ferent combinations of parameters are active, yielding qualita-
tively different timbral behaviors across the pressure range. In
this sense, the system behaves like a mode-switching control
surface without requiring explicit switching by the performer.

3.4.2 Time Mapping. In the Linear Time condition, no further
manipulation was applied. In the Non-Linear Time condition,
we added temporal nonlinearity through hysteresis. The system
maintains a latent state variable, system energy, computed as
an exponential moving average (EMA) of recent input history
[34, 39]:

𝑆𝑦𝑠𝑡𝑒𝑚𝐸𝑛𝑒𝑟𝑔𝑦𝑡 = (1 − 𝛼) 𝑆𝑦𝑠𝑡𝑒𝑚𝐸𝑛𝑒𝑟𝑔𝑦𝑡−1 + 𝛼 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝐼𝑛𝑝𝑢𝑡𝑡 .

The effective control signal is then computed by combining cur-
rent pressure with system energy. In our implementation, the two
are weighted equally, yielding a control signal that is responsive
to immediate gesture changes while still reflecting recent inter-
action history. This produces hysteresis-like behavior: the same
instantaneous pressure can yield different outputs depending
on prior pressure trajectories, enabling effects such as temporal
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Figure 1: Nonlinear pressure response curves showing how
filter cut-off (blue), duty cycle (orange), and wavefolding
(green) vary with input pressure. Shaded regions indicate
control zones where different parameter combinations
are active, producing a globally nonlinear response from
piecewise-linear mappings.

smoothing and history-dependent settling that are common in
acoustic interaction dynamics (e.g., overblowing thresholds and
return paths) [28, 39].

4 Study Overview
Musical expressivity is often framed as communication from
performer to audience [18], mediated through the shaping of
perceptible sound features [45]. For expressive DMIs, prior work
argues that mappings should be sufficiently rich to support nu-
anced control [22], while still remaining understandable in live
performance [62]. Motivated by expressive behaviors found in
acoustic instruments, our system introduces nonlinear and state-
ful control dynamics (Section 3.4). The central question for the
study is whether such added mapping complexity reduces per-
formers’ ability to maintain gesture-effect correspondence during
performance, and, consequently, a sense of agency.

We study this question through the lens of self-attribution,
i.e., the sense that one caused a change in the environment [9].
Self-attribution is a key component of the sense of agency: in the
two-level account, the pre-reflective feeling of agency provides
an initial classification of outcomes as self-caused or not, which
contributes to higher-level agency judgments (Section 2.1) [? ].
In performance contexts, reduced mapping comprehension can
plausibly weaken this self-caused classification by increasing
uncertainty about whether an outcome matches the intended
action effect.

To operationalize self-attribution without relying on explicit
self-reports, we use sensory attenuation as an implicit measure
[26]. We quantify the perceived intensity of stimuli using magni-
tude estimation [27], which is commonly used in psychophysics
to obtain ratio-scale judgments and supports within-participant
comparisons across conditions.

4.1 Participants
Twelve participants (9male, 2 female, 1 non-binary) aged between
20–29 (𝑀 = 24.42, 𝑆𝐷 = 2.60) took part in the study (𝑁 = 12).
Ten participants reported no hearing loss, while two reported
slight, constant hearing loss.

All participants met the inclusion criterion of having a musical
background and being comfortable playing at least one instru-
ment that requires fine hand control. This criterion was selected
because instrumental skills can transfer to unfamiliar musical
controllers and interfaces [60]. We further expected that par-
ticipants with performance experience would be better able to
describe and contextualize their interaction experience during a
follow-up interview.

4.2 Study Design
The study comprised two connected parts: (1) a within-subjects
psychophysics experiment and (2) a short qualitative interview.

5 Psychophysics Experiment
5.1 Experiment Design
To examine whether mapping complexity and stateful control
dynamics affect performers’ ability to maintain gesture-effect
correspondence, we conducted a psychophysics experiment mea-
suring sensory attenuation. Sensory attenuation was operational-
ized by comparing perceived loudness during active performance
with perceived loudness during later playback of the same sound.

In each trial, participants produced a short performance while
a fixed melody was supplied to the sound engine via MIDI play-
back. Participants were instructed to freely modulate the sound
using the controller. Each performance was rated twice: once
during recording (active control) and once during playback (pas-
sive listening). Differences between these two estimates served
as an implicit measure of self-attribution.

We used a factorial design with the following independent
variables Pressure (Linear/Non-Linear), Time (Linear/Non-Linear),
and Volume (Quiet/Loud).

Pressure and Time conditions were blocked. Volume Level
was randomized within blocks, to reduce repetitive responding.
Each condition was repeated eight times per participant (four
repetitions per volume level). Condition order was partially coun-
terbalanced to mitigate order and learning effects.

To reduce the likelihood that participants would recognize
their own recordings during playback and reproduce earlier esti-
mates from memory, recording and playback trials were tempo-
rally decoupled. Trials were organized into alternating recording
(REC) and playback (PB) blocks in the following fixed sequence:

𝑅𝐸𝐶0 → 𝑅𝐸𝐶1 → 𝑃𝐵1 → 𝑅𝐸𝐶2 → 𝑃𝐵0 → 𝑅𝐸𝐶3 → 𝑃𝐵3 → 𝑃𝐵2

For each condition, we collected the difference between the
estimate participants provided for the loudness of their live per-
formance, and the estimate they provided for the loudness of the
resulting recording. Differences in estimates were standardized
per participant.

5.2 Procedure
Participants were first briefed on the task, provided informed
consent, and completed a short demographic questionnaire. They
were then instructed in the magnitude estimation procedure.
Participants were asked to report relative loudness using any nu-
merical scale, with larger numbers indicating louder sounds. They
were encouraged to capture fine-grained differences between tri-
als and were told they could assign an arbitrary reference value
(e.g., 100) to the first trial. To reduce ambiguity, participants were
instructed to estimate peak loudness.

Before the main experiment, participants completed a short
familiarization session with the controller. During this phase, a
random melody generator provided MIDI input, and both Pres-
sure Linearity and Time Linearity were set to nonlinear. Partici-
pants were encouraged to explore a range of gestures (e.g., soft
vs. forceful, slow vs. rapid movements) to become comfortable
with the interaction.

5.3 Task
Across the experiment, each participant completed 32 recordings
(4 Conditions × 2 Volume Levels × 4 repetitions). Each recording
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All Conditions

Standardized Attenuation Estimates

Group Mean and
95% Confdence Interval

Participant Estimate

High Volume

Low Volume
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Pressure

Time

Pressure
Time

Pressure
Time

Pressure
Time

Figure 2: Differences in estimates of live audio and recorded audio. A positive difference indicates that the recording was
rated louder. The Y axis represents distance from zero attenuation in Standard Deviations. Each point is the average of four
estimates for the graphs broken down by pressure and time. For all conditions, each point is the average of 16 estimates.
Linear and Non-Linear are indicated by Linear and Exponential Slopes respectively. Non-Linear Pressure combined with
Linear Time resulted in highest attenuation, Non-Linear Pressure combined with Non-Linear Time resulted in lowest. The
only statistically significant effect was observed for Volume.

was evaluated twice—once during recording and once during
playback—yielding a total of 64 loudness estimation trials per
participant. Responses were provided immediately after each
trial, and the next trial began as soon as a response was recorded.

5.4 Setup
Mono audio output was delivered through a single FBT J 5A
active loudspeaker [14], positioned approximately 80 cm in front
of the participant. Gestural input was provided via the Touché
with input sensitivity set to 40%.

5.5 Data Collection and Analysis
For each recording, participants provided estimates for Loud-
nessRecording and LoudnessPlayback, which were recorded
manually into a spreadsheet. Because participants used self-
chosen numerical scales, estimates were standardized within
participants prior to analysis.

One participant was excluded due to repeatedly providing
identical loudness estimates across trials, including trials with
objectively different volume levels.

After exclusion, data from 11 participants were analyzed. Dif-
ferences between playback and recording estimates (PB–REC)
were computed for each sound, yielding 350 valid difference mea-
surements (two missing values). Outliers were screened using
the Median Absolute Deviation (MAD) method with a threshold
of 4, revealing no problematic observations. Estimates were then
standardized (by transforming to z-scores) per person, to ensure
that all participants estimates were within a shared scale. The
distribution of difference scores was approximately normal, with
slight positive skew.

5.6 Analysis and Results
We conducted a three-way ANOVA with Volume (High, Low),
Pressure (Linear, Non-Linear), and Time (Linear, Non-Linear) as
fixed factors and Participant as a blocking factor. The dependent
variable was Difference in Estimated Amplitude; for simplicity
sake, we will refer to this as Attenuation.

Differences between Groups. The analysis revealed a significant
main effect of Volume, 𝐹 (1, 70) = 93.09, 𝑝 < .001, indicating
that Attenuation differed reliably between volume conditions. No
significant main effects were observed for Pressure, 𝐹 (1, 70) =

0.32, 𝑝 = .573, or Time, 𝐹 (1, 70) = 2.16, 𝑝 = .146. The blocking
factor Participant was significant, 𝐹 (10, 70) = 3.58, 𝑝 < .001,
suggesting strong between-participant variability. There were
no significant interactions effects.

Follow-up Check for Absolute Attenuation. To establish if the
effect of volume observed in the ANOVA lead to attenuation in
absolute terms (rather than just differences between groups), we
conducted two-sided one-sample 𝑡-tests on participant means.
Holm correction was applied to control for multiple comparisons
across volume levels.

For Low Volume, the mean differed significantly from zero
(𝑀 = −0.55, 𝑆𝐷 = 0.37, 𝑛 = 11), 𝑡 (10) = −4.91, 𝑝Holm = .001,
Cohen’s 𝑑𝑧 = −1.48, 95% confidence interval of [−0.80,−0.30].

For High Volume, the mean was also significantly different
from zero (𝑀 = 0.40, 𝑆𝐷 = 0.32, 𝑛 = 11), 𝑡 (10) = 4.13, 𝑝Holm =

.002, Cohen’s 𝑑𝑧 = 1.24, 95% confidence interval of [0.19, 0.62].
This shows that, in both cases, there was a measurable at-

tenuation effect; however, the direction changes. It appears that
participants overestimated the live audio with respect to the
recordings in the Low Volume condition and underestimated the
live audio in the High Volume condition.

6 Semi-Structured Interview
6.1 Interview Protocol
A complementary semi-structured interview explored partici-
pants’ explicit understanding of the system and judgments of
agency. Broadening the psychophysics experiment’s focus on
sensory attenuation, the interview explored aspects of agency,
including perceived control, perceived self-causation, and the
ability to anticipate sonic outcomes.

First, participants were asked to describe what they believed
the system did, to elicit their spontaneous mental models of the
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Discrepancies in 
the Sense of 

Causation

Gesture-Effect Correspondence 
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Judged Control
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Experiential Outcomes
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and Autonomy

Figure 3: Overview of qualitative clusters grouped into
three meta-clusters: (1) perceived agency and control, (2)
system responsiveness and autonomy, and (3) affective and
experiential outcomes.

mapping. Second, after a brief explanation of the intended con-
trol principles, participants were asked more directly about (i)
self-causation, (ii) control, and (iii) predictability. Third, partici-
pants were asked about enjoyment, under the assumption that
perceived agency and expressive potential are often intertwined.
When applicable, participants were also asked whether effort was
required to achieve their intentions; however, because the musi-
cal task was improvisational, explicit goals were not expected in
all cases. A complete list of questions is provided in Appendix A.

6.2 Data Collection and Analysis
All 12 participants completed the interview. For consistency, the
same participant excluded from the quantitative analysis (Sec-
tion 5.5) was excluded here as well.

Interviews were audio recorded and transcribed using OpenAI
Whisper [43]. Transcripts were manually checked for correctness.
To identify recurring patterns, Løvaas coded the transcripts in
Taguette [47] and used an visual affinity clustering [30] approach
with Miro to organize themes informed both by the interview
prompts (e.g., control, causation, prediction) and inductively from
participants’ accounts.

6.3 Results
The analysis yielded nine clusters across participants (see Appen-
dix D) that describe how participants understood the system and
judged their own influence over sonic outcomes, and how these
judgments shaped gesture-effect correspondence and enjoyment.

6.3.1 Perceived influence over sound features. Most participants
described an influence on timbre and loudness (8 participants
each). Within timbre, wavefolding distortion was particularly
salient (7 participants) and described as more saturated (P3),
wonkier and harsher (P7), and in one case, a bit more like a trom-
bone (P8). Filter effects were reported less frequently (P7, P8,
P10), with participants describing the sound as becoming broader
(P7) or comparing it to a wah-wah pedal (P8). Although explicit
loudness control was not implemented, participants commonly

inferred loudness changes from timbral changes (e.g., from filter
opening and added distortion).

However, perceived loudness control was often inconsistent.
P10 reported sometimes, I’m just controlling the cut-off filter and
sometimes I wasn’t really controlling the volume. P2 and P3 simi-
larly noted that loudness changes were not reliable: there were
some times it didn’t, sometimes it increased (P2).

A small number of participants also reported perceived pitch
changes (P5, P8), despite pitch being fixed by the MIDI input. P5
described the system as randomly pitch[ing] up with pressure,
whereas P8 perceived the opposite trend (lower notes at higher
pressure). This suggests that certain timbral transformations may
have been interpreted as pitch variation.

6.3.2 Inconsistency in perceived responsiveness. Several partic-
ipants reported that sometimes nothing seemed to happen in
response to their gesture (P9) or wondered if they were experi-
encing a placebo effectwhen changes were not clearly perceivable.

Experiences of Non-Linear Time temporal smoothing were
also inconsistent. Some experienced the system as smoothed,
especially when attempting faster rhythmic gestures. P10 noted
that their expectations were met primarily when they applied
pressure slowly, even though they felt able to do like some kind
of rhythm. Others reported the opposite, describing the sound
as wavy (P11) and even suitable for tremolo-like effects (P12).
Notably, participants disagreed most about the Non-Linear Time
stateful conditions (Linear Pressure & Non-Linear Time and Non-
Linear Pressure &Non-Linear Time). Some reported nomeaningful
difference (P2, P5), while others reported that these conditions
produced the strongest perceived effect (e.g., P8 for Linear Pres-
sure & Non-Linear Time).

6.3.3 Degrees and limitations of judged control. Several partici-
pants described only partial or intermittent control judgments
(P9, P3). P10 described they could not always change a specific
thing, but felt they could always change something. Others de-
scribed stronger and more consistent control after forming a
mental model of the mapping, with the system becoming very
easy to control once I got to know what a movement does (P12).

A recurring theme was that perceived control depended on the
system’s available range. Participants described being in control
within the range (P2, P7) but also criticized the system as overly
constrained. P8 reported they could approach a desired sound
but not fully reach it: I could get like a bit towards the sound, but
I couldn’t like completely go there. Others linked limited range
directly to reduced control. P7 stated they did not feel in control
because the majority of the sound was predetermined. P2 similarly
felt they could play around with it a bit but lacked access to more
extreme changes.

6.3.4 Distributed agency and system autonomy. Some partici-
pants described the interaction as collaborative, attributing a
degree of autonomy, rather than controllability, to the system.
The system was positioned as reacting (P11), requiring the user
as an intermediary that is going to translate those movements
(P10). This suggested mediated rather than direct control. P7 im-
plied that the system sometimes acted independently, stating it
sometimes got louder anyway without deliberate input.

Several participants needed to time their gestures to the sys-
tem’s dynamics, comparing it to a timing game where peaks
needed anticipation and accurate reaction (P8) or like like surfing
a wave and I had to press it in the right moment (P7).
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6.3.5 Discrepancies in the sense of causation. Some participants
(P3, P7, P9, P10) reported inconsistency in causation without be-
ing able to specify when it occurred. P10 added that some changes
felt like they did not originate from them. Others provided more
specific contrasts: P6 reported strong self-causation during the
training phase (Non-Linear Pressure & Non-Linear Time), whereas
P5 reported reduced self-causation in the same configuration
when they pushed it and there was no tone. P8 felt they really
changed the sound in the stateful conditions and questioned
whether the system was working in earlier blocks.

6.3.6 Gesture–effect correspondence shaping judgments of con-
trol and causation. P3 described loudness as random when they
could not detect correspondence and, therefore, less control. P12
similarly reported: I was pressing it and it was kind of random. It
didn’t have the same effects uniformly. So it made me think maybe I
was not controlling it. P9 and P4 likewise reported reduced control
when the system did not respond as expected.

Conversely, several participants described stronger causation
when they perceived their gesture pattern reflected in the sound.
P11 reported causationwhen themodulationmatched their move-
ment rhythm. P12 described making a little wavy movement and
hearing the sound being a little wavy. P3 similarly stated: I tried
for example sometimes to do another rhythm. [...] I could hear the
same phrase in a way, what I did.

At the same time, perceived inconsistency was common. P12
reported being unable to form a clear, direct correlation. P9 empha-
sized inconsistency across repetitions: you did the same action,
but you didn’t have the same results as before. P10 reported form-
ing a mental model early on (e.g., expecting volume control) that
later broke down.

6.3.7 Effect salience correlating with judged control and causation.
Many participants reported stronger agency judgments when
actions produced larger andmore salient sonic changes, including
both timbral intensity and overall loudness.

P4 stated that they felt more in control and more like they
caused changes when a lot happened. P4 and P5 reported stronger
self-causation at high pressure. P8 similarly stated that they only
attributed changes to themselves when there was a real difference.

Several participants also linked agency to overall system vol-
ume. P11 reported stronger perceived impact when it was louder
and noted that when it was louder I kind of felt more in control of
it. P8 likewise reported noticing meaningful differences primarily
when the output was really loud.

6.3.8 Predictability and learning. Perceived predictability var-
ied across individuals and conditions and often improved with
exposure. P3 stated they could sometimes anticipate outcomes
but did not know if it was just coincidence. P8, P9, and P10 like-
wise reported expectation mismatches. Others described building
prediction through pattern recognition.

Several participants described learning effects. P5 reported
being able to anticipate outcomes after two trials in a new con-
figuration. P3 similarly reported understanding the system after
a few tries. P2 and P11 reported being better able to anticipate
toward the end of the experiment, attributing this to increased
familiarity and, in P2’s account, also to changes in system con-
figuration. Participants tended to agree that Non-Linear Pressure
& Linear Time was easier to anticipate than other configurations,
but there was no consensus about the remaining conditions.

6.3.9 Enjoyment. Enjoyment varied and was linked to effect
perceivability, perceived control range, and personal preference
for predictability versus exploration.

Several participants reported greater enjoyment when effects
were clear and controllable. P8 reported finding the system more
enjoyable when differences were perceivable. P4 stated: it’s more
satisfactory to see that when you do something, there’s a direct
effect or at least in that same moment, you see a difference. P7
similarly expressed that they would have enjoyed it more if they
could control the whole sound more.

However, participants differed on whether strong control was
necessary for enjoyment. For example, P10 reported enjoying the
mysterious quality of the device. P12 similarly described enjoying
exploratory sound twisting and surprising outcomes driven by
curiosity.

7 Discussion
We assumed participants would underestimate the loudness of
expressively controlled audio compared to recordings of their per-
formances, and that this underestimation—sensory attenuation
[26, 50]—could serve as an implicit measure of self-attribution.
We quantified this using attenuation estimates, where positive
values indicate playback judged louder than live performance
and negative values indicate live performance judged louder
than playback. We examined this under two output volume lev-
els (Low/High), two pressure mappings (Linear/Non-Linear), and
two temporal mappings (Linear/Non-Linear). At high volume,
results followed the expected direction associated with sensory
attenuation, whereas at low volume the direction reversed. This
suggests that the measure may not behave monotonically across
output levels and could reflect additional factors when stimuli
approach perceptual thresholds. Overall, the results support the
feasibility of using attenuation as a measure, but require further
investigation.

7.1 Volume Effects
Output volume strongly modulated attenuation. At High Volume,
participants rated actively controlled sounds as less intense than
their later playback At Low Volume this pattern reversed, with
participants tending to rate controlled sound as louder than the
playback.

The High Volume condition aligns with established interpreta-
tions of attenuation as a predictive dampening of self-generated
sensory events [26]. Rapid timbral changes can be perceptually
salient or surprising when unexpected; when participants ac-
tively control the sound and anticipate these changes, their per-
ceived intensity may be reduced, leading to attenuation. For qui-
eter sounds, however, this mechanism may be less pronounced.

The observed inverse attenuation at LowVolume—participants
rating live manipulation as louder than playback—is more diffi-
cult to explain. One possible account is attentional modulation:
During active control, participants expected gesture-dependent
changes and likely focused attention on subtle variations, in-
creasing their perceived salience. During playback, without the
action–perception coupling, these subtle timbral shifts may have
received less attention, leading to comparatively lower perceived
intensity and thus the observed inversion. This suggests that
sensory attenuation is usable as an implicit proxy, but only above
a perceptual salience threshold.
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7.2 Mapping Effects
We expected linear mappings to produce the strongest sensory at-
tenuation, based on the assumption that stable and proportional
action–effect relationships support accurate forward models. In-
stead, the strongest attenuation was observed in the Non-Linear
Pressure & Linear Time condition, while the weakest attenuation
occurred in the Non-Linear Pressure & Non-Linear Time condi-
tion. Because we did not observe statistically significant mapping
effects, these patterns should be interpreted cautiously. Neverthe-
less, they align with several themes emerging from the qualitative
data.

Linear temporal mappings were generally described as more
predictable, and conditions with linear time tended to show
stronger attenuation overall. Temporal nonlinearity introduced
history-dependent behavior that participants often found diffi-
cult to interpret consistently, likely reducing prediction accuracy
and weakening attenuation.

For pressure mappings, the results were less straightforward.
Although linear pressure mappings were expected to maximize
attenuation, the strongest attenuation instead occurred with non-
linear pressure combined with linear time. Qualitative reports
suggest a plausible explanation. Nonlinear pressure mappings
produced more salient timbral events — particularly distortion
and wavefolding — which were repeatedly noted by participants.
These salient changes may have strengthened the sense that ac-
tions had meaningful and noticeable effects, thereby reinforcing
self-attribution. At the same time, linear temporal behavior sup-
ported building strong action–effect links. Several participants
described the Non-Linear Pressure & Linear Time condition as
easiest to anticipate of all conditions.

The weakest attenuation occurred in the Non-Linear Pressure
& Non-Linear Time condition. Here, salient timbral changes co-
incided with temporal unpredictability, creating situations in
which effects were both noticeable and unexpected. Such combi-
nations likely increase prediction error despite strong perceptual
salience, reducing the extent to which outcomes are experienced
as self-generated and therefore attenuated.

However, these interpretations are not built on a solid statisti-
cal basis. Future work might explore the link between mappings
and self-attribution further with more carefully designed experi-
ments focusing on high-volume, or with experiments using larger
sample sizes.

7.3 The Role of (Generative) Algorithms in
Music

This work was partially motivated by the increasing use of GenAI
in music creation. In this context, we consider traditional non-
linear mappings as a relatively well-understood baseline. GenAI
can then be conceptualized as a more extreme form of non-
linear input to output mapping. We expect that the trends in
pre-reflective agency observed in the present experiment may
become more pronounced in the context of music creation with
GenAI systems.

This perspective introduces a potential paradox: some users
claim authorship over music created with GenAI tools such as
Suno [42, 53]. If the attenuation effects observed here generalize
to GenAI-based music creation, self-attribution may be primarily
driven by reflective judgment, while the pre-reflective experience
of creating differs fundamentally. In other words, creating with
GenAI may diverge from traditional instrumental performance
at a basic experiential and sensorimotor level.

Understanding these sensorimotor foundations of creative
practice is particularly important in a context where artistic pro-
duction is increasingly framed in terms of efficiency and output
rather than lived experience. The present study provides an initial
step toward a more detailed investigation of this issue.

At the same time, generative processes have long been integral
to music composition and performance. Contemporary classi-
cal practices, including twelve-tone composition, algorithmic
composition, and electronic music, routinely involve rule-based
or system-driven generation. Indeed, in our own experiment,
melodic and rhythmic material was not produced by participants
but predetermined by a sequencer. This highlights that attribu-
tion and algorithmic contribution do not form a simple zero-sum
relationship. Rather, they interact in complex ways, both at the
level of sensorimotor experience and within broader cultural and
historical traditions of musical practice.

By introducing an experiential perspective to this debate, we
aim to extend discussions of algorithms and GenAI in music
beyond questions of output quality or authorship toward a deeper
consideration of how different systems shape the lived experience
of creating music.

8 Conclusion
In this work, we investigated how mapping structure and tempo-
ral dynamics influence performers’ sense of agency during digi-
tal music interaction. By systematically manipulating pressure
linearity and time linearity within a configurable sound-control
system, and combining psychophysical measures with qualitative
reports, we examined how variations in gesture–effect relation-
ships shape self-attribution and perceived control. Our approach
positions digital instruments as sensorimotor systems in which
agency emerges from ongoing interaction.

Results suggest that sensory attenuation can serve as an im-
plicit measure of self-attribution, but only when output volume
exceeds a salience threshold. Qualitative findings further indi-
cate that self-attribution was strongest when sonic changes were
clearly perceivable, temporally aligned, and proportional to ges-
tures. Conversely, when mappings were inconsistent, or out-
comes violated expectations, performers reported reduced con-
trol and weaker self-attribution, at times interpreting the system
more as a collaborator than as an instrument. Together, these
findings highlight that agency depends less on mapping com-
plexity itself and more on whether interaction supports stable
prediction and perceivable action–effect correspondence.

From a theoretical perspective, the results align with accounts
of agency that emphasize predictive processes and sensorimo-
tor contingencies, suggesting that pre-reflective agency arises
when performers can form reliable expectations about the conse-
quences of their actions. Rather than treating agency as a binary
property, our findings support a view of agency as graded and
interaction-dependent, shaped by perceptual thresholds, tempo-
ral dynamics, and the learnability of mappings.
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A Semi-Structured Interview Questions
(1) What do you think the system allowed you to do?

[After hearing the participant’s response:] This system lets
you control sound parameters of a synthesis engine using the
pressure input. In some configurations, you only controlled
the cutoff frequency of a filter, and others, you also controlled
the audio waveform and a distortion effect. In some config-
urations, there was a direct and linear connection between
your input and the parameter values, whereas in others it
was nonlinear. In some cases, the parameter changes also
depended on an internal system state.

(2) Did you feel like you caused the change of the sounds
which came out of the system?
• Why/why not?
• Was this more the case with certain system settings than
with others?

(3) Did you feel like you were in control of the sound by using
the system?
• Why/why not?
• Was this more the case with certain system settings than
with others?

(4) Did you feel like you could predict how the sound would
end up being based on how you used the input controller?
• Why/why not?
• Was this more the case with certain system settings than
with others?

(5) Did you enjoy the effect your actions had on the sound?
• Why/why not?
• Was this more the case with certain system settings than
with others?

(6) Did you have a specific sonic outcome or goal that you
wanted to achieve? (If yes:) Did you feel like effort was
required to achieve it?
• Why/why not?
• Was this more the case with certain system settings than
with others?

Note: as this was a semi-structured interview, the follow-up
questions were asked when deemed appropriate, and additional
questions might have been asked in between depending on the
participant’s answers.
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B System Overview
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Figure 4: System architecture showing how pressure input and mode selection modulate sound parameters. The Response
Shaper computes parametermultipliers based on control mode and stateful control dynamics. TheModulation Control then
scales these multipliers based on mapping mode. The resulting multipliers modulate duty cycle, filter cut-off frequency,
and wavefolder volume. See Appendix C for implementation details.
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C Max/MSP Patcher & Signal Flow
Sections of the Max patcher for handling input, timbral manipu-
lation, and response shaping. Please consult Section 3 for imple-
mentation details.

Figure 5: Input handling module. Pressure input value is
received as a MIDI CC message and sampled every 15.625
ms. It is then normalized and smoothed before the next
stage in the signal flow.

Figure 6:Mode selector module. Responsible for configuring
Pressure Linearity and Time Linearity system-wide. See
Section 5.1 for a brief overview of settings.

Figure 7: Wave Folding module. Receives the audio sig-
nal as well as a gain multiplier as an input. When the
gain increases, the output generally gets louder and more
distorted. This specific implementation has been adapted
from Esqueda et al. [15]

Figure 8: System energy module. Maintains a system state
that gradually builds and decays based on pressure input.
Used for nonlinear Time Linearity. Calculated using an
exponential moving average, with an 𝛼 value of 0.003.

Figure 9: Response shaper module. Responsible for incorpo-
rating the system energy (see Figure 8), if applicable. The
module can also be configured to modulate all parameters
at the same rate, or use independent mapping functions
per parameter. See Section 3.4 further.

Figure 10: Modulation Control module. Raw parameter val-
ues are shaped using the effects envelope before the nor-
malized parameter values are scaled to their desired output
ranges. If Pressure Linearity is linear, the default wave
folder gain and waveform duty cycle values are used.
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D Affinity Clusters

Figure 11: Affinity clusters [30] formed inductively from
participant interviews, as coded and organised in Miro.
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