Interactive loMusT-Based Concerts: Real-Time
Pattern Recognition and Audience Experience

I®* Nishal Silva
University of Trento
Trento, Italy
nishal.silva@unitn.it

Abstract—This paper explores the possibilities offered by the
Internet of Musical Things paradigm to create new interactive
performance experiences. We introduce a novel performance
ecosystem where performers utilize smart musical instruments
(SMls) equipped with embedded Real-time Pattern Detection
(RTPD) algorithms to trigger wirelessly connected devices. To
validate our approach, the system was ecologically validated
with two concerts, which involved two groups of performers and
two groups of audience members. Each concert featured three
SMIs (electric guitar, keyboard, and electronic drumkit) which
were used to control three stage lights, one smoke machine, 3D
graphics and haptic vibrations on Mixed Reality headsets and
smartphones worn ad held by the audience members. We com-
pared the use of RTPD-triggered effects against randomized trig-
gering, and we assessed the experience of a composer, performers
and audiences in interacting with the ecosystem using qualitative
and quantitative assessments. Audience members preferred the
condition in which the RTPD system directly triggered effects
rather than random triggering. Overall, composers, performers
and audience valued this new art format. The results indicate that
combining smart musical instruments with pattern detection in
an Internet of Musical Things ecosystem can open new avenues
for artistic performance and audience engagement.

Index Terms—Internet of Musical Things, Smart Musical
Instruments, Real-time Pattern Detection, Audience Engagement.

I. INTRODUCTION

The emergence of digital technology has brought about
significant transformations in various domains, the realm of
music being no exception. The Internet of Things [1] - network
of physical devices embedded with sensors, software, and
connectivity that enables them to collect and exchange data
over the internet - has impacted the music domain, spurring
the emergence of the realm of the Internet of Musical Things
(IoMusT) [2]. The IoMusT refers to a network of musical
instruments and other connected peripheral devices (i.e., stage
lights, smoke machines, haptic devices, Mixed Reality (MR)
headsets) - aptly named Musical Things, that exchange data
over a wired or wireless network. Smart Musical Instruments
(SMIs) play an integral role in the IoMusT paradigm [3].
These digital musical instruments possess computational capa-
bilities, such Real-time Pattern Detection (RTPD), facilitated
by embedded computing systems designed for real-time audio
processing and networking tasks.

One of the central tenets of the IoMusT paradigm is
enabling interconnections between Musical Things and mul-
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tidirectional interactions between their users. This spurs the
emergence of new performance ecosystems of humans and
machines [4], [5], [6]. In recent years, various systems have
been proposed to interconnect heterogeneous musical devices
over co-located or remote networks [7], [8], [9], [10], [11],
[12], [13]. The interconnection capabilities offered by the
IoMusT paradigm have opened up a whole new realm of
creative possibilities for composers and performers, allowing
them to create connected, interactive and multi-sensory per-
formances [14], [15], [16], [17], [18], [19]. However, to date
only a handful of studies are available on such a topic and
the potential of performances and live musical events enabled
by the IoMusT is still largely unexplored. In particular, the
capability of IoMusT technologies to support multi-sensory
experiences for audiences has been scarcely addressed thus
far.

To bridge this gap, we explore the creative possibilities
of incorporating Musical Things into performances, enabled
by the IoMusT paradigm by focusing on a class of SMIs
that feature RTPD capabilities. These instruments can detect
specific musical phrases, which have been previously defined
by the musicians, as soon as they are played on the instrument.
Such detections are then used to trigger external devices in
real-time via wireless control messages, creating an interactive
musical experience for the audience. To the best of the authors’
knowledge, this is the first study investigating the integration
of RTPD methods into a performance ecosystem involving
Musical Things, controlled by SMIs, for the audience.

Let us consider a guitarist performing on a smart electric
guitar with RTPD capabilities. The embedded computing
device on the instrument is configured to detect a set of pre-
defined musical patterns, and output commands to external
devices. The SMI will analyze the music played on the
instrument continuously, and if the musician plays one of the
patterns, it will be detected immediately upon completion,
and the command associated with that pattern will be sent
wirelessly to trigger external devices such as lighting systems,
smoke machines, visual projections, haptic devices or even
other musical instruments.

To implement such an ecosystem there is the need of creat-
ing SMIs equipped with RTPD methods, as well as a mapping
system that facilitates the composition of the unidirectional
or multidirectional interactions between the patterns of each



musical instrument and the parameters of the devices used
by the audience members. First, we introduce such SMIs
system which leverage pattern detection algorithms based on
real-time embedded machine learning methods and ad-hoc
created datasets. Second, we describe a mapping application
that enables composers to interconnect musical instruments
and multiple output devices. Finally, we present a validation of
the proposed system through two live performances, focusing
on the experience of performers and audience members. A
video of the developed ecosystem utilized during the concert-
experiments is available online'.

II. RELATED WORKS

Technologically-mediated multi-sensory music
performances represent a rapidly evolving area of research
and artistic exploration, with the goal of creating more
immersive and engaging experiences for the audience and
performers as well [19], [20]. These performances are not
limited to traditional auditory elements, but also incorporate
additional senses such as vision, touch and smell, aiming
to enhance the emotional engagement of the audience. The
majority of research in this space has focused on how to
enhance the participation and immersion of audience in VR
settings [21], especially involving audio and visual or audio
and tactile modalities (e.g., [22], [23], [24], [25]).

The interplay between different senses in Augmented Re-
ality (AR) performances was explored in [26]. The authors
presented two systems designed to enhance music creation
and playback through AR interfaces in 3D environments.
The systems allow users to engage in collaborative music-
making experiences that incorporate visual, auditory, and
tactile modalities. In one system, users are able to interact
with virtual bubbles containing musical segments which can
be captured and arranged on a playback timeline. The other
system allows users to manipulate virtual musical instruments
through hand movements and speech commands. The authors
also presented a user study which showed the systems’ ability
to improve user interactions significantly, compared to tradi-
tional interfaces.

Lindstrom et. al [27] evaluated three public multi-sensory
performances that mapped expressive gestures and voice to
real-time audiovisual outputs. Through questionnaires across
different audience engagement levels (performers, active par-
ticipants, and passive spectators), they found that direct par-
ticipation and understanding of the technology significantly
enhanced audience appreciation. Their findings suggest that
successful performances require both robust technical imple-
mentation and clear narrative elements, with active engage-
ment leading to better reception than passive viewing.

Wearable sensors and actuators have also been explored for
both capturing data from performers and delivering them to
the audience. RaveNet [28] presents an approach to interactive
musical performances through the use of wearable technology
which enables musicians to modulate sound through their
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breath, pulse, movement, and facial expressions. The authors
present three prototypes of wearable devices that can capture
the various stimuli of the musicians.

A study by [18] showed the potential of integrating haptic
wearable devices into live music experiences. Through a series
of user studies with electronic music performers and audiences
equipped with haptic wearable devices, authors revealed that
the haptic sensations increased arousal, valence, enjoyment,
and engagement for some participants.

Another strand of research have explored the use of SMIs
in the context of multi-sensory music performances. One
example is a prototype of a system that uses a smart guitar
for controlling virtual musical experiences with Head Mounted
Displays (HMDs) worn audience members [29]. Through
some dedicated sensors placed on the guitar, a player can
control the temporal evolution of virtual objects provided
concurrently with the music heard.

However, the integration between SMIs, stage technologies,
and real-time audience participation systems remains an under-
explored area, particularly in terms of how these technologies
can work together to enhance both performer and audience
experiences.

ITII. METHODOLOGY
A. Experiment Design

To explore the relationship between music and different sen-
sory elements (vision and haptic), we devised an experiment
in medium sized room equipped with speakers, stage lights,
and musical instruments that can resemble a music club. We
conducted the experiment in a ecologically valid setting to
enhance the generalizability of our findings to real-world situ-
ations and to allow for authentic and realistic user interactions
that are often absent in controlled laboratory environments
[30], [31]. The experiment compared two music performances
held over two days. Each performance maintained identical
structure but featured different performers and audiences to
enable comparative analysis. The two performances featured
a guitarist, keyboardist, and drummer, who were playing SMIs
with RTPD capabilities.

The perception of the performance and the RTPD, both from
the performers and audience members were captured through
questionnaires and semi-structured interviews. The question-
naires were created to evaluate the enjoyment, distraction,
and coherence felt by the audience members. The performers
were also given questionnaires to assess their opinion of the
RTPD system, and semi structured interviews were conducted
to identify potential ways they would use the system.

1) Musical Repertoire and Performance Structure: The
performance featured two pieces created to complement the
technical setup. Several requirements had to be met when
composing the pieces to ensure that they were suited to
evaluate the performances and RTPDs:

The compositions must be simple and easy to understand.
As the performance includes multiple types of sensory
stimuli, careful attention must be paid to avoid subjecting
the audience to a cognitive overload [32];
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Fig. 1. How each instrument’s patterns can be spread within the timeline of
the piece.

The compositions must have easily recognizable patterns

to evaluate the pattern detection system;

The composition must allow all performers to contribute

equally with their instrument. All solos, improvisations,

and melodic segments must be distributed equally among

all instruments;

Careful attention must be paid to the locations of musical

patterns within the composition, so as they are spread

equally.
Keeping these requirements in mind, we created the two
pieces in collaboration with a composer (male, age: 33 years,
professional music experience) holding a diploma from Trinity
College London in Rock and Pop guitar, and having extensive
experience with live performances of various musical styles.
The two pieces can be described as follows:

1) Piece 1 is inspired by grunge and electronic music with
several melodic elements are played over a 4-chord loop.
The piece employed 1 pattern each for the guitar, piano,
and drums.

2) Piece 2 is an upbeat track, with inspiration from 80’s
pop music. This piece was a high energy piece with
an upbeat tempo and vibrant instrumentation. Similar to
piece 1, this too had 1 pattern each for the guitar, piano,
and drums.

The performers were set up as two musical trios, each
consisting of a guitarist, keyboardist, and a drummer. The
instruments were selected as they are arguably the most
widespread and common musical instruments in many musical
styles.

The patterns were strategically distributed within each piece
to minimize confusion (i.e., if the guitar pattern and the
keyboard pattern were immediately adjacent to each other, it
would cause some confusion to the audience member). Each
pattern repeated multiple times within the piece to allow the
system to trigger sensory effects.

Figure Figure 1 shows an example where each instrument’s
patterns are spread within the timeline of the piece.

B. Components of the loMusT ecosystem

1) Smart Musical Instruments and Pattern Detection:
Our previous work in real-time musical pattern detection has
led to the development of different SMIs with embedded
pattern detection capabilities for both monophonic [33] and
polyphonic streams [34]. These instruments are equipped with
neural networks trained to detect specific musical patterns as
soon as they are played on the instrument. The neural networks
are trained using a synthetically created dataset which reflects

Fig. 3. The smart keyboard and the smart drum kit.

expressive and artistic variations that a musician might add to
each pattern.

The core of the experiment revolved around the SMIs
outfitted with embedded computing devices with the integrated
pattern detection algorithm. Each SMI had an Recurrent
Neural Network (RNN) model trained to detect the pattern
corresponding to the instrument. Figure 2 shows the smart
electric guitar with the embedded system attached, and Fig-
ure 3 shows the smart keyboard and the smart drum kit, where
the embedded computing devices are highlighted in red.

Each instrument was wirelessly connected to a local area
network created by Wi-Fi router as shown by Figure 4. Upon
detection of a pattern, the corresponding message was then
transmitted to a central server using the Open Sound Control
(OSC) protocol. the server decoded the OSC message and
triggered the relevant musical thing. The audio output of each
instrument was sent to a cental audio mixer and then to stereo
loudspeakers.

C. Musical Things for the audience

Musical things refer to the peripheral devices synchronized
to the performance. We use a heterogeneous set of musical
things controlled by the SMIs to create multi-sensory stimuli.
Studies have shown that the combination of different sensory
modalities improves the experience related to music, as indi-
viduals process information more holistically when multiple
senses are engaged [35], [36]. Beyond the sound from the
SMIs that create an auditory stimulus, the visual stimuli
from the lights can amplify the emotional messages conveyed
through the music [35], [37]; the smoke creates a visual and
a somewhat olfactory stimulus; the MR headsets create a
visual stimulus that allows users to feel as they are a part
of the performance as opposed to mere spectators [36]; and



the vibrations create a haptic stimuli which allow the audience
to feel the music [38].

The Musical Things for the audience consisted of 10 Meta
Quest 3 headsets, and wearable haptic devices. The MR
headsets displayed interactive 3D contents that was triggered
by the patterns. A series of randomly colored spheres appear
in space. The virtual objects were rendered using the color
passthrough of the headset (see Figure 8). The application
was developed with Unity (v2022.3.50f1), using the Meta XR
Core SDK (v 69.00). The headsets were connected through the
local network using Wi-Fi. The SMIs, upon detecting a pattern
broadcasts an OSC message corresponding to the pattern to the
subnet assigned to the MR headsets.

Moreover, each audience member held an Android smart-
phone that provided tactile feedback through vibrations trig-
gered by the RTPD system. We developed an application
running on web browsers (Google Chrome) using the Vibration
API together with a Node.js server (v22.12.0). Smartphones
were connected through the Wi-Fi. Similar to the MR headsets,
the SMIs broadcast an OSC message to the subnet assigned
to the smartphones.

1) Musical Things for the stage: The Musical Things for
the stage are:

Moving Head Lights: Two Varytec Hero Wash 715 HEX
LED lights capable of dynamic color changes, rotations,
and beam adjustments;

LED Bar: A Stairville Stage TRI LED, with 4 individu-
ally controllable RGB lights;

Smoke Machine: AF-180 LED Fogger to enhance dra-
matic moments;

The stage lights and smoke machine were connected in a
daisy chain configuration via their interfaces. The lights and
smoke machine were controlled through the open source soft-
ware Q Light Controller+> (QLC). Upon detecting a pattern,
the SMIs transmit the OSC message to the IP address assigned
to QLC, and the OSC message handling was programmed
within QLC.

D. Router, central server and tablet

We created a local area network via a Wi-Fi router (TL-
WRO902AC by TP Link), which interconnected all the musical
devices in the ecosystem. The Wi-Fi was configured according
to the guidelines reported in [39] to optimize the latency.

A central server (an Alienware M15 laptop) was used to
run the mapping system described in Section III-E. This was
dynamically controlled by a web app which could be accessed
remotely via a tablet connected to the same network. The web
app enables users to associate a pattern of a given smart mu-
sical instrument to a stimulus provided by the musical things
for the audience. Figure 4 illustrates the main components of
the ecosystem and the data flow.

E. Hot Licks Mapper

The Hot Licks Mapper is an application designed to facili-
tate the dynamic mapping between SMIs with RTPD capability
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Fig. 4. The connections between SMIs and musical things.

and external peripherals, to allow an interactive experience for
the audience. Hot Licks Mapper serves as a visual and inter-
active tool that allows a composer to connect multiple patterns
detected through different SMIs to multiple stimuli created by
different output devices. Specifically, the application enables
a composer to define 4 types of mappings:

1) one-to-one: one pattern of an SMI to one stimulus on
a single type musical thing for the audience;

2) one-to-many: one pattern of an SMI to many stimuli
on a single or multiple types of musical things for the
audience;

3) many-to-one: a single pattern for each of multiple SMIs
to one stimulus on a single type of musical things for
the audience);

4) many-to-many: multiple patterns played on multiple
SMIs to many stimuli on a single or multiple types of
musical things for the audience.

As elaborated in Section III-B1, the developed smart mu-
sical instruments are able to output OSC commands upon
detection of various patterns. Consider N smart musical
instruments, each equipped with its own model trained to
identify n patterns. Thus, the inputs to the Hot Licks Mapper

where patterny™ is the n‘* pattern produced by the N*
smart musical instrument.

Similarly, the outputs will be stimulus;';stimulus,?;
-ostimulusy,™ Lstimulusy, ™, where stimulusy,™ is
the m*” stimulus produced by the M ‘" output device. Output



devices may be stage lights, smoke machines, MR headsets,
projectors, mobile phones, wearable haptic devices and so
forth. Different stimuli may be colors and strobe patterns
of lights, smoke patterns, and colors, projections on screens,
different vibration patterns on wearable haptic devices, etc.

To enable a truly immersive experience, all communications
are wireless as illustrated by Figure 4, where each SMI emits
OSC commands via Wi-Fi upon detecting a pattern. The
User can create a one-to-one, or one-to-many routing between
patterns and stimuli. Moreover, the user can dynamically
create or remove connections in real-time with a handheld
device, which communicates wireless via Wi-Fi. The OSC
commands are routed to each output device wirelessly via Wi-
Fi. Below are the routing between SMIs and musical things
used in the performance.

Smart Guitar

— Moving Heads and LED Bar: The light rotates along
the x and y axes to illuminate the guitarist and turns
blue for a duration of 3000 ms, then switches off and
rotates to the original position.

— MR headsets: Virtual objects spawning on the head-
set. The users can use their hands to move the objects
around the space.

Smart Keyboard

— Moving Heads and LED Bar: The light rotates along
the x and y axes to illuminate the guitarist and turns
green for a duration of 3000 ms, then switches off
and rotates to the original position.

— MR headsets: Virtual objects spawning on the head-
set. The users can use their hands to move the objects
around the space.

Smart Drumkit

— Moving Heads and LED Bar: The light rotates along
the x and y axes to illuminate the guitarist and turns
red for a duration of 3000 ms, then switches off and
rotates to the original position.

— Vibrations: The android phones emit a series of
pulses of 200ms, with an interval of 100ms.

— Smoke: The smoke machine produces smoke for
1500ms.

The composer interacts with the hot licks mapper through
a web interface where inputs and outputs are represented as
blocks. These blocks can be visually connected with lines
(arrows), symbolizing the data flow from inputs to outputs.
Each input block can be associated with an SMI, and each
output block can associated with an output device, allowing
for complex routing and manipulation scenarios. Figure 5
shows the routing we used during the experiments, where the
composer has routed several inputs with one or multiple output
devices. The composer is also able to create new mappings
or adjust existing ones by drawing arrows from patterns to
stimuli, facilitating a customizable routing environment in real-
time.

Hot Licks Mapper x 4+ - m]
@ @ localhost3000 * RN |
INPUT Lights
guitar-pat-1 Light - RED
piano-pat-1 Light - BLUE
drums-pat-1 Light - GREEN
| Smoke |
smoke

| VR Headsets |

VR Headset -
Broadcast

| Haptics |

Haptics

Fig. 5. A screenshot of the initial mapping between the SMIs’ patterns and
musical things’ parameters.

IV. EVALUATION

To evaluate the SMlIs-based performance ecosystem we
relied on the framework for the evaluation of Digital Musical
Instruments proposed by [40]. This framework identifies mul-
tiple stakeholders that need to be involved in the evaluation
process of a novel Digital Musical Instrument: performers,
audience members, composers, and designers. Our evaluation
considers 3 of these stakeholders. Qualitative and quantitative
feedback was obtained from a composer, as well as the audi-
ence and the performers involved in the performances created
by the composer. Instrument designers were excluded as they
are not applicable in our case study. Qualitative responses were
analyzed using a reflexive thematic analysis [41].

A. Participants

Audience members. Each performance involved 10 audi-
ence members, for a total of 20 participants (3 female, 17
male). They were aged between 22 and 31 years (mean =
27.65, standard deviation = 3.23). The position of the audience,
performers, and all Musical Things are shown by Figure 6.
They were recruited from the university of Trento, and their
informed consent was received prior to the start.

Performers. A total of 6 performers were involved, 2
guitar players, 2 drummers, and 2 keyboard players (all male,
aged between 26-32). They were recruited from the authors’



Fig. 6. A diagram of the experiment setting. The performers are shown by
the green circles, the audience members are shown by the orange circles. The
purple boxes indicate stage lights, the red box indicates the smoke machine,
and the blue boxes indicate the position of the loudspeakers.

personal network, and their informed consent was received
prior to the start.

Composers. A professional composer (male, 33 years old).
They were recruited from the authors’ personal network, and
were involved in creating the pieces and establishing the
mappings between the patterns and Musical Things via the
Hot Licks Mapper. Their extensive knowledge and experience
in live performances, stage lights, effects, and virtual/mixed
reality environments was essential in creating a performance
that was both enjoyable and suitable for a technical analysis.

B. Procedure

1) Audience: Each audience member was equipped with a
Meta Quest 3 MR headset, and an android phone connected
to the local network. Figure 7 shows an audience member
wearing the MR headset and holding an android phone.
The MR headset displayed a pass-through view with multi
colored spheres spawning on the view upon receiving a trigger
message. Figure 8 shows a screen capture from the MR headset
where the spheres are present. The audience members were
standing, facing the band. They could see the performers,
lights, as well as the other audience members through the
pass-through view of the MR headset.

Each of the two experimental sessions began with a brief
introduction to the nature of the performance. We instructed
the audience members on how to connect to the local network
and open the web-based application to receive OSC commands
that triggered the vibrations. They were then instructed to wear
the MR headset.

Each experiment involved the two music pieces described
in section III-A1. Two versions of each piece were performed,
for a total of 4 trials:
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Fig. 7. The audience of the performance, wearing the MR headsets and
holding the mobile phones.

Fig. 8. Screenshot of the MR headset view.

Coherent condition: The musical things were triggered
by the RTPDs system. This created a coherent and
synchronized relationship between the music and sensory
effects.

Random condition: The musical things were manually
triggered at random times during the performance. This
provided a contrasting experience, which allowed the
audience to have a clear distinction between the two
versions.

We hypothesized that the coherent triggering of musical
things from SMIs’s patterns (trials in Coherent condition)
would have been appreciated more than the randomized coun-
terparts (trials in Random condition). To prove this hypothesis,
as well as get insights on the audiences’ experience, after
each trial, the audience members were asked to complete a






