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(a) First user’s view, focusing the green trajectory. (b) Second user’s view, focusing the pink trajectory.

Figure 1: Shared 3D-Scene for two connected users, each focusing a different trajectory.

Abstract
WeSp is a browser-based interface for real-time collaborative tra-
jectory editing in immersive audio performance and production.
Trajectories are defined as 3D splines and traversed by play-
heads that represent sound objects moving along these paths
with adjustable speed and direction. Multiple users can edit the
same set of trajectories simultaneously, enabling shared agency
over a common virtual acoustic scene. A collaborative user study
was conducted with four groups of four participants, using two
tablets and two laptops within an immersive sound environment.
Participants completed structured tasks and engaged in open
exploration of the interface. Results from established usability
questionnaires confirm usability and learnability. A thematic
analysis of open-ended responses further reveals how groups co-
ordinate interaction in live spatialization contexts. In particular,
the shared and dynamic visual representation supported spatial
orientation and made collaborative actions, such as synchroniz-
ing movements or following gestures, more apparent. Verbal
communication emerged as an effective strategy for coordination
among participants.

Keywords
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1 Introduction
Trajectories are a common approach for organizing the spatial
movement of virtual sound sources in immersive audio systems.
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They enable precise control over spatio-temporal attributes such
as position, speed, and direction, while also providing a visual rep-
resentation of both past and anticipatedmotion. This concept also
aligns with the principle of parameter automation that is ubiqui-
tous in today’s electronic and computer-based music production.
The use of trajectories in spatialization is specifically suited for
object-based approaches which treat sound sources as discrete
entities positioned and moved in space [10, 17]. Trajectory-based
interfaces extend the automation paradigm by defining paths
along which sound sources evolve over time. This approach has
a wide range of applications that create virtual acoustic scenes,
as in music, film scores, video games and interactive media.

However, trajectory-based composition – let alone perfor-
mance – has certain usability constraints and limitations. Pre-
vious research shows that listeners have limited ability to dis-
tinguish and track complex spatial trajectories using auditory
cues alone. Visual representations are thus necessary to improve
localization and trajectory perception [14, 18]. In addition to this,
trajectory-based workflows are not inherently expressive. While
precise and perfectly suited for a studio environment, trajectory-
editing is not a favorable performance practice. Most importantly
for the scope of this paper, trajectory-based workflows are typi-
cally designed for single-user scenarios and do not support shared
editing or collaborative control. This is a significant drawback,
since the complexity of immersive audio environments is ideal
for shared agency and creative interaction.

This work addresses the collaborative limitations by introduc-
ing WeSp, a browser-based interface for real-time collaborative
trajectory editing in immersive audio. Designed as a research
tool, WeSp separates shared trajectory structures from individ-
ually controlled sound objects, enabling collaborative editing
while preserving individual agency in performance. A shared
visual representation of the spatial scene, as shown in Figure 1,
allows users to manipulate the shared trajectories, while each
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participant retains control over their own sound objects. Groups
can thus collaboratively create immersive audio experiences in
co-present and distributed settings.

A group user study presented in this paper aims at investigat-
ing the core principles and challenges of interaction in collabora-
tive spatialization with WeSp. It follows the notion of usability
opportunities – as proposed in prior work on immersive and AR-
based interfaces [19, 20] – aiming to reveal promising directions
for interaction design in collaborative spatialization.

2 Related Work
2.1 Object-Based Spatialization
Object-based spatialization represents sound sources as discrete
entities that can be positioned andmoved in space [10, 17]. In con-
trast to channel-based practices, which work with experimental
algorithms on arbitrary loudspeaker systems, object-based ap-
proaches depend on spatial rendering algorithms such as Vector-
Based Amplitude Panning (VBAP), Wave Field Synthesis (WFS),
or Higher-Order Ambisonics (HOA). These systems are typically
implemented as standalone applications or plugins for Digital
Audio Workstations (DAWs), providing graphical interfaces for
positioning and automating sound objects. While such inter-
faces support detailed control, interaction is often constrained to
timeline-based automation or parameter editing, offering limited
affordances for real-time manipulation and live performance [15].

2.2 Trajectory-Based Interfaces
Trajectory-based control extends object-based spatialization by
defining paths along which sound sources move over time. While
early approaches, like Chowning’s work in the 70s [6], created
sound paths algorithmically – without any visual representation –
later systems such as Holo-Edit (1998)1, IanniX (2003)2 and Zirko-
nium (2006)3 introduced graphical environments for designing
and executing spatial trajectories.

IanniX, for example, formalizes trajectories through curves,
triggers, and cursors, enabling both deterministic and generative
behaviors, as well as integration with external media and control
systems [7]. More recent tools such as Grapes4 emphasize live
interaction, offering editable trajectory presets and real-time
control over speed, direction, and transitions between paths.

In addition to predefined trajectories, some systems incor-
porate dynamic behaviors such as random motion, flocking, or
gesture-based manipulation. Despite these developments, trajec-
tory-based interfaces remain primarily single-user systems, with
limited support for collaborative editing or shared control of
spatial structures.

2.3 Collaborative Spatial Audio Applications
Collaboration has been extensively researched in the NIME- and
HCI-Community through tabletop interfaces (see for example
[12] or [22]). Xambó et al. integrated Ambisonic spatialization in
a tabletop system called SoundXY4 (2014) [23], where the rotation
and position of white cubes represent virtual sound sources of the
spatial scene. Tabletop interfaces offer a shared interaction design
where the users are co-located in the same space performing on
one interface together.

1https://gmem.org/holophon
2https://www.iannix.org/en/
3https://zkm.de/en/about-the-zkm/organization/hertz-lab/software/zirkonium
4https://grapes-3d.com/

Virtual Environments offer new possibilities of collaboration
without the need to be co-located. Çakmak et al. [24] developed
a networked multimedia instrument based upon the idea of op-
tical discs. Remote users have control of synthesis parameters
during the performance. To compensate for the loss of bodily
gestures between the performers in musical collaboration, they
implemented a chat system. Virtual Reality (VR) and Augmented
Reality (AR) are other interesting domains of virtual environ-
ments that have been studied in the scope of collaborative music
performances.

Invoke (2023) [8] by Thomas Deacon and Mathieu Barthet
is a VR-tool that allows users to sketch trajectories based on
voice. Multiple users are able to spatialize sound samples in real-
time using a combination of a virtual pen and the volume of the
voice, which corresponds to the amplitude of a sample once it is
attached to a trajectory.

A web-based example that deals with spatialization is INVISO
(2017) [25] which enables users to construct sonic environments.
It integrates binaural rendering of distances between a naviga-
ble head model and objects, which can be assigned to drawable
trajectories. INVISO also comes in versions for VR and AR [26].

As previous studies on collaboration in virtual space point out
identifying oneself and monitoring each other’s actions facilitate
a sense of a collaborative shared space [16].

2.4 Evaluation of Live-Interaction and
Collaboration

Although the concept of collaboration is mentioned in several
documentations of tools developed in the scope of novel musical
interfaces, it often remains a perspective for further investigation
in the development [5]. Nick Bryan-Kinns points out the impor-
tance of a shared representation to enhance mutually engaging
interactions in the context of collaborative music making. Refer-
ring to previous research on creativity and group flow theory in
the field of Human-Computer Interaction (HCI) he mentions the
following aspects of collaboration: mutual awareness of actions,
shared and consistent representations, mutual modifiability, and
shared annotation [2, 3].

Related studies emphasize qualitative methods to explore the
experiential dimension of interaction. Stowell et al. promote Dis-
course Analysis (DA) as a method of evaluating qualitative data
such as transcribed interviews and comments to "extract a de-
tailed reconstruction of users’ conceptualization of a system" [21].
DA is a comprehensive but nevertheless demanding method of
analysis that does not always appear practical when determining
experience constraints. Grounded Theory and Thematic Analy-
sis have emerged as standard approaches for investigating user
experience and collaboration with musical interfaces [4, 8, 11].

3 WeSp
3.1 System and Interface Overview
WeSp is a browser-based application that lets multiple users
interact with a shared spatial audio scene. The software is im-
plemented in JavaScript, using HTML and CSS for structure and
styling. It follows a client–server architecture in which multiple
users connect to a central server via a web interface, enabling
shared interaction within a common session.

Communication between clients and server is handled through
bidirectional WebSocket connections, allowing low-latency ex-
change of interaction data. User actions within the interface, such
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Figure 2: Interaction concept of WeSp: all shared trajectories can be manipulated by any user (gray arrows); each user
controls only their individual play-head (solid colored arrows); each play-head can follow any trajectory (dashed arrows).

as editing trajectories or controlling sound objects, are transmit-
ted to the server and redistributed to all connected clients to
maintain a consistent shared state.

The system distinguishes between two types of data with
different update characteristics. Shared data elements are syn-
chronized on change, minimizing network load. In contrast, user-
specific data are updated continuously to support real-time in-
teraction and animation.

On the output side, interaction data is translated into OSC
messages on the server and forwarded to external audio render-
ing environments. This enables integration with a wide range of
spatial audio systems while keeping the interface independent
from a specific rendering implementation. A Reaper5 session
has served as a rendering and playback system in the experi-
ments presented in this paper. Further implementation details
are available in the accompanying repository.6

3.2 Interaction and Collaboration Design
WeSp combines shared structural elements with individual con-
trol to support collaborative spatial performance. The system
is based on two primary interaction primitives: trajectories and
sound objects.

The interface is centered around a 3D scene that visualizes
trajectories and sound objects, as shown in Figure 1. Trajectories
are defined as editable spline curves and serve as spatial paths.
They can be modified through direct manipulation in the 3D view
as well as through parameter controls such as sliders and buttons,
designed to support both precise adjustment and performative
interaction on touch-based devices.

Sound objects act as playheads moving along these trajectories.
Their behavior can be controlled in real time, either by adjusting
playback speed along a trajectory or by manually positioning
them along arbitrary trajectories. This establishes a separation

5https://www.reaper.fm/
6https://github.com/koyi8/WeSp

between the spatial structure, defined by the trajectories, and the
temporal behavior, defined by movement of the objects.

Collaboration in WeSp builds directly on this distinction be-
tween shared trajectories and individually controlled objects, as
visualized in Figure 2. All users operate within a common 3D
scene in which trajectories are mutually modifiable. Changes
made by one user – indicated as solid gray arrows – are synchro-
nized in real time, resulting in a shared and consistent spatial
layout. Trajectories therefore function as a collectively authored
layer that supports and demands coordinated planning and shap-
ing of the performative space.

In contrast, sound objects are not shared. Each user controls
only their own objects, preventing conflicts and discontinuities
during performance. This establishes individual agency within a
shared structure. To support coordination, objects are visually
differentiated by user-specific colors. A user’s own objects are
emphasized through size and additional real-time information,
while objects of others are visually reduced through transparency.
This enables performers to identify their own actions while main-
taining awareness of the overall scene.

This design supports shared agency and mutual awareness
without requiring direct control over others’ actions. Performers
can adapt their behavior in response to the spatial positioning and
movement of other objects, enabling coordinated group dynamics
while preserving individual control.

4 Collaborative Interaction Study
4.1 Setup and Procedure
A group-based user study was conducted to examine collabora-
tive interaction and user experience in WeSp. The study followed
a mixed-methods approach, with particular emphasis on qual-
itative data from open-ended responses. It was guided by the
following research question:

How does the interaction design of WeSp
support shared agency?

https://www.reaper.fm/
https://github.com/koyi8/WeSp
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Figure 3: Participants in the studio during the study.

The study took place in a controlled multichannel studio
equipped with a 21-loudspeaker Ambisonic dome. Four groups
of four participants (N = 16) took part in the study. Participants
included students, musicians, and engineers with an interest or
experience in spatial audio.

During the study, groups were seated around a table inside
the loudspeaker system in the studio, as shown in Figure 3. Each
group used four devices – two laptops and two tablets – all run-
ning the browser-based interface. Sessions lasted approximately
one hour. The procedure consisted of four stages:

• Introduction to the interface (∼6 min)
• Individual exploration (∼4 min)
• Collaborative tasks and improvisation (∼30 min)
• Post-study survey (∼20 min)

During the collaborative phase, participants controlled a shared
spatial soundscape consisting of four looped samples. Each par-
ticipant controlled one sound source. Tasks progressed from
individual familiarization to coordinated group tasks, followed
by a five-minute improvisation.

4.2 Group Tasks
The collaborative phase consisted of a sequence of structured
tasks with increasing complexity, followed by an open improvi-
sation. The tasks can be organized into four phases:

Phase 1: Initialization and Static Spatialization
• Object initialization: Participants sequentially created one
sound object each on a default trajectory without modifying
interface parameters, first listening individually and then
collectively.

• Static distribution: With animation disabled, objects were
spread along the trajectory to explore spatial separation and
global layout.

• Group-based positioning: Participants formed subgroups (tablet
vs. laptop) and moved objects to designated spatial regions,
requiring coordinated action.

Phase 2: Dynamic Coordination
• Convergence: With animation enabled, participants synchro-
nized movement by converging to a shared point and acting
as a single sound source.

• Distributed motion: Objects were redistributed and kept at
approximately equal distances while participants reacted to
each other through changes in speed and direction.

Phase 3: Trajectory Editing
• Trajectory creation: New trajectories were created and ex-
tended with additional control points.

• Trajectory modification: Trajectories were modified (e.g.,
shape, closure, tension), and objects reassigned.

Phase 4: Creative Application
• Improvisation: Groups developed and performed a short col-
laborative piece using all available features.

4.3 Survey Instruments and Analysis
After the session, participants completed a browser-based sur-
vey in LimeSurvey7, consisting of open-ended questions and
standardized questionnaires. Quantitative measures included the
original User Experience Questionnaire (UEQ) [13] and a mod-
ified Sonic Interaction Design Questionnaire (SIDQ) [9]. The
following modified SIDQ items were used:

(1) I was connected to the sound changes through my actions.
(2) I could relate my actions to specific sonic effects.
(3) I could plan spatial events using the interface.
(4) I felt part of a creative process.
(5) I felt in control.
(6) It was challenging.
(7) The feedback in the system made sense.
(8) I liked the spatialization I created.

Open-ended responses to structured survey questions were
analyzed using Thematic Analysis (TA) [1], focusing on patterns
related to collaboration, interaction strategies, and user expe-
rience. The questions are based on a related user study on VR
interaction [9] and refined with AI assistance to address WeSp as
a collaborative spatialization system. The open-ended questions
were:

(1) How would you describe your experience collaborating
with others within the WeSp interface?

(2) To explore ideas for spatial composition, how did you
create shared agency?

(3) Did you feel engaged or disengaged in the group tasks?
Explain why.

(4) Did you encounter any unexpected benefits or challenges
while collaborating with others in WeSp? If so, what were
they?

(5) Can you share any strategies or tactics you found effective
for fostering collaboration within WeSp?

(6) Which features within WeSp did you find most helpful?
(7) Did you encounter any challenges while collaborating

with others on the tasks?
(8) In what ways do you feel that WeSp’s collaborative fea-

tures differentiate it from other spatial audio tools?
(9) To what extent do you imagine using WeSp in a spatial

live performance?
(10) What would you like to see improved in the interface,

input methods, and/or interaction possibilities in WeSp?

7https://www.limesurvey.org/

https://www.limesurvey.org/
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5 Results
5.1 Participants
A total of 16 participants took part in the study. Participants
ranged in age from 25 to 68 years (𝑀 = 33.3, 𝑆𝐷 = 10.0). Most
participants reported a background in music (75%) or acoustics
(62.5%).

5.2 User Experience
UEQ results indicate a positive user experience across all scales
(Figure 4).

Figure 4: UEQ results: Scale means with confidence intervals
in relation to the benchmark dataset.

All dimensions were rated above average relative to the UEQ
benchmark dataset. Attractiveness and Stimulation reached the
“excellent” range.Mean values above 0.8 indicate a clearly positive
evaluation across all scales. The Novelty scale showed compara-
tively higher variability across participants.

5.3 SIDQ
SIDQ responses for tablet and laptop users are shown in Figure 5.
Across all participants, responses were generally high for items
related to perceived connection between action and sound and the
ability to relate actions to sonic effects. Differences between de-
vice groups (laptop, tablet) were analyzed using Mann–Whitney
U tests, with results summarized in Table 1.

Table 1: Summary of Mann–Whitney U test results for
device comparison.

Item U p r

Connected 28.00 0.704 0.1250
Sonic Effects 29.00 0.783 0.0938
Plan Events 8.50 0.011 0.7344
Creative Process 22.50 0.310 0.2969
Control 24.00 0.405 0.2500
Challenging 28.50 0.744 0.1094
Feedback 25.00 0.729 0.1071
Liked Spatialization 25.00 0.462 0.2188

Responses were largely consistent across device types. A sta-
tistically significant difference was observed only for the item
Plan Events (𝑝 = 0.011), with higher ratings for laptop users.

5.4 Collaborative Interaction Themes
The thematic analysis revealed several recurring patterns in how
participants interacted and coordinated within the shared envi-
ronment.

1: Shared Awareness Through Visual Representation.
Participants frequently relied on the visual representation
of trajectories and sound objects to maintain awareness of
others. The shared visual space enabled users to observe
and adapt to each other’s actions, supporting coordination
without explicit role assignment.
However, this awareness was less consistent in the audi-
tory domain. Some participants reported difficulty distin-
guishing their own sound source from others.

2: Coordination Through Speech, Observation, and Re-
straint. Collaboration was primarily achieved through
verbal communication and visual observation. Talking was
frequently described as an effective strategy for establish-
ing shared intent.
In addition, several participants reported deliberately re-
ducing their own activity to observe others. This form of
restraint functioned as a coordination strategy.

3: Engagement, Overload, and Loss of Individual Pres-
ence. Most participants reported high levels of engage-
ment, particularly during structured tasks. In more open-
ended situations, some participants experienced reduced
engagement due to perceptual masking and increased sys-
tem activity.
This suggests that shared control can lead to attentional
challenges in dense interaction scenarios.

4: Trajectory-Based Interaction and Requested Exten-
sions. Participants responded positively to the trajectory-
based interaction model, particularly the ability to manip-
ulate and share spatial paths in real time.
At the same time, users requested extended functionality,
including additional trajectory operations and alternative
interaction modes beyond trajectory-based control.

6 Discussion
6.1 Usability Considerations
The quantitative results indicate that WeSp provides a usable
interaction framework across devices. UEQ scores show consis-
tently positive evaluations across all dimensions, with particu-
larly high ratings for Stimulation and Attractiveness. In relation
to the UEQ benchmark dataset, which aggregates results from
a broad range of interactive products, all scales are rated above
average, with several dimensions reaching the excellent range.
This situates the user experience of WeSp within or above the
range of typical interactive systems, despite its collaborative and
spatial interaction context.

SIDQ responses indicate that participants were generally able
to relate their actions to resulting sonic changes and reported
a sense of control over the spatialization process. Differences
between tablet and laptop users were limited, with a statisti-
cally significant effect observed only for the item Plan Events,
where laptop users reported higher ratings. This suggests that
tasks requiring precise spatial planning may be more effectively
supported by pointer-based interaction than by touch input. In
addition, the larger display size of laptops may support interac-
tion with the visual representation, which participants relied on
for coordination.

At the same time, qualitative responses point to limitations
in the current interaction design. Participants reported difficul-
ties in distinguishing their own sound sources, particularly in
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Figure 5: SIDQ results for tablet and laptop users. Squares indicate means, lines indicate medians; outliers are marked as
dots.

dense interaction scenarios. This indicates a potential imbalance
between visual interaction and auditory feedback, and suggests
increased cognitive load when multiple users act simultaneously.
In this context, participants appeared to prioritize visual informa-
tion for orientation and coordination, which may further reduce
the perceptual salience of individual sound contributions. This
can affect the ability to track one’s own actions within the shared
sonic result, particularly as the number of active sound sources
increases.

These observations point to a tension between visual coor-
dination and auditory differentiation, where support for group
awareness may come at the expense of individual perceptual
clarity.

6.2 Collaborative Spatial Interaction and
Shared Agency

The qualitative findings provide insight into how participants
coordinated within the shared spatial environment. A central
aspect was the reliance on the shared visual representation of tra-
jectories and sound objects. This visual layer allowed participants
to observe each other’s actions and adjust their own behavior
accordingly, often without explicit role assignment.

In addition to visual awareness, participants described verbal
communication as a primary means of coordination. Speech was
used to establish shared intent, negotiate actions, and organize
group behavior. At the same time, non-verbal strategies emerged,
including synchronization of movements, imitation of others, and
temporary withdrawal from active control in order to observe
the evolving scene.

These behaviors resemble established practices in collabora-
tive music-making, such as synchronization and role differen-
tiation. In this context, interaction was not structured through
predefined roles, but emerged through continuous adjustment
and negotiation among participants.

Together, these observations describe a form of interaction in
which control is distributed and dynamically reconfigured across
the group. This interaction can be understood as the emergence
of shared agency, in which participants continuously adapt their
actions in relation to others, the shared visual representation,
and the evolving spatial sound scene.

Shared control over trajectories, combined with the visibility
of actions, enabled participants to influence the overall sonic
outcome collectively. Rather than assigning fixed responsibilities,

interaction unfolded as a distributed process in which agency
was negotiated in real time. In this sense, agency is not located
in a single user, but emerges from the interaction between par-
ticipants and the system.

6.3 Usability Opportunities
The findings point to several design implications for collabora-
tive immersive audio systems. First, the shared visual representa-
tion plays a central role in coordinating group interaction. This
highlights the importance of tightly integrated multimodal in-
teraction, in which visual and auditory elements are aligned to
support both coordination and perceptual clarity.

Second, the frequent use of verbal communication highlights
the importance of explicit coordination mechanisms in collab-
orative spatial interaction. In co-present studio settings, verbal
interaction functions as an effective and flexible modality for
establishing shared intent and coordinating group behavior. This
suggests that collaborative spatial systems can benefit from ex-
plicitly supporting such multimodal interaction, in which speech,
gesture, and visual feedback are combined. At the same time, in
remote or performance contexts where verbal communication
may be limited, this points to the need for alternative coordina-
tion mechanisms embedded within the interface.

Third, the observed variability in tasks related to spatial plan-
ning reflects the complexity of balancing precision and acces-
sibility in interaction design. This points to opportunities for
developing interaction techniques that support both detailed
control and intuitive use across different input modalities.

Overall, these observations indicate that interaction character-
istics in collaborative spatial systems can serve as indicators of
design potential, pointing toward new directions for supporting
distributed and shared forms of interaction.

7 Conclusion and Future Work
This paper presented WeSp, a browser-based interface for col-
laborative trajectory-based spatialization. A group user study
with music experts examined its potential for shared interaction,
combining quantitative measures with qualitative analysis.

The results indicate that WeSp supports collaborative engage-
ment through a low barrier to entry, shared visual representa-
tions, and the emergence of interaction strategies grounded in
musical practice. At the same time, challenges related to multi-
modal cognitive load and coordination highlight areas for further
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investigation. The audio-visual tension is a well-known problem
in electronic music contexts, where visualization may distract
from relevant audio content.

The findings further highlight the role of communication and
shared representations in shaping collaborative spatial interac-
tion, extending beyond purely interface-based considerations.

Future work will address the balance between visual and au-
ditory feedback, with particular attention to supporting clearer
auditory perception in complex group scenarios. Another direc-
tion concerns the development of alternative coordination mech-
anisms that reduce reliance on verbal communication, especially
in performance contexts.

While the present study focuses on co-present interaction,
where verbal communication plays a central role in coordina-
tion, future work may explore alternative forms of talking within
collaborative spatial systems. This includes interface-based com-
munication mechanisms that extend or replace speech in remote
or performance contexts, enabling coordination through gesture,
visual signaling, or shared interaction states.

8 Ethical Standards
The user study was conducted at Technical University Berlin
as part of an ongoing research project on interactive spatial au-
dio interfaces. Participation was voluntary, and all participants
provided informed consent. All participants were adults. Ques-
tionnaire responses and demographic data were collected anony-
mously and were not linkable to individuals. No personally iden-
tifiable information was recorded. The study involved minimal
risk and complied with applicable data protection regulations.
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