
Setup and
Evaluation of a
Robotic Lamp

Mediating
Musical

Co-Creation
Master Thesis at the
Media Computing Group
Prof. Dr. Jan Borchers
Computer Science Department
RWTH Aachen University

by
Thomas Oliver Pollert

Thesis advisor:
Prof. Dr. Jan Borchers

Second examiner:
Prof. Dr. Ulrik Schroeder

Registration date: 02.09.2025
Submission date: 13.04.2026









iii

Contents

Abstract ix

Überblick xi

Acknowledgments xiii

Conventions xv

1 Introduction 1

1.1 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Related Work 5

2.1 Collaborative musical improvisation . . . . . . . . . . . . . . . . . . . 5

2.1.1 Communication during musical collaboration . . . . . . . . . 6

2.2 Supporting collaboration and creativity with technology . . . . . . . 7

2.3 Interaction model for a musical collaboration system . . . . . . . . . 8

2.4 Robotics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Design Space for a Musical Mediator 13



iv Contents

3.1 Design Space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.1 Possible Inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.2 Possible Outputs . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.1.3 Analysis Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 The DDL-Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2.1 Hardware and Animation pipeline . . . . . . . . . . . . . . . . 17

3.2.2 Control Architecture . . . . . . . . . . . . . . . . . . . . . . . . 20

3.2.3 Movement design . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.4 Integration of classic animation principles . . . . . . . . . . . 25

4 Evaluation 27

4.1 Study design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.1.1 Study procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Study Part 1: Collaborative Musical Improvisation . . . . . . 28

4.1.2 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1.3 Methods of evaluation . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2.1 Quantitive �ndings . . . . . . . . . . . . . . . . . . . . . . . . . 35

Study Part 1: Collaborative Musical Improvisation . . . . . . 35

Study Part 2: Gaze Parameter Study . . . . . . . . . . . . . . . 42

4.2.2 Qualitative �ndings . . . . . . . . . . . . . . . . . . . . . . . . 45

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



Contents v

4.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5 Summary and Future Work 55

5.1 Summary and Contributions . . . . . . . . . . . . . . . . . . . . . . . 55

5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

A Code System 59

B Study Material 63

Bibliography 73

Index 81





vii

List of Figures and Tables

2.1 Robotic mediators Ideation and music-making . . . . . . . . . . . . . . 10

3.1 Possible mappings of input signals, analyzed dimensions, and out-
puts in a musical mediating system. . . . . . . . . . . . . . . . . . . . 16

3.2 DDL - Appearence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3 Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.4 Beatmatch technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.5 Base movement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.6 Wiggle movement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.7 Conducting hip movement . . . . . . . . . . . . . . . . . . . . . . . . 24

3.8 The hip hump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.1 Sequence of conditions and BPMs for the experiment . . . . . . . . . 29

4.2 Movement pair: activity level . . . . . . . . . . . . . . . . . . . . . . . 30

4.3 Movement pair: level of the head . . . . . . . . . . . . . . . . . . . . . 30

4.4 Movement pair: order of body and head orientation . . . . . . . . . . 31

4.5 Movement pair: duration of gazing . . . . . . . . . . . . . . . . . . . . 31



viii List of Figures and Tables

4.6 Leader of the improvisation . . . . . . . . . . . . . . . . . . . . . . . . 36

4.7 Attention within group . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.8 Robot in�uence on attention . . . . . . . . . . . . . . . . . . . . . . . . 37

4.9 Likert item gaze on engagement . . . . . . . . . . . . . . . . . . . . . 38

4.10 Encouragement likert item . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.11 Condition rating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.12 Enjoyment Likert item . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.13 Involvement Likert item . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.14 Short Flow Scale results . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.15 Godspeed results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.16 Results: Gaze Activity Level . . . . . . . . . . . . . . . . . . . . . . . . 43

4.17 Results: Head Position . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.18 Results: Orientation Order . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.19 Results: Gaze Duration . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

B.1 Open ended questionnaire . . . . . . . . . . . . . . . . . . . . . . . . . 70

B.2 Comparative questionnaire . . . . . . . . . . . . . . . . . . . . . . . . 71



ix

Abstract

Musical group improvisation is a cognitively demanding activity that relies heav-
ily on non-verbal communication between performers. For novice musicians in
particular, the lack of an established movement vocabulary makes coordination
challenging and can reduce the enjoyment and accessibility of the experience. This
work investigates the potential of an embodied robotic mediator to support col-
laborative musical improvisation by introducing gaze and rhythmic movement as
communication channels within the group.

We �rst de�ne a design space for musical mediators, mapping possible input
modalities, analytical processes and output channels relevant to such a system.
Drawing on this design space, we implement the Dancing Desk Lamp (DDL),
a robotic prototype based on a 6DOF robotic arm augmented with a 3D-printed
lampshade, whose appearance and movement vocabulary are inspired by the ani-
mated character Luxo Jr. The system uses pre-choreographed animations synchro-
nized to a musical beat, with gaze direction handled via Wizard of Oz control.

We evaluate the DDL in a mixed-methods user study with 24 participants across
8 sessions, comparing four conditions that vary in beat synchronization and gaze
behavior. Quantitative results suggest that directed gaze in�uences turn-taking
dynamics, with the robot being identi�ed as the leader of the improvisation more
frequently than any individual participant in all robot conditions. Participants in
conditions with directed gaze reported feeling that attention within the group was
more focused on individual participants, and the robot's in�uence on who par-
ticipants paid attention to was signi�cantly higher in the beat-matched direct gaze
condition compared to the avoidant gaze condition. Flow and enjoyment were con-
sistently high across all conditions with no signi�cant differences, though trends
suggest a slight advantage of directed gaze conditions. Qualitative �ndings re-
veal that participants most commonly perceived the robot as a motivator, enter-
tainer and leader, and that directed gaze was widely interpreted as a solo cue. A
secondary gaze parameter study provides design insights into how activity level,
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gaze height, orientation order and duration each shape the social and expressive
perception of a robotic gaze.
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Überblick

Musikalische Gruppenimprovisation ist eine kognitiv anspruchsvolle Aktivität, die
stark auf nonverbaler Kommunikation zwischen den Musikern beruht. Gerade für
unerfahrene Musikerinnen und Musiker ist die Koordination ohne ein etabliertes
Bewegungsvokabular schwierig, was den Einstieg in die Improvisation erschweren
kann. Diese Arbeit untersucht, ob ein verkörperter robotischer Mediator diesen
Prozess unterstützen kann, indem er Blickverhalten und rhythmische Bewegung
als Kommunikationskanäle in die Gruppe einbringt.

Zunächst wird ein Designspace für musikalische Mediatoren entwickelt, der
mögliche Eingabemodalitäten, Analyseverfahren und Ausgabekanäle systema-
tisch erfasst. Darauf aufbauend wird die Dancing Desk Lamp (DDL) implemen-
tiert — ein robotischer Prototyp auf Basis eines 6DOF-Roboterarms mit einem
3D-gedruckten Lampenschirm, dessen Erscheinungsbild und Bewegungssprache
von der Animations�gur Luxo Jr. inspiriert sind. Das System setzt vorchore-
ogra�erte, beatgenaue Animationen ein, während die Blickrichtung per Wizard-
of-Oz-Steuerung gesteuert wird.

Die DDL wird in einer mixed-method Nutzerstudie mit 24 Teilnehmenden in 8
Sitzungen evaluiert. Dabei werden vier Bedingungen verglichen, die sich in Beat-
synchronisation und Blickverhalten unterscheiden. Die quantitativen Ergebnisse
deuten darauf hin, dass ein gerichteter Blick die Gruppendynamik beein�usst:
In allen Roboterbedingungen wurde der Roboter häu�ger als Leiter wahrgenom-
men als einzelne Teilnehmende. Bedingungen mit gerichtetem Blick gingen zu-
dem mit dem Gefühl einher, dass die Aufmerksamkeit der Gruppe stärker auf
einzelne Personen fokussiert war. Erlebnis- und Beteiligungswerte lagen durchge-
hend hoch, mit nicht signi�kanten Trends zugunsten der Direktblick-Bedingungen.
Flow-Erleben zeigte keine messbaren Unterschiede zwischen den Bedingungen.
Qualitativ wurde der Roboter am häu�gsten als Motivator, Unterhalter und Leiter
beschrieben, wobei direkter Blick von vielen als Solosignal interpretiert wurde.
Eine ergänzende Studie zu Blickparametern liefert Hinweise darauf, wie Aktiv-
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itätsniveau, Blickhöhe, Orientierungsreihenfolge und Blickdauer die soziale und
expressive Wirkung eines robotischen Blicks beein�ussen können.
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Chapter 1

Introduction

Musical improvisation in groups is a widely practiced and Musical improvisation is

an endeavour worth

supporting

socially enriching activity. Beyond its creative value, group
music-making has been shown to foster a sense of be-
longing [Verneert et al., 2021], support well-being [Mac-
Donald and Wilson, 2014], and build shared group iden-
tity [Lage-Gómez and Cremades-Andreu, 2021]. At the
same time, improvisation is cognitively demanding, requir-
ing performers to anticipate musical events, express them-
selves emotionally, and continuously interpret cues from
their co-musicians [Biasutti and Frezza, 2009]. For novices
in particular, these demands can make the experience feel
overwhelming rather than rewarding.

When multiple novices improvise together, the process Novices might bene�t

from an arti�cial leader

in improvisation

processes

lacks the established communication channels that experi-
enced musicians rely on. Gaze, body sway, head nods and
gesture serve as the primary means through which musi-
cians coordinate entries, signal solos, and support synchro-
nization [Bishop et al., 2019; Davidson, 2012]. Novices, still
focused on the instrument itself, are ill-equipped to give
these cues in the musical process, leaving the group with-
out a shared structure to hold onto. A mediator that could
introduce these cues arti�cially, in a way that �ts naturally
into the physical and social space of the performance, has
the potential to lower this barrier and make the experience
more accessible and enjoyable.
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This work proposes the Dancing Desk Lamp (DDL), aThe Dancing Desk

Lamp - an embodied

musical mediator

robotic mediator designed to participate in musical group
improvisation through rhythmic movement and gaze. In-
spired by Hu et al. [2025] and resembling the animated
character Luxo Jr., the DDL uses a 6DOF robotic arm
augmented with a 3D-printed lampshade to communicate
through the same physical channels musicians use: body
sway, rhythmic movement and directed gaze. To investi-
gate the design possibilities for such a system, we �rst de-
�ne a design space for embodied musical mediators, map-
ping possible inputs, analytical processes and outputs. We
then implement a prototype and evaluate it in a user study
with 24 participants in groups of 3 across 8 sessions, exam-
ining how the robot's gaze behavior in�uences the social
dynamics of a collaborative improvisation process.

Our results show that the robot's gaze direction mean-Key �ndings - The DDL

improves enjoyment - is

frequently identi�ed as

a leader - its gaze is

perceived as a solo cue

ingfully in�uences turn-taking dynamics. Participants in
conditions with directed gaze more frequently attributed
leadership to the robot, and reported feeling that attention
within the group was more focused on individual partici-
pants at a time. Across all sessions including the robot, it
was most commonly perceived as a motivator, entertainer
and leader, and was rated as likeable without being per-
ceived as strongly human-like. Directed gaze was widely
interpreted as a solo cue, prompting increased musical ac-
tivity in the gazed-at participant, though some experienced
this as pressure rather than encouragement. The gaze pa-
rameter study revealed that gaze height, activity level, or-
der of orientation and duration each carry distinct social
meaning, with long gaze reading as con�dent but poten-
tially threatening, and gaze from below reading as friendly
and curious.

The main contributions of this work are: (1) a design spaceContributions - a design

space for musical

mediators - the DDL -

exploratory evidence for

the bene�ts of the DDL

in musical improvisation

for embodied mediators in collaborative musical improvi-
sation, mapping inputs, analytical processes and outputs
relevant to a musical mediating system; (2) the Dancing
Desk Lamp, a robotic prototype implementing physical
and gaze-based communication as a mediator in a musi-
cal improvisation setting and (3) exploratory evidence sug-
gesting that an embodied mediator's gaze behavior in�u-
ences turn-taking dynamics, leadership attribution and so-
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cial engagement in a group improvisation process, sup-
ported by both quantitative ratings and qualitative ac-
counts from participants describing the robot's role as mo-
tivator, leader and solo cue, alongside design insights into
how speci�c gaze parameters shape impression of the robot
on observers.

1.1 Outline

Chapter 2 reviews related work on collaborative musical
improvisation, the role of embodied interaction in support-
ing creative collaboration, and existing robotic systems in
musical and social contexts. Chapter 3 de�nes a design
space for embodied musical mediators and describes the
Dancing Desk Lamp as one instantiation of that space, cov-
ering the prototype hardware, animation pipeline, control
architecture and movement design. Chapter 4 presents
the study design and evaluation methods, followed by the
quantitative and qualitative results and a discussion of the
�ndings, before closing with the study limitations. Chap-
ter 5 summarizes the contributions of this work and out-
lines directions for future research.





5

Chapter 2

Related Work

2.1 Collaborative musical improvisation

Understanding the value of musical group improvisation Musical collaboration

can foster well-being,

group formation and

stress relief

motivates the design of systems that support and enhance
it. Musical improvisation is described as real-time creative
performance of novel music. Participants sing or play an
instrument to take part in the activity. In group scenarios,
performers need to collaborate to create a coherent piece
of music, thus developing complex non-verbal communica-
tion skills for working together [Biasutti, 2017]. This highly
interactive and collaborative nature of improvisation con-
tributes to many observed bene�ts beyond mere enjoyment
[MacDonald and Wilson, 2014]. In educational contexts,
they can foster active participation and encourage a fo-
cus on a common goal, thereby supporting the formation
of a shared group identity [Lage-Gómez and Cremades-
Andreu, 2021]. This group identity and coherence through
music making can contribute to a general sense of well-
being [Verneert et al., 2021]. Furthermore, bene�ts of group
music making on individuals with chronic illnesses have
been observed [Mukherjee and Mutnury, 2021]. It is also
associated with stress relief and the mitigation of burnout
effects [Bittman et al.].

These positive effects provide strong motivation to explore
musical group improvisation, with the aim of enhancing
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engagement, enjoyment, and the quality of the improvisa-
tional process

2.1.1 Communication during musical collaboration

Body movement or gestures are a crucial part of musicalMovement serves an

expressive function in

musical collaboration

performances. It is shown that the physical aspect of a per-
formance can convey the same structural information to an
audience as the auditory counterpart [Camurri et al., 2004].
A similar communicative function of movement can be
seen in clarinet duos, who use body sways, bobs and
nods to enhance their coordination [Davidson, 2012]. They
achieve this by indicating the pulse of the music and de-
veloping a movement vocabulary to signal expressive and
timing cues. Davidson [2012] also observed that the com-
munication between musicians relied less on facial expres-
sions. This opens the way for a mediator that relies on a
movement vocabulary.

Another important means of communication in musicalGaze as another

important

communication channel

performance is gaze. The direction of the gaze of one per-
son is able to bring attention of another person to where
they are gazing to [Frischen et al., 2007], enabling coordi-
nation of attention in collaborative settings. Ensemble mu-
sicians use gaze to stabilize temporal coordination [Bishop
et al., 2019]. This makes gaze a useful means of commu-
nication for a system mediating musical collaboration pro-
cesses, by shifting attention between performers, as well as
stabilizing a shared meter.

A more mediating form of bodily communication in musicMusical conduction, a

more explicit form of

physical musical

communication

is the art of conducting. Prede�ned movements communi-
cate the pulse of the music, demonstrate timing, dynamics,
phrasing, and expressive intent, as well as signaling entry
points, solos or changes in the musical character [Green and
Malko, 1987]. Conductors also often use gaze in their con-
ducting to indicate entry points by their gaze direction, as
well as more sophisticated signals, often relying on facial
expressions. These can communicate calls for attention, as
well as expressive cues such as crescendo and accelerando
[Poggi et al., 2020]. Gaze cues also do not rely on mutual
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gaze, meaning they can be perceived from the periphery
[Yokoyama and Takeda, 2019]. These insights into conduc-
tion further back the claim that rhythmic movements and
gaze can be a meaningful channel of communication for an
arti�cial mediator for music-making.

2.2 Supporting collaboration and creativ-
ity with technology

Drawing on the description by Dourish [1999], social com- A mediator should �t

into the social contextputing is a disciplinary partnership between HCI and soci-
ology. Instead of mainly focussing on cognition and the
individual user, social computing acknowledges interac-
tion as a practice embedded in relationships and activi-
ties. Good interaction design should therefore study the
relationships surrounding the interaction, as well as an un-
derstanding of how and why users perform certain activi-
ties [Suchman, 1987]. In the context of musical improvisa-
tion, this means a mediating system should not be designed
around individual user goals but around the relational dy-
namics of the group performance.

The importance of social components varies across applica- This work is colse to the

�eld of Computer

supported collaborative

work

tion domains, becoming critical when interaction occurs in
a collaborative context. A popular example of a discipline
incorporating social principles is Computer Supported Co-
operative Work (CSCW). Systems focus on real time co-
ordination, gestures and timing in collaborative processes
and how to integrate systems into them [Schmidt and Ban-
non, 1992]. Musical improvisation is a prime example of
such a collaborative process, where real-time coordination
between performers is critical, and any supporting system
must integrate into the social �ow of the activity rather than
interrupting it.

While CSCW systems generally support coordination in A mediator for musical

collaboration is a

Creativity Support Tool

a variety of collaborative tasks, Creativity Support Tools
(CSTs) are a class of systems that focus speci�cally on
enabling creative work, both for individuals and for
groups.[Fischer, 2004; Shneiderman, 2000]. Unlike gen-
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eral CSCW systems, which may be concerned primarily
with task completion and process ef�ciency, CSTs are de-
signed to foster exploration, idea generation, and creative
problem-solving, while still supporting the social processes
that underlie successful collaboration.

This work on collaborative musical improvisation falls into
the intersection of CSTs and CSCW: it aims to support a
creative domain through a system that mediates social co-
ordination and respects the norms and emergent practices
of its participants. By situating the Dancing Desk Lamp
within this framework, the design can address not only
task-oriented coordination but also the subtler dynamics
of attention, timing, and social signaling that are critical to
group creativity.

The goal for the prototype therefore becomes to design a
CST that communicates in a similar fashion as musicians in
collaborative musical tasks, as worked out in Section 2.1.1.

2.3 Interaction model for a musical collab-
oration system

Tangible interaction describes interfaces that employ someTangible interaction �ts

real world intuitions form of physical interaction. These interfaces built upon
real world experiences of users, which lowers the thresh-
old for interactivity [Hornecker and Buur, 2006]. By offer-
ing input modalities that are haptically manipulatable as
well presenting output in a more peripheral way, interac-
tion with digital media becomes more similar to how we
experience our ordinary physical environment [Ishii and
Ullmer, 1997]. For a mediator in a musical improvisa-
tion context, this peripheral quality is particularly valuable
since performers cannot shift their center of attention away
from their instruments and co-musicians.

Embodied interaction was proposed as a uni�cation of so-Embodiment - the

intersection of social

computing and tangible

interaction as a

paradigm for this work

cial computing and tangible interaction in Dourish [1999].
This mainly analytical work frames interaction as engage-
ment with ones physical and social environment. This chal-
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lenges the old view of systems merely representing infor-
mation and shift interaction into the world of practical par-
ticipation. Later re�nements in Dourish [2004] claimed that
systems should be context aware, meaning they should be
evaluated in how they participate in action.

Following this line of thought, a mediator for musical im-
provisation should be physically present in the process, as
well as actively participate in it. Its cues overall behaviour
should �t the social context, meaning they should in some
form resemble the behaviour of a human mediator in mu-
sical tasks.

As seen before in 2.1.1, communicative social norms during
musical performance revolve around rhythmic body move-
ments, gestures and gaze direction. This is the reasoning
behind the setup of the Dancing Desk Lamp, which com-
municates via its movements and posture with special re-
gard to its head position.

2.4 Robotics

Robots have the ability to elicit creativity through interac- Robots are frequently

used as CSTstion with them during the creative process of different cre-
ative disciplines [Ali et al., 2021; Kahn et al., 2016]. This has
also been shown in several cases of music creation, in solo
and collaborative approaches. Rythmic body movements,
gestures and gaze as expressive means in robots have been
studied in several examples already. The following sec-
tion presents research about different designs and results
of robots in musical context, that help with designing the
Dancing Desk Lamp.

A robot's gaze direction in�uences nearby humans atten- Robotic gaze as a

means to shift attentiontion and gaze, enabling controlled attention shifts in group
interactions. [Yonezawa et al., 2007]. The use of this effect
for mediation has been studied by, Pham et al. [2024], who
applied gaze-based mediation in a non-humanoid robot to
enhance equal participation during group ideation. Their
goal was to use the robot, visible on the left in Figure 2.1,
to give attention to the least involved group member in the
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Figure 2.1: Left: Group ideation mediation robot,
Right: Shimon, used for robot-human musical interaction

collaboration. They identi�ed two main capabilities of their
system as supporting equal participation and "breaking the
ice". These results suggest that head-orienting robots are
promising candidates for mediating turn-taking in musical
collaboration.

A very similar robot to the Dancing Desk Lamp is Shimon,Shimon - A robotic

system supporting

musical creation

a well known robotic marimba player [Hoffman and Wein-
berg, 2010]. Its architecture has been used for several music
related projects. In Gao et al. [2024], Shimon was used to
explore the use of physical bodies for robots to communi-
cate in musical context, you can see the robot and its move-
set on the right side of Figure 2.1. It uses head and body
movements to communicate tempo changes, which a piano
player should adjust to. Their key �ndings: the use of ex-
pressive gestures for human robot co-musicianship can en-
hance synchronization just as in interhuman setups, as well
as creating a more engaging and enjoyable experience. Sim-
ilar expressive principles are applied in the Dancing Desk
Lamp, though it differs in head shape, facial features, and
its use in a collaborative context compared to Shimon.

Several research projects studied the use of robots as con-Musical conduction

robots ductors in orchestra setups. The varieties of robots reach
from simpler time keeping assistant which visualize the
meter, to more expressive variants that incorporate gestures
in their conducting, which either communicate patterns in
the music [Geuther et al., 2010] or more recently express
emotionality of musical passages [Chawla et al., 2025].
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The body of a robot is an important channel of com- Mood contagion

through bodily

expressions

munication for robots. Humanoid robots, like Nao, are
shown to be capable of displaying identi�able emotions
[Beck et al., 2012]. Robotic lamps speci�cally have been
shown to express identi�able emotions through movement,
as demonstrated by Gertie [Metzler et al., 2012], a lamp-
shaped robot whose expressive motion design serves as a
direct precedent for the Dancing Desk Lamp. Valence refers
to the degree to which an emotion is positive or negative.
Prior work has demonstrated that positive valence of bod-
ily expressions in robots evokes positive feelings in humans
[Xu et al., 2014]. Mood contagion enables enhancement of
collaborative activities, as positive mood has been associ-
ated with smoother interaction, higher satisfaction, and im-
proved task performance [de Rooij et al., 2024].

Conveying a speci�c emotion or valence requires care-
fully designed movements that are interpretable by ob-
servers. If they cannot recognise the intention, the ef-
fect becomes arbitrary. There is a variety of frameworks
for human emotional expressions [Chang et al., 2019; Dael
et al., 2012], as well as robotic ones [Chang et al., 2025; Rogel
et al., 2022; Savery et al., 2020]. However, expressive move-
ment vocabularies are speci�c to the morphology of the
robot they were designed for and cannot be directly trans-
ferred to a differently shaped platform [Peng et al., 2015].
Since the Dancing Desk Lamp has a unique lamp-shaped,
non-humanoid structure, a dedicated movement set needs
to be designed, drawing on classical animation principles
[Thomas and Johnston, 1981], conducting technique [Green
and Malko, 1987] and the frameworks named above. This
design is described in Section 3.2.3.

While several robotic systems have been studied in musical Research gap -

In�uencing turn taking

in musical improvisation

with a robotic mediator

via gaze direction

and social contexts, they are rarely examined as mediators
of a collaborative musical process between multiple human
performers. Similarly, while gaze has been studied both as
a communication channel in music-making and as a tool for
robotic turn-taking in group settings, its use by a robot to
in�uence turn-taking dynamics within a musical improvi-
sation remains largely unexplored. This work aims to close
this gap by de�ning a design space for embodied musical
mediators and examining the in�uence of a robot's gaze be-
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havior on the turn-taking mechanisms and social dynamics
of a collaborative improvisation process.
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Chapter 3

Design Space for a
Musical Mediator

3.1 Design Space

To explore what a mediator in a musical improvisation pro-
cess could be and do, we de�ned a design space structured
around the inputs it might draw upon, the outputs it could
offer and the analytical processes necessary to bridge be-
tween them, all grounded in the musical context and the
social dynamics of collaborative music-making.

3.1.1 Possible Inputs

Possible input methods for the system should consider that The mediating system

should be informed

from the ongoing

musical process - Users

are already occupied

with music making

musical improvisation is already a very cognitively chal-
lenging task that demands continuous cognitive and phys-
ical engagement. Furthermore, the hands of performers are
typically occupied by their instruments. For this reason,
we exclude possible inputs that are conscious or manually
executed by hand and rather focus on the possibilities to
capture information of the ongoing improvisation process
passively, without the need for performers to actively con-
trol the system.
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The �rst carrier of information that could be used is the mu-Audio Input

sic being played. A suitable system could record the audi-
tory information in the room and analyze it to gain infor-
mation.

A simpler approach would be to use the mediator in a setupMidi Input

with digital musical controllers. These instruments typi-
cally use the MIDI protocol to pass their inputs to some mu-
sic software. This protocol transfers the notes being played,
their length and velocity. This way the system receives al-
ready structured data that is easier to be analyzed.

Another form of gathering information about the musi-Video Input

cal process is the visual domain. As mentioned in David-
son [2012], musicians use rhythmic movements and gaze to
communicate during musical collaboration. These move-
ments and gestures can be captured and analyzed to inform
the system about the improvisation process.

3.1.2 Possible Outputs

As established in the related work, communication in col-
laborative musical tasks is often experienced in the periph-
ery. We propose that an arti�cial mediator should align
with this with the use of output methods that suit periph-
eral perception.

Graphical user interfaces have historically been the dom-Screen based visual

output inant output modality in human–computer interaction
[Hornbæk et al., 2025]. Screens have the advantage of be-
ing capable to display a wide range of visual information.
System designers could animate a human conductor and
show them to the participants, display a color �tting the
mood of the current music or incorporate abstract anima-
tions. The screen approach can be taken a step further via
3D-tabletop displays, which would make it possible to see
the same object or entity from multiple different sides [Saad
et al., 2022].

Another approach for a mediator to be received during mu-Auditory output

sical collaboration is the auditory channel. There are two
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distinct approaches for this. The mediator could become
a co-musician adding to what's already played [Hoffman
and Weinberg, 2011], or interfere by giving verbal com-
mands, like an initial counting or reinforcing signals at �t-
ting times of the musical piece.

Physical output in the form of movement is another op- Physical output

tion. Signals can be designed resembling inter-human com-
munication during musical collaboration as done by [Gao
et al., 2024]. This approach involves the choice or design of
a robot, creation of a useful move set and some degree of
choreography.

3.1.3 Analysis Tools

Since the input channels are all capturing data implicit Audio Analysis Tools for

recognizing meter,

mood or energy level

in the process rather than direct commands that can be
mapped to the output, some sort of analysis and classi�-
cation needs to be integrated into the system. Audio analy-
sis tools like ESSENTIA [Bogdanov et al., 2013] can capture
the tempo, mood[Chawla et al., 2025] and energy level of a
piece. Classi�cation on how much each participant is con-
tributing to the performance can also be valuable informa-
tion for a mediating system aiming to balance participation.

Video analysis tools [Camurri et al., 2004] and gaze tracking Video Analysis Tools -

reading the body

language of musicians

[Bishop et al., 2019] can extract information inherent to the
performers' movement. This way the system could identify
the pulse of the music through body sway and head nods,
detect the leader of an improvisation through gesture and
gaze direction, or infer the emotional engagement of indi-
vidual performers.

Even if already in a structured format, midi data needs MIDI Analysis - making

use of a structured

format

some sort of analysis as well. Moments of silence would be
easily detectable due to the lack of incoming notes, mood
could be classi�ed by identifying the played scales, har-
monies, or melodies and comparing them with music the-
ory, as already done by Savery et al. [2020]. Velocity and the
number of notes played during a time frame can be used to
identify the energy level of a performance.
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The relationship between inputs and outputs is central toBridging in and output

the success of a musical mediating system. Collecting and
analyzing input is not suf�cient on its own. The map-
ping between an analyzed dimension and a chosen output
modality is itself a meaningful design decision that shapes
how the mediator is perceived and whether it is effective.
Table 3.1 provides an overview of possible mappings across
the design space. For instance, the pulse of a musical piece
could be extracted from audio, MIDI, or video input and
expressed through the movement tempo of a physical me-
diator. The mood of the ongoing improvisation could be
analyzed and re�ected through visual animations, color, or
a musical response from an arti�cial collaborator. The en-
ergy level of the performance could modulate the intensity
of physical movement or visual output. More socially ori-
ented mappings are also possible. The least contributing
musician could be identi�ed and engaged through directed
gaze or designated gestures, with the aim of encouraging
more balanced participation. As the table illustrates, which
dimensions are taken into consideration and which output
modalities are used to express them is ultimately a creative
endeavor. The design space presented here is intentionally
broad. The prototype developed in the following chapter
focuses on a subset of these possibilities, speci�cally phys-
ical output of an embodied mediator and its capabilities to
support and shape the collaboration.

Table 3.1

Input Signal Analyzed Dimension Output
Audio / MIDI notes Mood Visual animation / Musical response
Audio dynamics Tension Movement urgency / Visual intensity
MIDI scale / harmony Tonality Visual color palette
MIDI note density Complexity Visual complexity / Movement complexity
Audio / MIDI velocity Energy level Movement intensity / Visual intensity
Audio / MIDI rhythm Pulse Dance rhythm / Movement tempo
Audio / MIDI notes Play quality Feedback signal
Facial expression Emotional state Empathetic musical response
Video / Gaze Participation balance Directed gaze / Designated gesture
Video / Body movement Leadership Responsive gesture
Audio + Video Player synchronization Coordination cue

Table 3.1: Possible mappings of input signals, analyzed di-
mensions, and outputs in a musical mediating system.
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3.2 The DDL-Prototype

To investigate one promising aspect of the design space, We made the design

choice of an embodied

mediator

we developed a robotic prototype called the Dancing Desk
Lamp (DDL) which can be seen in Figure 3.2. We focus
on the physical, embodied output modality, while using
a combination of a backing track as a timing anchor, pre-
choreography of moves and wizard of oz techniques to sim-
plify the implementation of the system, while designing it
in a way that allows for later introduction of input read-
ing and analysis. We decided to use an embodied approach
since rhythmic movements have the potential to reinforce
synchronization among players, while gestures can com-
municate entry points, solos, or provide feedback to mu-
sicians, as described Section 2. Furthermore, an embodied
mediator can make use of the same channels of communi-
cation that musicians already employ during collaboration.
Gaze direction, rhythmic movement and body sway allow
it to �t naturally into the social dynamics of the improvi-
sation process rather than introducing a foreign interaction
paradigm.

The system is based on a robotic arm, augmented with We delibaretely chose a

non-antropomorphic

character - avoiding the

uncanny valley

a custom 3D-printed lampshade and bulb. The design
is inspired by Hu et al. [2025] and resembles the ani-
mated character Luxo Jr., as a design assumption to sup-
port intuitive interpretation of its movements due to the
widespread familiarity with the character. The choice of a
non-anthropomorphic appearance is deliberate, as it avoids
the uncanny valley effect that arises when a robot closely
but imperfectly resembles a human [Geller, 2008], allowing
the focus to remain on the expressiveness of the movement
rather than the plausibility of the form.

3.2.1 Hardware and Animation pipeline

The Widow-X 250 6DOF1 offers 6 degrees of freedom as We control a

WidowX250s robotic

arm via direct joint

manipulation

well as a beginner-friendly interface for easy manipulation

1 https://www.trossenrobotics.com/widowx-250, last accessed
10.04.2026
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Figure 3.2: The Dancing Desk Lamp - Appearence and
naming conventions

through its various high level libraries. We used the python
ROS interface that offers the set_joint_position function.
This interface allows replaying recorded motion sequences
by sending joint con�gurations with associated timing pa-
rameters. This way lists of intermediate joint angles and
time deltas can be iteratively fed to the robot. We refer
to such sequences as animations, which are stored in CSV
�les. Using this approach allows for several ways to create
animations.

First, we explored creating animation �les in Blender by im-Animations can be

designed in Blender porting the robots model and attaching an armature to it,
which could then be manipulated over time and exported
to CSV via a simple Python script. While this gave us the
opportunity to design movements on a visual clone of the
robot in simulation and use Blender's animation tools, the
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resulting movements were rigid and the approach required
substantial time and expertise to produce lively results, so
we switched to a different approach.

The interbotix library offers a record and replay function. Record and Replay for

rapid lively animation

generation

First the robot is set into recording mode. The servos are
then non-blocking and the robot's position can be manipu-
lated by hand. During this manipulation, the script saves
all joint angles and timestamps in a database �le that later
can be replayed or converted to a CSV �le. This allows
for intuitive creation of �uent movements on the physical
robot in a very short time frame. It is also helpful that a beat
can be played while manipulating, allowing the movement
to already follow a consistent rhythm and meter. We chose
this approach since it allowed for rapid design of �uent nat-
ural movement.

Creating an animation to a beat with a �xed bpm, while We stretched

animations to a BPM

parameter by de�ning

keyposes - poses

supposed to be on the

beat

helpful, has the problem of reusability for different BPMs.
It would be too tedious to create a new movement for ev-
ery round number bpm, and impossible for a continuous
range. We therefore created a time stretching technique to
�t a recorded animation to a bpm. To do this, we identi�ed
keyposes, which are the positions the robot should be in
when the beat hits. In dancing and conducting, the moment
the beat hits is often one of a physical direction change. We
walked through the animations frame by frame, identi�ed
poses corresponding to directional changes, and indicated
them in an additional CSV column. Instead of using the
recorded timestamps when replaying the animation, we
compute the duration of a single beat at the current BPM
and linearly distribute it across the frames between consec-
utive keyposes. When doing this iteratively for each key-
pose, it is ensured that the robot hits a desired pose every
beat.

To enable gaze direction toward individual musicians, Gaze direction is

handled with pre

de�ned positions of

performers

movements were designed around a �xed point in space
where a musician would later be positioned. Since the sys-
tem does not incorporate facial or position tracking, musi-
cians need to be placed at de�ned positions for the gaze di-
rection to be meaningful. Directing attention toward other
musicians is achieved by offsetting the base joint, introduc-
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Figure 3.3: High-level Architecture of the mediating system

ing a turn of the robot that simulates a body sway with the
head following. This turning behavior was the component
handled via wizard of oz.

3.2.2 Control Architecture

To control the robot we built an interaction engine whichOur interaction engine

dynamically introduces

animation snippets

can replay pre-choreographed animations on the robot. The
interaction engine runs a base animation on loop, while al-
lowing new animation snippets to be dynamically intro-
duced. Transitions between animations are achieved by
interpolating joint positions between the outgoing and in-
coming animation over a �xed number of frames, weighted
by a sigmoid function to produce smooth acceleration and
deceleration. A new animation is gradually faded in, run,
and faded out shortly before it ends or after a new one re-
places it.

Figure 3.3 illustrates the high level communication archi-High level control of the

robot happens from

within Ableton

tecture of the system, showing the signal �ow between
Ableton Live and the interaction engine with color-coded
communication channels.The system uses Ableton Live (a
digital audio workstation) as a global timing anchor, avoid-
ing the need for live tempo analysis by introducing a back-
ing track that �xes the tempo on Ableton's beat grid. A
custom Max4Live (or M4L, a visual programming environ-
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Figure 3.4: Visualization of the time timestretching tech-
nique to match keyframes to the beat

ment integrated into Ableton Live) plugin was developed
to send OSC messages (Open Sound Control) over Ethernet
to the interaction engine on every beat, carrying the current
BPM value. An incoming OSC message therefore serves as
a beat pulse, while the BPM value is updated in the interac-
tion engine whenever it changes. A second instance of the
plugin was placed on a dedicated control lane and modi-
�ed to broadcast the start and end of MIDI notes. This al-
lows choreographies to be composed directly in Ableton's
MIDI editor by mapping notes to animation primitives in
the interaction engine. The start of the note brings the new
animation in, the end starts fading it out. The control lane
was also used to trigger directional turns toward speci�c
participants or to signal the robot to move freely without
beat synchronization.

Although the animations are time-stretched so that key- Animations are synched

to a �xed gridpose frames align with beats, temporal drift can still occur.
To compensate, the system evaluates each incoming pulse
message and determines whether the current frame corre-
sponds to a keypose. If it does not, the remaining time un-
til the next beat is estimated based on the current BPM and
linearly distributed across the frames leading to the next
keypose. This approach ensures that keyposes remain syn-
chronized with the beat over the course of the animation.
A visualization of this technique can be seen in Figure 3.4.
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This setup allows the robot to synchronize to the pulse of
an Ableton project with dynamically changing BPM while
also supporting primitive-based control of its movements
directly from Ableton. The following section describes the
movement primitives designed for this system and the con-
siderations behind them.

One shortcoming of the current implementation concerns
the fallback behavior when an animation fades out. The
system keeps the most recently introduced animation
aligned to the beat grid, but does not maintain alignment
for animations lower in the stack. When the top animation
fades out and the system falls back to the one below, that
animation may be at an arbitrary point in its cycle, far from
a keypose. This causes the robot to either rush through
frames or pause brie�y to realign, which was observed to
be perceived as unnatural in preliminary testing. In retro-
spect, a cleaner solution would be to retrigger the fallback
animation rather than resuming it mid-cycle, which would
ensure keypose alignment and produce smoother transi-
tions.

3.2.3 Movement design

We tested two approaches of picking recorded movementsWe recorded small

dances that can be

triggered dynamically

to create choreographies. The �rst one was using very
short primitives like “moving up” or “turn to the left” and
then trigger and blend them on to a baseline movement.
This allows for very �ne-grained control of the choreog-
raphy or even the creation of heuristics choosing a primi-
tive move to create unique dances. The problem with this
was one of blending, since a short movement needs a rather
short blending phase. These short blendings lead to sudden
jumps, which slightly shocked or distracted people around
the lamp. We therefore took a different route and created
longer recordings of movements, small dance artifacts. We
picked one of them as a baseline dance and blended in new
dances to have some variety in the choreography.

The primary degrees of freedom contributing to the lamp's
expressiveness are the head joint and the elbow joint of the
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Figure 3.5: The cyclic hip bop - Serving as a base fallback
movement

robotic arm. In the lamp con�guration, the elbow joint vi-
sually resembles a hip due to the orientation of the struc-
ture. For clarity, we therefore refer to this joint as the hip in
the following descriptions.

All movements were designed with a positive valence in Positive valence -

introducing positive

mood into the

collaboration

mind. Therefore, we created them very dynamically. We
therefore kept movements dynamic and oriented upward
more than downward. We did this to introduce a positive
mood into the process with the help of the mood contagion
effect described in the Related Work Section 2.

The cyclic hip bop (see Figure 3.5), our baseline movement, A baseline movement

continually runs even if

no new animation is

tiggered to achieve a

non stopping behaviour

is centered around periodic motion of the hip joint. The
movement begins in a lowered position and follows an up-
ward arc to a mirrored con�guration. Rather than strictly
reversing this trajectory, a slightly varied motion is exe-
cuted in the opposite direction to avoid perfect symmetry,
which was perceived as unnatural in preliminary tests. Af-
ter several such variations, the sequence repeats, forming a
cyclic pattern.

The �rst, middle, and �nal frames of the sequence cor- Keyposes at moments

of direction changerespond to key poses. These were selected as align-
ment points for the Interaction Engine, which synchro-
nizes movement with musical beats. The selection is mo-
tivated by observations from human dance, where changes
in movement direction often coincide with beat accents.

The wiggle movement (Figure 3.6) compresses the robot's The wiggle movement
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Figure 3.6: The wiggle - Horizontal hip movement with a
stationary neck, the head looks around

Figure 3.7: The conducting hip - Fastest at the bottom di-
rection change, like the stick of a conductor

structure to a minimal height and introduces lateral oscilla-
tions of the hip joint. Simultaneously, the head joint moves
in the opposite direction which creates the effect reminding
a dog lowering its head and wiggling with its tail.

The conducting hip movement (Figure 3.7) is inspired byThe conducting hip

movement the motion trajectory of a conductor's baton. The de�n-
ing characteristic is the acceleration peak at points of direc-
tional change, particularly at the lowest point of the move-
ment. This produces a pendulum-like effect, visualizing the
beats with short stops at the top and a swing at the bottom.

The hip hump movement (Figure 3.8) consists of forwardThe hip hump

and backward displacements of the hip joint without lateral
movement. This creates a squash and stretch pattern, since
moving the hip forward, forces the robot to move up and
therefore gaining height.
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