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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
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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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