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ABSTRACT

Sonic Structures is a multi-user mixed reality experiment
that explores the relationship between visual form and sound
and music creation through the lens of 4E (embodied, en-
active, embedded and extended) cognition. By extending a
custom platform allowing large scale mixed reality experi-
ences for up to 20 users with real-time audio processing and
generative 3D graphics, Sonic Structures provides a sand-
box environment for the real-time transformation of sound
and music into persistent visual structures. Described here
is the conceptual and architectural design of the project and
the results of a workshop exploring the musical, educational
and artistic potential of the system.
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CCS Concepts

•Applied computing → Sound and music computing; Per-
forming arts; •Information systems → Music retrieval;

1. INTRODUCTION
Cybernetic artist Nicolas Schöffer proposed a synaesthetic
mode of expression in which sonic and visual structures co-
exist symbiotically, transcending their individual spatiotem-
poral constraints [18]. When sound or music is manifest vi-
sually and with concrete shape and form, Schöffer argued, it
is given a tangible persistence that sets it free from the roar
of time. In this paper, we discuss how large-scale multi-user
mixed reality can be used to realise Schöffer’s vision. We
propose a system for real-time composition of audiovisual
structures - transformations of sound and music into 3D

Licensed under a Creative Commons Attribution
4.0 International License (CC BY 4.0). Copyright
remains with the author(s).

NIME’24, 4–6 September, Utrecht, The Netherlands.

forms and structures that can be viewed and explored im-
mersively. The proposed concept approaches the creation
of these sonic structures through the lens of 4E cognition.
In particular, we describe a system that enables and en-
courages collaborative, performative experiences in which
people create, view and explore virtual worlds through col-
lective sound-making. To do this, we construct a software
architecture supporting co-located large-scale mixed reality
with head-mounted displays, coupled with methods for real-
time analysis of sound and music and real-time generative
graphics. This paper provides an overview of our motivation
and conceptual framework, design process and the resulting
technical architecture.

In the terminology of this paper, the terms music and
sound are used interchangeably in the broadest possible
sense, to refer to the full spectrum of musical and tonal
possibilities, whether improvised or composed, harmonic,
rhythmic or otherwise. We also use the term ”sonic struc-
ture” as shorthand for the transformation of sound into per-
sistent 3D visual forms.

2. RELATED WORK

2.1 Visual Structure from Sound
Visual structures that correspond in some way to music
and sound can be found in a variety contexts, from musical
notation [19] and compositional aids, to analytical and ped-
agogical tools. As a form or method of artistic expression,
the transformation of sound into visual form has a history
encompassing painting, film, video and dance [1].

The use of computers to programmatically transform sound
into visual form can be traced to the beginning of computer
graphics, and today is a staple of electronic music perfor-
mances. Here, however, we are specifically interested in
real-time transformations into 3D structures in a 3D virtual
world (compare Figure 1). Precedents here can be found in
the works of Lintermann and Shaw (Utopia Triumphans,
2002), Rokeby (Surface Tension 2009, Quaver 2010) and
throughout the demo-scene. Use of real-time transforma-
tions in live performances have been demonstrated in recent
years by artists Quayola and Tobias Gremmler or presented
within the Ars Electronica DeepSpace theatre.

2.2 4E Cognition
The view of 4E cognition views cognition as fundamentally
embodied, enactive, embedded and extended, and that it can



Figure 1: Visionary image of a collaborative mixed reality sonic structure.

Figure 2: Sketches and Prototypes generated during the ideation workshop

only be understood by incorporating our bodies, actions and
environmental interactions into the picture [14].
Visual art that emphasises a 4E mode of engagement has

a rich history. Site-specific work is embedded, by nature
[6]. Interactivity implies enaction, and while active partici-
pation has a history in theatre and music, it is a hallmark of
computer-based media arts. And with the advent of virtual
reality and motion sensors like Microsoft Kinect, embodi-
ment has become a central feature of many recent media art.
Cognitive extension, in which the cognitive processes of the
viewer can only be understood as a dynamic coupling be-
tween things in the world and mental processes, could more
or less be offered as a definition of art. These four traits
abound in art, and as examples we offer the site-specific
video walks of Janet Cardiff and George Bures Miller, the
virtual reality of Char Davies, the interactive and immer-
sive cinematic experiments of Jeffrey Shaw and the highly
enactive and embodied works of David Rokeby or Stelarc.
More generally, an ecological theory of aesthetics, in which
the 4Es play primal roles is well formulated in [2].

3. CONCEPTUAL FRAMEWORK
We adopt, that musical behaviour is fundamentally embod-
ied, enactive, embedded and extended, and so 4E cognition
is an ideal framework to analyse the possibilities of the cre-
ation and viewing of sonic structures. The view that, an
embodied sensorimotor engagement is essential to both the
production and perception of music has found increasing

theoretical and empirical grounding over the last decades
[10] [9] [11]. The enactive approach to shared musical ex-
perience offers insight into the interpersonal dynamics of
musical collaboration [8, 23]. The expertise of musicians
in collective music-making is derived from the dynamic re-
lationships between the patterns of perception and action
that define the sonic environments [15, 16].

• Embodied implies that sonic structures require a cor-
poreal engagement and relationship. They must have
a physical presence and phenomenal realness [12], with
a sense of persistence and continuity. They must pro-
vide affordances, presenting opportunities for physical
engagement, such as pathways, openings, enclosures
or supports, barriers or obstacles.

• Embedded describes a situated creative act influenced
by the physical and social environment in which it
is performed. As such, sonic structures, despite be-
ing virtual, must be embedded within the real world
in a perceptually coherent and unified manner. Fur-
ther, they must be responsive to their environment,
respecting the spatial, and structural constraints and
opportunities it affords.

• Extended implies a creative act that extends the mind
to the outside involving instruments, objects, sound
and most importantly other performers. To use the
system is to couple oneself with a dynamic system
strongly.




