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Figure 1: The Way of Water installation: A fleet of illuminated vessels performing synchronized motion on Lake Zurich.

Abstract

Robotic choreography in open water is governed by nonlinear
fluid dynamics, which impose significant challenges due to en-
vironmental disturbances and nonlinear system dynamics. This
paper presents the cyber-physical architecture of Way of Water,
a vertically integrated framework that orchestrates a fleet of au-
tonomous surface vessels as a distributed choreographic platform.
Moving beyond the surface-pixel paradigm, these vessels use lam-
inar nozzles and multi-zone lighting to extend their expressive
range from the 2D water plane into the 3D volumetric domain.
Our primary contribution is the Way of Water Studio, a browser-
based, timeline-compositing authoring paradigm that treats the
fleet as a DAW-like instrument for music-responsive choreogra-
phy. The Studio encapsulates Sequential Convex Programming
for trajectory generation and Model Predictive Control for distur-
bance rejection presented through a visual timeline, broadening
access to high-performance aquatic robotics for non-programmer
artists. Grounding the Studio is the full cyber-physical stack: a
custom holonomic chassis, a state-estimation and control stack

This work is licensed under a Creative Commons Attribution 4.0 International
License.

NIME °26, June 23-26, 2026, London, UK

© 2026 Copyright held by the owner/author(s).

tuned for the aquatic domain, and an LTE/MQTT fleet link with
RTK-GPS time synchronization. We report on the system’s vali-
dation across two distinct deployments: an 18-vessel Swan Lake
interpretation at Lake Zurich and an 8-vessel Time Space Exis-
tence 2025 Venice Biennale demonstration at Forte Marghera,
establishing a foundational reference for the design and deploy-
ment of fluidic robotic swarms.
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1 Introduction: Robotic Agency in Fluid
Environments

The domain of robotic art sits at the intersection of electrome-
chanical precision and aesthetic expression. Specifically, the chal-
lenge of music-responsive choreography, where physical agents
articulate the structural and emotional content of sound, requires
a level of synchronization that is difficult to achieve in stochastic
environments. While aerial swarms have successfully colonized
the sky as "pixels in the sky" [25], surface-based aquatic systems
struggle significantly due to the rigorous engineering required to
operate in a boundary layer. The water surface imposes nonlinear
disturbances such as wave dynamics, currents, and drift, which
actively resist precise choreography. We present a framework that
resolves these constraints, transforming a fleet of autonomous
surface vessels (ASVs) into a distributed choreographic platform
of dynamical pixels. The vessels are treated as compositional
primitives, with their position, heading, light state, and water-jet
output all addressable from a single timeline track.

This paper establishes the cyber-physical architecture of Way
of Water and, centrally, the authoring paradigm through which
artists compose for it. To achieve the fidelity required for musi-
cally coherent motion, we analyze the mechanical engineering
required to sustain precise station keeping, velocity tracking, and
synchronized motion. We detail the adaptation of control strate-
gies, Model Predictive Control (MPC) and Sequential Convex
Programming (SCP), which are essential not only for naviga-
tion but also for the autonomous, collision-free choreography
required to align motion with musical structure.

1.1 The Narrative Arc of Aquatic Robotics

The history of performance robotics has evolved from individ-
ual automatons to coordinated swarms. Aquatic environments
offer a complementary medium to aerial shows, characterized by
high endurance, intrinsic safety, and the evolution of collective
behaviors in real-world settings [5].

The Way of Water addresses the unique challenges of this
medium through a vertically integrated approach. The vessels
are not repurposed survey drones but purpose-built aesthetic
platforms. Every design decision, from the holonomic X-drive
propulsion to the custom refractive optics of the nozzle, serves
the dual purpose of robustness and expression, using the fluid
medium as a visual element to give physical form to music.

1.2 From Script to Studio

The primary contribution of this work is the Way of Water Stu-
dio: a browser-based, timeline-compositing authoring paradigm
for aquatic robotic swarms. It describes the evolution of the
authoring workflow from a code-centric Python scripting frame-
work toward a DAW-like interface that encapsulates the sophis-
ticated mathematics of swarm coordination physics constraints,
optimization solvers, and audio-structural mapping behind a vi-
sual timeline familiar to artists and musicians. This progression
addresses the primary bottleneck in robotic performance: the
friction between engineering rigidity and artistic fluidity. The
Studio serves as an interface between the control parameters and
the choreographer’s musical intent, abstracting path-planning
algorithms, collision constraints, and beat mapping behind a vi-
sual timeline. By documenting the complete system, from the
hardware chassis to the web-based planning architecture, this
work provides the necessary grounding for future research into
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distributed software architectures and real-time, musically re-
sponsive swarm coordination.

2 Related Work: The Genealogy of
Performative Engineering

The intersection of robotics and the arts has evolved from a niche
curiosity into a rigorous discipline of performative engineering.
We categorize the Way of Water within this lineage, tracing its
roots from early cybernetics to modern distributed swarms.

2.1 Foundational Theory: From Feedback to
Swarms

The genealogy of robotic art is rooted in the feedback loops of
Cybernetic Serendipity (1968) and Gordon Pask’s Conversation
Theory, which posits that intelligence emerges from interaction
[14]. The shift to collective behaviors was formalized by Reynolds’
Boids [15], and carried into the artistic domain by practitioners
such as Bill Vorn, whose Hysterical Machines and Grace State
Machines treat collective robotic agitation as performative dra-
maturgy [24], and Ken Rinaldo, whose Autopoiesis (2000) demon-
strated a gallery-scale ecology of robotic sculptures governed
by local rules [16]. An aquatic lineage runs in parallel: Gilberto
Esparza’s Plantas Nomadas [6] couples autonomous robotic-plant
hybrids to polluted waterways; John McCormack’s Holon [11]
stages an artificial aquatic ecosystem of reactive agents; and Au-
drey, Kelly, and St-Aubin’s Vessels [1] deploys autonomous craft
as performative sculpture. Waibel et al. popularized swarm be-
haviors as pixels in the sky for aerial shows [25], and Duarte et
al. demonstrated real-world aquatic swarms under evolutionary
constraints [5]. Way of Water extends this aquatic-art genealogy
into high-performance, timeline-composed swarm choreogra-
phy, while deliberately deferring Pask/Reynolds-style local-rule
emergence as a future primitive class within the Studio.

2.2 Control Theoretic Frameworks

To translate musical intent into physical motion, the system must
enforce strict temporal and spatial compliance against a chaotic
fluid medium. Control theory serves as the bridge between the
choreographer’s idealized score and the physical reality of hy-
drodynamics. Without rigorous state estimation and trajectory
optimization, the swarm’s musicality and its ability to synchro-
nize with a transient or maintain a formation would be lost to
nonlinear dynamics and environmental disturbances.

Precise aquatic coordination begins with robust state esti-
mation; we employ an Extended Kalman Filter (EKF) fused
with vessel-specific parameter identification to capture the sys-
tem’s hydrodynamic reality. Building on this foundation, high-
performance choreography requires advanced strategies to han-
dle the high-dimensional state space of a swarm.

Collision Avoidance: Augugliaro et al. pioneered SCP for
aerial choreography [2], utilizing it to resolve collision-free trajec-
tories for agile quadrotors in 3D space. We adapt this formulation
to the planar aquatic domain, reducing the problem dimensional-
ity and removing the jerk constraints on acceleration necessitated
by aerial dynamics. Fleet Transition: To transition the fleet, the
Linear Sum Assignment Problem (LSAP) minimizes total travel
distance [4], serving as a first layer of conflict resolution. Track-
ing and Disturbance Rejection: To proactively track, reject
disturbance and drift, we employ MPC, optimizing control inputs
over a finite horizon [13].
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Figure 2: The Swan Lake performance, where autonomous vessels enact a balletic choreography, mirroring the elegance of

the original score.

2.3 Authoring Ecosystems and Robotic
Expression

The paradigm has shifted from choreography by code to choreog-
raphy by design, evidenced by LLM-driven tools like SwarmGPT
[21] and physical interfaces like Zooids [10]. Recent work ex-
pands this scope through distributed sensor networks [28, 29]
and Al-augmented instruments [3].

This lineage traces back to Weinberg’s Robotic Musician-
ship, where robots listen and improvise [17, 20, 27]. Way of Wa-
ter extends this agency from musical to spatial interaction: the
vessels function as dynamical pixels [26] and interactive paint-
brushes [19], strictly governed by physics to visualize Newton’s
laws as aesthetic output. Recent MIR research using deep models
such as Demucs [18] and CREPE [8] offers a forward path for
driving procedural behavior from high-level musical features;
the current Studio relies on the classical, offline-deterministic
pipeline described in 5.5 and treats deeper MIR integration as
future work.

Ultimately, Way of Water synthesizes robotics, physics-based
modeling, and control theory into a unified framework for timeline-
authored music-responsive choreography. While mathematical
rigor ensures safety and coordination, it is the Way of Water
Studio that serves as the critical abstraction layer, empowering
artists to compose for aquatic swarms through a familiar visual
timeline rather than code.

3 The Physical Platform: Mechanical and
Hydrodynamic Engineering

The Way of Water vessel design balances several competing

constraints: buoyancy, stability, agility, endurance, and visual

impact. This section deconstructs the hardware specifications to

provide a reference for the system’s capabilities.

Figure 3: Overview of the hardware design, showing the
integration of the lifebuoy chassis, propulsion system, and
multi-layered lighting.

3.1 Holonomic Propulsion Architecture

Unlike traditional rudder-steered boats, the Way of Water fleet
utilizes a holonomic X-configuration with four brushless DC
motors. This arrangement allows the vessel to translate in any
direction (x, y) while simultaneously rotating (r) or holding a
fixed heading to align the laminar fountain with artistic intent.
Each thruster delivers 20N of thrust, allowing an operational
speed of up to 0.8m/s. For safety, the thrusters are fully shrouded
to enable operation in public waters.

3.2 Optical Payloads: Laminar and Peripheral

The vessel’s visual signature relies on a custom laminar nozzle
that generates a turbulence-free, internally illuminated water
column acting as a volumetric pixel up to 6 meters in height.
Complementing this vertical element, the chassis integrates a
three-zone peripheral lighting architecture (Figure 3) using indi-
vidually addressable RGB LED strips an Internal Ring that high-
lights the chassis structure, a Waterline Ring that disperses streaks
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across the surface, and a Submersible Ring that provides a diffuse
underwater glow allowing independent control over the vessel’s
presence and its interaction with the fluid medium.

3.3 Electronics and Power Architecture

Operational endurance is a critical metric for public art. The fleet
is powered by a custom Li-ion battery pack, enabling over 10
hours of continuous operation. The 25.2V architecture enables
powerful thrusters, while a BMS provides active balancing and
telemetry. The central electronics enclosure (E-Box), machined
from aluminum, is sealed to IP67 and acts as a unified heatsink
for the ESCs and battery. It houses a Raspberry Pi 5, providing
significant onboard compute power for the decentralized execu-
tion of sophisticated solvers, such as OSQP for MPC, directly on
the agent. The propulsion thrusters are fully submersible (IP68),
and the external connectors are IP67-rated push-pull bayonet
types; the platform has been operated for tens of hours per show
across both freshwater (Lake Zurich) and brackish (Venice la-
goon) deployments without sealing failures.

3.4 Fleet Communication and Time
Synchronization

Each vessel carries an onboard LTE modem that streams teleme-
try and receives RTK-GPS corrections through an MQTT bro-
ker; an additional WiFi channel is used at the shore for high-
bandwidth, low-cost communication during setup and mission
upload. Fleet-wide show-clock synchronization is derived from
the RTK-GPS pulse-per-second, providing sub-millisecond tem-
poral alignment between vessels without requiring a dedicated
master clock. The MQTT topic structure separates concerns for
low-rate operator commands (start/abort/return-to-shore). Typi-
cal end-to-end planner-to-vessel latency over LTE is in the 80-
250 ms range; show choreography is therefore not closed-loop
over the radio link. Show data is pre-uploaded over WiFi at the
shore, then executed under the shared GPS timebase: a vessel can
tolerate a complete LTE blackout for several minutes while still
hitting its choreography to within sub-RTK precision, and the
planner detects stale-clock or off-pattern vessels by monitoring
the deviation between expected and reported state in telemetry.

4 The Control Theoretic Framework: Taming
the Stochastic Environment

The operational stability of the Way of Water relies on the sup-
pression of environmental disturbances. To achieve smooth tra-
jectories in the presence of wind and current, the control stack
utilizes established state estimation and predictive control tech-
niques adapted for the aquatic domain.

4.1 Sensor Fusion and Heading Estimation

To enable precise choreography, the system must robustly es-
timate each vessel’s full 3-DOF state. We employ a Multi-Rate
EKF with a state vector encompassing position, velocity, and ori-
entation: X = [x,y, ¥, u,0, r]T. [7] RTK-GPS: Provides position
(x,y) and velocity (vy,v,) at 10Hz with centimeter-level preci-
sion. IMU: Provides angular rates (w) and linear accelerations
(a) at 100Hz, filling the gaps between GPS updates. Crucially, the
system determines heading () through an observability-based
estimator. By correlating the known control inputs with the ob-
served inertial displacement from RTK-GPS, the EKF converges
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on the true orientation. This sensor fusion strategy ensures ac-
curate, drift-free tracking of the vessel’s pose in an open-water
environment.

4.2 Model Predictive Control

While reactive PID controllers are sufficient for station-keeping,
they lack the anticipatory behavior required for fluid, organic
motion in a high-inertia medium. Pure feedforward control, con-
versely, is prone to drift from wind and current.

We employ MPC to solve a finite-horizon optimization prob-
lem at 10Hz. This allows the vessel to anticipate turns, lean into
maneuvers to counter inertia, and exhibit inherent recovery be-
haviors if a wave knocks it off course.

Objective Function: The cost function J minimizes deviation
from the choreographed trajectory. The state-tracking weight
Q is tuned to prioritize heading precision (keeping laminar noz-
zles strictly parallel for visual coherence) while allowing mild
positional compliance to absorb wave energy; the input-tracking
weight R penalizes deviation from the feedforward command to
suppress jitter.

N-1
J= > 10k =% T Qotk = Xy ) + (e =) TR (uge —u, )] (1)

k=0
Table 1 summarises the symbols. OSQP solves the resulting QP
in real time on the Raspberry Pi. In the field, this controller deliv-
ers per-vessel RMSE of 0.038 m in cross-track position (x, y) and
1.4° in heading ¢ (Figure 4). These figures are stable across fleets
of 8 (Venice Biennale) and 18 (Lake Zurich) vessels under sus-
tained wind and wave conditions, the operational envelope tested
during the deployments. Equivalent post-hoc telemetry was not
retained for Forte Marghera, so we report cross-deployment ro-
bustness only at the qualitative level. Beyond the tested enve-
lope, performance degrades primarily through GPS-correction

integrity rather than control bandwidth.

Table 1: MPC formulation symbols.

Symbol Meaning

N prediction horizon (steps)

Xk, Uk predicted state and control input at step k
Xr k> Upk  reference trajectory and feedforward

Q. R state and input weighting (heading-prioritised)

4.3 Collision Avoidance via SCP

Generating safe trajectories for a fleet of 24 robots is a non-convex
optimization problem. We utilize SCP to solve this offline.

The pairwise collision avoidance constraint between robot i
and robot j is defined as:

[Ipi[k] = p;[k]ll2 = Rsage @
where p[k] is the position at time step k and R4y, is the mini-
mum safety radius (hull + buffer). Since this constraint is non-
convex, SCP linearizes it around a candidate trajectory p from
the previous iteration. The resulting convex constraint is:

dy;[k]"
[1di; (k1112
where d;; = p; — p; is the relative position vector. This formula-

tion defines a separating hyperplane between agents. The solver
iterates this linear approximation until the trajectory converges

[1d; (k1112 + (dij[k] = dij[k]) = Reape (3



Choreographing the Way of Water: A Computational Framework for Aquatic Robotic Art

—— Reference
—— Actual
104
81
61
E
>
41
2]
o1
0 2 4 6 8 10

X [m]

Figure 4: MPC tracking performance under wave and cur-
rent disturbance. The controller maintains high-precision
station keeping, achieving a RMSE of 0.038 m in position
(x,y) and 1.4° in heading (¢).

to a solution that satisfies the original non-convex constraints,
guaranteeing mathematically collision-free paths prior to deploy-
ment.

5 The Way of Water Studio

The Way of Water Studio is the primary contribution of this work:
a browser-based, DAW-like authoring environment that treats a
fleet of ASVs as a single timeline-composed instrument for music-
responsive choreography (Figure 6). It transitions the workflow
from code-based scripting to visual, timeline-based compositing,
abstracting the rigorous control theory of Section 4 behind an
interface designed for rapid artistic iteration. Instead of manipu-
lating individual waypoints, choreographers define trajectories
parametrically; these are pre-generated and validated against the
fleet’s dynamic constraints to ensure physical feasibility before
upload.

The Studio is a timeline-authored choreography platform with
audio-reactive payload modulation, validated through two real-
world case studies. It is not a real-time improvisatory instrument,
nor an autonomous music-listening agent, nor a system in which
motion itself is generated directly from audio. Vessel motion is
composed by the choreographer against a pre-analyzed audio
reference; the audio pipeline (Section 5.5) drives lights and water-
jet payloads. Closing the gap between music-driven payload and
music-driven motion, together with a more formal evaluation
program, is the natural next research direction; the contribution
here is the authoring paradigm and the cyber-physical stack that
make such future work tractable.

5.1 Design Requirements: The Swan Lake
Prototype

Prior to the development of the graphical Studio, the choreogra-
phy for the Swan Lake performance was authored using a code-
first approach. This framework, illustrated in Figure 5, served
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Figure 5: Architecture of the code-based planner used for
Swan Lake. The system decouples the artistic Script from
the Solver Context, validating physical feasibility against
the dynamics model.

as the foundational prototype for the current system. It relied
on a scripted pipeline where choreographers defined trajecto-
ries using Python primitives. While rigorous and flexible, this
approach lacked real-time visual feedback; it required specific
programming knowledge and a slow compilation-simulation loop
to validate even minor adjustments.

Insights from the Swan Lake deployment defined the archi-
tectural requirements for the new Studio, resulting in a system
composed of three primary interaction layers: a timeline-based
compositing interface, parametric primitives for behavior defini-
tion, and a real-time 3D viewport for rapid artistic iteration.

5.2 The Timeline Interface: Timeline-Based
Compositing

Mirroring the layout of Digital Audio Workstations (DAWSs), the
Studio adopts a timeline-based compositing paradigm. This ap-
proach moves away from rigid waypoint lists, treating fleet be-
haviors as high-level parametric clips that can be dragged, resized,
and layered non-destructively. As illustrated in Figure 6, the in-
terface organizes these behaviors into synchronized sequencing
layers:

Motion Layer: Defines the geometric topology of the fleet.
As seen in the Motion Controls panel (Figure 6, right), users
manipulate meta-parameters such as shape topology (e.g., circle,
line), scale, and Cartesian offsets rather than individual robot
coordinates. Transition effects transform the shapes from one to
another, which can be created manually or using the LSAP-based
solver.

Payload Layer: A track-agnostic sequencing layer that controls
the vessel’s peripherals. This includes the Light Track for LED
arrays (color, intensity, effects like Rainbow Chase) and the Jet
Track for actuating the laminar nozzles.
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Figure 6: Parametric Motion Editor. Double-clicking the timeline (bottom) creates an effect, which can be dragged and resized.
There are five effect types are Motion, Transition, Jet, Light and Intensity, which control movements and payloads. Upon
selecting an effect, its parameters can be tweaked (floating panel). The 3D viewport (center) previews the choreography.

Audio Reference: A visual waveform serves as the temporal
anchor (Figure 6, bottom), allowing choreographers to align fleet
transitions and payload effects with musical transients with vi-
sual precision.

5.3 Parametric Primitives

To bridge the gap between artistic intent and control constraints,
the system relies on parametric primitives. Instead of manually
positioning individual agents on a geometric shape, users define
the meta-state of a formation.

For example, a circle primitive is not defined by 24 coordinate
sets but by its global position (x, y), rotation (), scale, and phase
offset. The global position corresponds to the center of each
primitive’s bounding box. The phase offset shifts all crafts along
the parameterized vector graphic path that defines the shape. By
choosing this approach, where primitives are vector graphics
that are normalized based on their bounding boxes, it allows for
quick changes to shapes at a later stage, while the crafts retain
their approximate location within the choreography.

5.4 Transitions

Transitions are performed between the primitive shapes. The
choreographer can manually match start and end positions or
use the LSAP solver.

The LSAP solver uses squared Euclidean distance as weights.
For this approach, it has been shown that the minimum distance
between trajectories is guaranteed to be dpi, = V28/2 where 8
is the minimum distance between any two crafts across the start

and end positions [9, 22]. For our crafts with a diameter of 50cm,
this implies that a gap of 2+50cm/V2—50cm ~ 21cm is enough to
guarantee collision-free paths. Note that this approach assumes
that the crafts are identical and that each craft can assume any
position in the target state. Manual adjustments of the LSAP
results allow for artistic expression and desired sub-optimality.

Adjusting the transition smoothness parameters directly al-
ters the resulting velocity profiles, enabling the choreographer
to align movement dynamics with expressive qualities such as
calmness or intensity. Note that the SCP solver from the Swan
Lake planner could be integrated to allow for more intricate tran-
sitions that are more complex than straight lines, and allow for
fixed end position assignments of crafts.

5.5 Audio Pipeline

To bridge the gap between musical structure and robotic ac-
tion, the framework integrates an offline audio analysis pipeline
powered by Librosa [12] and Scipy [23]. In the current Studio,
choreographies are authored against a pre-analyzed audio track
and rendered into a show file before deployment; live audio-
driven operation is explicitly out of scope for this paper. We are
also explicit about the division of labor between manual and
audio-driven authoring: motion is composed in the timeline by
the choreographer (with the audio waveform as the temporal
reference), while the audio features described below primarily
drive payload modulation of light intensity, jet height, and event
triggers. Closing this gap so that motion itself becomes audio-
reactive is a deliberate next step, not a hidden capability of the
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current system. The frontend Studio interface focuses on timeline
visualization, while the backend generates the complete chore-
ography state file by combining the processed audio signal with
the effect data from the timeline.

Feature Extraction: Upon upload, each audio file is loaded at
its native sample rate to preserve temporal fidelity. A Short-Time
Fourier Transform (STFT) with a Hann window of 2048 samples
and a hop size of 512 samples serves as the basis for all spec-
tral analysis. The pipeline extracts the following feature sets:
Rhythm features: Global tempo estimation and beat tracking, on-
set detection using the onset strength envelope with subsequent
peak picking, and onset strengths normalized to [0, 1]. Energy
features: Root-mean-square (RMS) energy computed per frame,
with global energy peaks. Spectral features: Spectral centroid
(timbral brightness), spectral rolloff at the 85th percentile, and
zero-crossing rate for texture characterization.

Frequency Band Decomposition: For audio-reactive effects,
the system computes band-limited energy envelopes on demand.
The STFT magnitude spectrogram is partitioned into seven per-
ceptually motivated frequency bands Sub Bass (20-60 Hz), Bass
(60-250 Hz), Low Mids (250-500 Hz), Midrange (500—-2000 Hz),
High Mids (2-4 kHz), Presence (4-6 kHz), and Air (6-20 kHz) by
summing magnitude bins within each range and normalizing to
unit peak. Additionally, a custom frequency band can be speci-
fied. Per-band peak detection with configurable height, distance,
and prominence thresholds allows designers to trigger choreo-
graphic events from specific spectral regions. These per-band
results are cached independently, so repeated queries incur no
recomputation.

Intensity Modulation: The extracted audio features drive a
multi-stage intensity modulation chain that transforms base color
values or water jet intensities into musically responsive output.

Jumping and Flash Patterns: For spatially distributed effects,
detected beats or frequency-band peaks serve as trigger events.
A jumping pattern sequentially or randomly activates individual
crafts at each trigger, with per-craft intensity decaying between
activations. The inverse flash pattern maintains all crafts at peak
intensity and introduces an anticipation dim before each trigger,
creating a rhythmic breathing effect synchronized to the music’s
temporal structure.

5.6 Authoring Workflow and Deployments

The workflow is designed to minimize cognitive load while max-
imizing control authority. Users begin by initializing a project
and uploading the master audio track; the physical fleet config-
uration (number of active USVs, show area bounds) is then set
so the planner can enforce the specific hardware and geometric
constraints. By abstracting the underlying robotic control layers,
the system lets artists focus on the expression of music through
light, motion, and fluid dynamics.

Comparative authoring assessment: We conducted an informal
comparative assessment across two production cycles. The Swan
Lake performance (18 vessels across an ~60 m show area on Lake
Zurich) was authored entirely through the code-first pipeline,
which restricted authorship to two engineers with Python flu-
ency and required 4-8 hours per scene with a 5-minute script-
compile-simulate iteration loop. The Lake Zurich demonstration
with 18 crafts and the Venice Biennale demonstration (8 vessels
in the smaller lagoon footprint at Forte Marghera) were produced
entirely within the Studio; authoring time dropped to 90-120 min-
utes per song, and the edit-to-preview cycle to under 10 seconds.
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Most significantly, the Studio eliminated the requirement for
programming expertise, expanding the authoring team. These
observations stem from a single production team and are prelimi-
nary; a formal usability evaluation with external choreographers
and musicians remains important future work.

Failure modes and aesthetic resilience: Across both deploy-
ments, no catastrophic failure has occurred to date, but two in-
cidents are worth documenting. In one performance, a single
vessel lost its show-clock synchronization and continued execut-
ing its full program out of phase; rather than reading as a fault,
this manifested as a formation asymmetry that audience mem-
bers interpreted as an intentional perturbation, an unintended
but illustrative form of choreographic noise. In another case, a
single vessel suffered a mechanical fault mid-show; its lights
were remotely disabled, and it drifted out of the active formation
unnoticed.

Informal audience and collaborator reflections: Collaborator
responses during the Venice Biennale run most often framed
the work in terms of the medium itself “water dancing to music,
with lights and motion.” A recurring informal observation was
a collective hush in the spectator field: children who had been
playing loudly prior to a show would fall silent for the duration
of the choreography and resume only afterward. We report these
reactions as anecdotal rather than evaluative; systematic audi-
ence and artist studies, particularly with choreographers and
composers external to the development team, are a future step.

6 Conclusion

We have presented the Way of Water: a vertically integrated
cyber-physical framework for music-responsive choreography
on open water with an authoring paradigm, the Way of Water Stu-
dio, that treats a fleet of ASVs as a timeline-composed instrument
rather than as a programming problem. The Studio encapsulates
SCP for collision avoidance, the LSAP for fleet transitions, and
MPC for disturbance rejection behind a DAW-like timeline, al-
lowing choreographers with musical rather than engineering
backgrounds to compose for a distributed aquatic swarm.

Two deployments demonstrate versatility: the 18-vessel Swan
Lake interpretation on Lake Zurich confirmed precision in station-
keeping and laminar stability, while the 8-vessel Venice Biennale
demonstration at Forte Marghera proved robustness in open wa-
ter under agile, high-velocity maneuvers. The project sits at the
intersection of several communities: engineers, choreographers,
musicians, and public audiences, whose convergence is itself part
of the contribution. The Biennale spectator field foregrounded a
public reading of robotic choreography as an ecological-aesthetic
spectacle rather than a technical demonstration. We see the Stu-
dio as a step toward making such interdisciplinary, audience-
facing work reproducible by other teams.

Several directions remain open. Scalability: the current cen-
tralized solver practically limits the fleet to ~24 vessels; larger
swarms will require distributed middleware and hierarchical plan-
ning. Site and environment: the installation relies on fixed audio
infrastructure and is sensitive to weather and seasonal visibil-
ity; distributed audio streaming and more robust perception are
needed to expand the operational envelope. Choreographic prim-
itives: current primitives are top-down parametric formations;
a natural extension is a class of Reynolds/Pask-style local-rule
primitives that would let the Studio host bottom-up emergent
behaviors alongside scripted ones. This keeps the Studio’s com-
positional grammar uniform while opening an emergent design
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space. Live operation: the current audio pipeline is offline; ex-
tending it to real-time listening and improvisation would bring
the platform closer to the lineage of robotic musicianship. Eval-
uation: formal usability studies with external choreographers
and audience-experience research remain the most important
immediate next step.

Media Links

o Skyfall: https://youtu.be/gprHw50ZqsQ
e The Most Beautiful Boy: https://youtu.be/VHYqJ1hxct0
e Forte Marghera: https://youtu.be/G4cM6xbG7PA
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