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Abstract: The application of swarm aesthetic in music composition is not new.
Artistic swarm application has resulted in complex soundscapes and musical
compositions. However, sound composition using physical swarm agents has not
been extensively studied. Using an experimental approach, we create a series of
sound textures know as Liminal Tones (B/ Rain Dream) based on swarming
behaviours. We study the influence of different materials and emergent patterns
and evaluate the acoustic properties of different materials such as wood, ceramic
or granite, and effect of imperfections of the physical agents on the overall
aesthetic quality. Finally, we consider the historical and theoretical foundation of
swarm music, the role of materiality and actions in sound, and challenge the
traditional perception of sound as an immaterial art form.
Keywords: Swarm Aesthetic, Swarm Intelligence, Sound Objects, Random
Walk, Brownian Motion, Emergence, Chaos, Bristlebots
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Introduction

Swarm systems inspired by swarm intelligence and natural ecosystems (e.g., social
insects) are a unique frontier for art. Many artists utilize swarm principles such as
indirect communication, self-organization and emergent behaviours to create musical
compositions, soundscapes and sonic environments. SWARMUSIC [3] is a system that
uses swarm behaviour to create music. It is an interactive music improvisation tool with
multiple swarms of particles as musical events that move in a virtual 3D space by
utilizing Boids flocking algorithm [24]. Bisig et al. [2] created a series of experimental
projects known as Interactive Swarm Orchestra (ISO) and Interactive Swarm Space
(ISS). The ISO system explores flocking algorithms to control sound synthesis and
sound spatialization. The ISS is a MIDI-based virtual orchestra involving meaningful
interactions between artificial swarms and composers to generate artistic expression.
Bisig et al. also have explored multi-modal feedback and audio-visual spatialization or
creative engagement using swarm techniques.

Expanding on previous work, Davis and Karamanlis [9] added a controllable leader
to typical Boids simulations for musical swarms. The leader agent lets the user directly
control the behaviour of the other agents and the overall movement of the flock. In a
different approach, Jones [18] introduced AtomSwarm. This is a framework for soundbased performance that uses swarm dynamics with genetically-encoded behaviours,
artificial pheromones and imitations. The result is a complex sonic ecosystem capable
of sonic spatialization and self-organizing regulation. Flock to Music [6] is a real-time
improvisation tool that simulates the behaviour of the Boids as compositions with
musical parameters.
Despite the broad interest in swarm music, most experiments to date utilize artificial
swarms and software simulations. To our knowledge, there has been little exploration
of physical swarming agents. Blackwell [4] provides a comprehensive review of swarm
music.
Self-organization is a unique and complex collective behaviour common in swarms.
It results from simple and local interactions between agents (members of the group) and
emerges at the colony level. Self-organization of social insects usually happens via
stigmergy, an indirect communication strategy through the environment [16].
Stigmergy results in a complex emerging intelligence at the colony level without the
need for planning, control or direct communication between agents. However, with no
prior knowledge about the sources, systematic searches become less effective and social
insects often use other searching mechanisms known as random walk. There are several
random walk variants, including Stigmergic Random Walk (SRW), Correlated Random
Walk (CRW) and Lévy Walk. Random Walks are commonly used for artistic
experiments and in swarm robotics particularly if the robots have limited individual
abilities (e.g., local sensing, memory or processing power). Considering the limitation
of our BBots, we have leveraged stigmergic foraging behaviours and variations of
random walks to create sound compositions.
Non-human Sounds – Sound as Action. Using mechanical devices and computercontrolled sound objects is not new in sound art. However, there is a new series of work
involving mechanical and glitch sounds. Such works have focused on exploring
repetitive sonic processes and events with mechatronic mediation.
Mechanical/rhythmic actions, sound experiences and the ontological properties of nonhuman sounds are more important than traditional interventions. The investigation of
space as a compositional element, modulated by movement, offers new idiosyncrasies
and aesthetic potentials for musical creation.
Over the past two decades, robotic and mechatronic interventions have become
prominent aesthetic elements in the work of composers and sound artists. These
implications include electro-acoustic experimentation, sonic environments, sound
sculptures and the use of drumming apparatuses. However, mechatronic systems used
for musical creations can have many different aesthetic roles. Some artists use motion,
direction and distance of sound as compositional means and sound spatialization.
Composer and sound artist Trimpin employs the visual, spatial and kinetic properties
of sound in his works (e.g., Conloninpurple, 1997; Sheng High, 2004). Other artists use

them to evoke memories and imaginary environments and to stimulate different
emotions [11].
Sound artists Peter Bosch and Simone Simons [5] explore the spatial characteristics
of sound in their kinetic sound project Cantan un Huevo (2000). They use glass bottles,
containers and metal springs as sound objects. The distribution of the sound sources in
the space is an integral part of their work and results in different acoustic experiences
in different parts of the space.
Other artists use similar sound objects distributed evenly across space in their work.
Pe Lang and Zimoun [22, 32] create sound sculptures and installations with rhythms
and flow, using basic mechanical components (as sound objects) in large numbers. In
their practice, together and individually, they create analog rhythms, textures and flow
to study the creation and degeneration of sonic spaces. Inspired by generative systems
and swarm behaviours, their works display simplicity and complexity. The emergent
and intricate behaviours of these sound objects (in sound and motion) appear to be
organic or alive and sound like “the acoustic hum of natural phenomena” [27].
Building on our previous work [25] on swarming techniques and robotic
interventions in sound art, and inspired by Pe Lang and Zimoun’s artworks [22, 32] and
Blackwell’s SWARMUSIC [4], we introduce Liminal Tones (B/ Rain Dream) as an
experimental sound art project/tool. Our goal is to demonstrate the importance of
actions, materials and acoustic media in sound texture, using multi-bodies (a swarm of
physical agents) and challenging the traditional perception of music as an immaterial
art form.
Previously we used digital mediation and PSO-PID controller to derive the
movement of DC motors and generate sound, but here we use an analogue approach
and swarming BBots to generate sound textures and further investigate the influence of
materiality and robotic intervention to generate novel sound textures (acoustic
aesthetics). So, we present Liminal Tones (B/ Rain Dream) and show the results and
analyze the influence of different materials on the aesthetic quality of sound textures in
Section 2. Then, we follow up with a discussion of the relationship between order, chaos
and emergent behaviours of Liminal Tones (B/ Rain Dream) in Section 3. Finally, we
explain the underlying concepts of swarm aesthetics for musical creation and discuss
our future plans in Section 4.

2

Methods

2.1

Concept

Liminal Tones (B/ Rain Dream) is a series of sound textures made by a group (5–10)
of BBots (as sound objects) that move, twist and turn on the ground to generate sounds
(BBot is a modified version of vibration-driven Bristlebot [15, 1] with no brush).
Inspired by Pe Lang and Zimoun’s sound sculptures [22, 32], we used DC vibrator
motors, wires and electrical circuits to create the BBots and control their motion and
sound. Liminal Tones (B/ Rain Dream) demonstrate collective behaviours while
embracing randomness and imperfections (due to battery degradation and DC
perturbation). The resulting sound textures are both organized and chaotic. Liminal

Tones (B/ Rain Dream) can be viewed as an experimental tool for emergent behaviours
and materiality in sound art [13] rather than an artwork. Using different materials (as
surface) and tuning the initial conditions (placement, speed, direction), we were able to
create different sound textures despite the identical shape and properties of BBots.
Listening to the textures, one can recognize rhythms such as the clicking of a drum or
natural sounds (e.g., raindrops on the metal roof). Audio samples can be found on our
website [21].
2.2

Model

BBots (sound objects) exhibit complex movements similar to the stigmergic foraging
behaviour of ants, in two phases. First, sound objects demonstrate Lévy Walk with high
power and speed. Over time, the sound objects cycle to Brownian Motion as the battery
degrades (with lower speed).
Phase 1 – Lévy Walk. At the start each BBot move quickly with large step-size
similar to Lévy Walk motion – a modification of the standard random walk in which
the step size has a heavy-tailed distribution [31]:
𝑃(𝑠) = 𝑠

.

(1)

where 𝑠 is the step size with 1 < 𝜇 ≤ 3. With increasing values of 𝜇 the movement
becomes less super-diffusive (due to jumps with heavy-tail distribution) and more
Brownian. Individual objects with super-diffusive movement paths will appear to move
faster than those with normally diffusive (Brownian) or sub-diffusive movements [31].
Therefore, Lévy walks represent a spectrum of random walks, with ballistic motion at
one extreme (𝜇 > 1) and Brownian Motion (𝜇 ≃ 1) at the other.
Formal Asymptotics. We used 5 BBots as sound objects with DC perturbation
ranging between 1.5–3V. BBots move with a random heading and a step length selected
from a power-law distribution with parameter 𝜇. The periodic vibration of DC motors
paired with a friction mechanism lead to a propulsion interaction between the sound
objects and the environment, alternating between high friction in some parts and low
friction in others. BBots have a body with a rotational spring of stiffness 𝑘 and are in
frictional contact with the surface without any legs.
The force (𝑓 ) resulted from the body mass oscillation and frequency Ω drives the
internal movement of the sound objects. The modulation of friction of BBots results
from the oscillations of the normal forces and leads to a stick-slip motion. DeSimone
and Tatone [10] modelled the tangential frictional force by:
𝐹 = −𝜇𝑁𝑥̇ .

(2)

where 𝑁 is the normal reaction force, 𝑥̇ is the velocity (denoted with a dot with
respect to time), and µ is a constant. For simplicity, we assume that rotations of the
BBots are not allowed and they are always in contact with the ground with two degree

of freedoms: horizontal movement and deviation 𝜙 from the rest angle 𝛼 = 0 .
Therefore, the motion equation is as follows [8]:
(3)

𝑀𝑥̈ = −𝜇𝑁(𝑡)𝑥̇ .
𝑀𝑦̈ = 𝑁(𝑡) − 𝑀 + 𝑓 (𝑡) .

(4)

𝑘 = 𝑁(𝑡) 𝐿 𝑠𝑖𝑛(𝛼 + 𝜑) − 𝜇 𝑁(𝑡) 𝑥̇ 𝐿 𝑐𝑜𝑠(𝛼 + 𝜑) .

(5)

where 𝑁 is the normal reaction force (𝑁 = ∑ 𝑁 ), and 𝑀 is the body mass. We
consider the following ansatz for the normal force:
𝑁(𝑡) = 𝑁 ∗ + 𝑁𝑠𝑖𝑛𝛺𝑡 .

(6)

𝑁∗ = 𝑀 .

(7)

𝑁 ̃/𝑁^ ∗ = 𝜂 ≪ 1 .

(8)

where 𝜂 is the ratio between the amplitude of a harmonic (𝑁) and the average normal
force (𝑁 ∗ ) and usually smaller than 1. To normalize the dynamic variables, we consider
the following constants:
𝜎 = sin(𝛼) .

(9)

𝜒 = cos(𝛼) .

(10)

𝑓 (𝑡) = 𝑁 ∗ 𝑓(𝛺𝑡) .

(11)

𝛺 = √(𝑘/𝑀) 𝜔/𝐿𝜒 .

(12)

where 𝑓 and 𝜔 are the normalized force and frequency. Applying all the definitions
above we can rewrite equations (3) and (5) as the equivalent system in respect to
dynamical variables (𝜃, 𝑤).
𝜃 = 𝑛τ

(

)

(

− 𝜉𝑛τ 𝑤 + 𝜃̇

̇

)

cos(𝛼 + 𝜃)/χ .

𝑤 ̇ = − 𝜆𝑛τ(𝑤 + (𝜃 ̇ (cos(𝛼 + 𝜃))/χ) ̇ ) .
where τ = Ωt, 𝜉 =

µ ∗

Ω

and 𝜆 =

µ ∗
Ω

(13)
(14)

.

Phase 2 – Brownian Motion. After a few minutes, BBots move slowly with smaller
step sizes as the batteries degrade. In this phase each BBot acts as a particle with a

normalized step-size distribution similar to Brownian motion and constantly moves in
random directions.
The Brownian motion is a complex random process with noise. There are different
methods to formulate the Brownian motion in terms of the evolution of a nonstationary
probability and here we use Langevin and Fokker-Plank equation [19, 23] to study the
evolution of the velocity distribution and interactions between the environment and
Brownian agents. The dynamics and speed fluctuation of the Brownian particle are
defined as:
𝑥̇= 𝑣.

(15)

𝑣̇ = −𝛾(𝑥, 𝑣)𝑣 + 𝐹(𝑡) + 𝜉(𝑡) .

(16)

where 𝐹(𝑡) represents a random external force, 𝑚 and 𝑣 the mass and the velocity
of the particle, 𝜉(𝑡) is a Gaussian noise, 𝛼 is the friction constant and 𝛾 = .
For simplicity, we assume there is no external forces, and therefore 𝐹(𝑡) = 0. The
Brownian particle with the state space (𝑥, 𝑣) has a distribution probability 𝜌(𝑥, 𝑣, 𝑡) as
follows [23]:
𝜕/𝜕𝑡 𝜌(𝑥, 𝑣, 𝑡) = −𝛻(𝜌(𝑥, 𝑣, 𝑡)(𝑥 ̇, 𝑣 ̇ ) .

(17)

𝜕/𝜕𝑡 𝜌(𝑥, 𝑣, 𝑡) = −𝜕/𝜕𝑥 (𝜌𝑥 ̇ ) − 𝜕/𝜕𝑣(𝜌𝑣 ̇) .

(18)

To simplify the equation, operators 𝐴 and 𝐵 are defined as:
𝐴 = 𝑣 𝜕/𝜕𝑥 − 𝜕/𝜕𝑣 (𝛾(𝑥, 𝑣)𝑣) − 𝛾(𝑥, 𝑣)𝑣 𝜕/𝜕𝑣 .
𝐵 = 𝜉(𝑡)

.

(19)
(20)

Hence:
𝜕/𝜕𝑡 𝜌(𝑥, 𝑣, 𝑡) = −𝐴𝜌 − 𝐵𝜌 .
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(21)

Results

In this section we present the initial results of Liminal Tones (B/ Rain Dream) and steplength distributions for each phase of the model scheme. We analyze samples taken
from different intervals and compare the sound quality of different motion (Lévy Walk
or Brownian) and the surface material in Fig. 1 and Fig. 2. First, we show examples of
movement trajectories of BBots of different surfaces (wood, ceramic, granite) and the
dependence of those trajectories on control parameters 𝜀 → ∱ (𝑥, 𝑦) and DC motor
speeds. When 𝜇 > 1 and BBots have high turning angle and speed (interacting with
the environment), the motion is ballistic with long, straight movements and many short

steps as shown in Fig. 1. In contrast, when 𝜇 ≃ 1 the motion is Brownian as shown in
Fig. 2.
The movement trajectories (different 𝜇) depends on the distribution of step lengths.
With smaller and fixed 𝜇, the step-length distribution is more stable (Cauchy
distribution). With random or higher 𝜇 values, the step-length distribution becomes
Gaussian. Moreover, the motions result from turning angles ∆𝜃 over time (𝑡). When
the value of ∆𝜃 is close to zero for a long time, BBots move in a straight line. In
contrast, when ∆𝜃 fluctuates dynamically, BBots twist and turn many times.
To evaluate the quality of the generated sound textures, we compare them to natural
ambient sounds with similar audio profiles. Usually, BBots generate rhythmic patterns
with high jumps between different frequencies. This would be similar to the rhythmic
pattern of heavy hail and the noisy profile and calming pattern of sleet, as illustrated in
Fig 3. To qualitatively assess the role of materiality in sound, we compare the spectrum
of acoustic sound objects in relation to different materials, and their pitch and timbral
aesthetic for 12 sound textures [21] as shown in Fig 4. Here, vertical lines represent the
rhythmic structures and horizontal lines represent the harmonic structures. For some
sound categories, the audio samples are noisy, meaning most frequencies are present.
Other categories have fewer frequencies and show step intervals and rhythmic cycles
which resulted from vibrating patterns, turn and twist of motors, or errors (on-off
interruptions). The speeding patterns can also be identified where the sound amplitudes
vary due to power fluctuations of the batteries. Notably, each material shows different
music signatures. For example, wood resonates at higher frequencies while ceramics
absorb sounds and do not resonate as much (low, mid frequencies).

Fig. 1: Model scheme and examples of trajectories for 5 BBots and 10,000 steps with fixed step
distribution and high-speed during Phase 1 which follows a ballistic Lévy Walk. Different
colours correspond to each BBot and its initial conditions (placement, speed, direction). When
the value of ∆𝜃 is close to zero for a long time, the BBots move in a straight line with short
steps in between.

Fig. 2: Model scheme and examples of trajectories for 5 BBots and 10,000 steps. There is
random step distribution and low-speed movement during Phase 2, similar to Brownian
Motion. The internal dynamics 𝑥 and 𝑦 produce agent movements in 2D space. Movement is
produced by turning angles ∆𝜃 over time (𝑡). The trajectory of each BBot in a 2D space is
represented by different colours corresponding to each BBot and its initial conditions
(placement, speed, direction).

Fig 3: Comparison of audio samples (left) with natural sounds (hail, rain, sleet). Examples were
selected to be roughly similar in sound textures. The top row shows the waveforms. Note that
our sample is more extremely periodic with high jumps compared to the other three. The
bottom row shows the spectrograms. Here, the vertical lines represent step intervals. Note the
constant tones around mid-levels in rain and the noisy profile of sleet sound.

Fig 4: Spectrograms of 12 sound samples (each ranging from 15-30 seconds). Note the constant
noisy profile of wood and the mid-level frequencies and orders of ceramics, and resonance of
granite. Some samples have different characteristics such as rhythmic patterns and high-low
passes. Others are noisy with a wide range of pitch and timbral qualities, which creates unique
sound textures [21].

4

Discussion and Future Works

Swarm intelligence is one of the most beautiful and unusual phenomena in nature. It is
the product of the interaction between a group of decentralized agents and their
environment. Widely recognized examples of swarms include but are not limited to bird
flocking, bacterial growth, fish schooling, and the societal superorganisms of ant
colonies (i.e., foraging). Due to their aesthetic qualities, swarm systems inspired by
swarm intelligence and natural ecosystems present unique frontiers for art domains
such as visual art [28, 17] and sound composition [2, 3, 6].
Swarm aesthetics are mostly concerned with form, the collective patterns of artificial
swarm agents, and intuitive visual and sonic representations in digital forms. There is
a gap in the research and practice of using swarm techniques to create sounds mediated
by robotic actions and spatio-temporal processes resulting from: multiple interactions,
amplification of fluctuations, or randomness between physical agents (sound objects).
We propose Liminal Tones (B/ Rain Dream) as a tool to create sounds from actions (of
multiple sound objects) and explore swarm aesthetics in sound.
4.1

Order and Chaos – Sound as Emergence

Chaos theory and the study of complex systems (nonlinear dynamics), provide a
framework for thinking about constant tensions and emergence from chaos and order.
Deterministic and dynamic systems regardless of their subject matter have universal
characteristics, including repetition, self-organization, emergence, feedback loop and
unpredictability. Chaos theory focuses on simple systems with unpredictable and
emergent behaviours. Complexity theory focuses on complex systems that have
numerous interacting parts which are often self-organized and unexpected. In such
systems, emergent patterns arise from simple rules, local interactions between the
individual elements (or agents) and adaptive behaviours.
Not surprisingly, many artists use multi-agent systems and emergence in music
improvisation, compositions and sound art. Despite the emergent behaviours of
dynamic systems, artists can control the musical outputs subject to the complexity of
the rule set and important variables. Manual control of interconnected systems such as
music generative systems is almost impossible because each agents’ every movement
is affected by other agents. For more control, artists use simple computational models
such as Cellular Automaton [14, 5], swarming techniques [3, 17, 18, 28, 30 ] or abstract
constraints [2, 4, 20, , 22, 32].
Throughout the past decades of sound art, there have been a few artists who applied
emergence and chaos principles in their work without any digital mediation. Joe Jones,
and more recently Zimoun and Pe Lang [29], use simple elements such as motors, wires
and solenoids to create sound sculptures and installations. The rhythm and flow in these
sonic environments result from repetition, randomness and imperfections or glitches.
Zimoun and Pe Lang, together and individually, study the creation and degeneration of
patterns. Inspired by generative systems and swarm behaviours, their works display
both simplicity and complexity. Here complexity grows from simple rules with some
randomness and emphasizes their oppositional position of order and chaos [26].

Inspired by current artistic applications and the rich aesthetic qualities of swarms,
we explore robotic interventions and the role of materiality in sound art to create novel
sound textures with different pitch and timbral qualities.
4.2

Future Works

While While experimenting with different setups for Liminal Tones (B/ Rain Dream),
we tested the use of physical swarming bodies to create sound. To achieve different
aesthetic qualities, we explored chaotic and random behaviours, and embraced
imperfections and error (due to battery degradation and DC perturbation). Liminal
Tones (B/ Rain Dream) that resulted are a critical reflection of a still-emergent field of
work.
With respect to our future work, our plan is to investigate multi- swarms (with
different sound qualities) and large numbers of BBots (50 or more) to explore collective
behaviours, and swarm aesthetics with wide timbral and frequency range, and
mechanical tones.
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