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Abstract: The Internet of Musical Things (IoMusT) is an emerging paradigm
in computing that stems from the confluence of the IoT and music tech-
nology fields. In this chapter, we present our vision on how the IoMusT
can express its potential for immersive, interactive, and more engaging ex-
periences in smart cities, leading to the concept of smart musical cities.
Smart cities are defined mainly by the way they can sense the environment
and their citizens, and leverage collected data to create high value-added
services. In this context, we discuss how connected IoMusT devices, aided
by 5G-and-beyond high-reliability and low-latency networking, can provide
the last enabling technology to implement a number of connected applica-
tions, from networked music performances and audience interactions to

interactions with virtual agents, from cultural heritage to pedagogy.

Keywords: Musical things, smart musical city, networked music perfor-

mance, cultural heritage, pedagogy



1.1. Introduction

Smart cities are broadly defined as environments that exploit information and
communication technologies (ICT) in order to improve the management of
common resources, while adding to the well-being both of its citizens and of
the users of city services at large [Hammons and Myers, 2019]. A founding
element of smart city operation is data collection [Bastos et al., 2022, Khan
et al., 2017, Bui et al., 2012], and automatic processing, e.g., in cloud-based
facilities [Kramer, 2014, Alam, 2021]. Smart governance systems then provide
real-time and on-demand decision-making and adaptation of city services to
optimize the fruition and utility of such services. The vision of smart cities is
deeply intertwined with that of the Internet of Things (IoT). The field of the
IoT relates to the extension of the Internet into the physical realm, by means
of everyday physical objects that are spatially distributed and augmented us-
ing ICT. IoT devices provide the data for the operation of a smart city with
the needed resolution and sampling rates. The IoT intersects deeply with the
concept of smart city. However, scarce attention has been devoted thus far by
researchers in considering the concept of smart city under the lenses of one of
the activities most widespread in the society and in cities: that of music.

In recent years, the IoT paradigm has been investigated under the lenses
of musical creativity, leading to the emergent field of the Internet of Musical
Things (IoMusT) [Turchet et al., 2018]. Nowadays, such an area is receiving an
increasing attention by the industrial, academic, and artistic research commu-
nities, as testified by a growing number of publications, products, and musical
performances. Specifically, the IoMusT relates to the networks of “Musical
Things”, which are intelligent and connected objects serving a musical pur-

pose. Thanks to their connectivity features, Musical Things are able to interact



with each other and cooperate to reach common musical goals. The IToMusT
technological infrastructure enables ecosystems of interoperable devices that
connect musical stakeholders with each other providing novel interaction pos-
sibilities for different kinds of musical activities. These activities include per-
formance [Bevilacqua et al., 2021], composition [Clester and Freeman, 2021],
pedagogy [Alexandraki et al., 2023] and music therapy [Timoney et al., 2020],
both in co-located and remote settings. As a consequence, manifold are the
musical stakeholders who can be beneficiaries of loMusT technologies, includ-
ing performers, composers, students, teachers, conductors, studio producers,
live sound engineers, and audience members.

We believe that a smart city should not just be a place where ICT is used
for creating greater efficiencies in a city’s services and resources [Hammons and
Myers, 2019], where data is connected and harvested from smart instruments
and sensors, and then used to create smart services for citizens. Rather, in
this chapter, we propose the concept of “smart musical cities,” which specifi-
cally targets musical stakeholders: we push the vision that current- and next-
generation connectivity technology should turn smart cities into creative hubs,
that enable different actors of artistic efforts to seamlessly work together, both
synchronously and asynchronously. Moreover, a smart city should open and
promote the fruition and the very perception of art environments to the public
at large, making it possible to interact with them in ways that are creative per
se.

For example, with reference to Fig. 1.1, smart musical cities will enable mu-
sicians to perform together while being distributed across a possibly widespread
geographical area. The presence of local computing facilities integrated as core

resources of access and transport networks will provide a low-latency and highly
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Figure 1.1: Concept of a smart musical city along with the example services

considered in Section 1.3.

reliable resource to perform basic (e.g., mixing) and more advanced audio
streaming functions (e.g., error concealment, or superimposition of a live and
a recorded audio/video stream). In the same vein, smart musical cities should
enable musical performances themselves to be distributed: different bands may
perform at different venues (such as arenas, bars, and in the streets), and should
allow distributed audiences (possibly located all over a prescribed geographical
boundary) not only to interact with the band in ways conceived to enhance
the musical experience, but also among themselves (synced cheering, choral
singing, rhythmical sounds such as foot stomping and hand clapping).

A smart musical city should enable the fruition of the very city districts
and environments in an artistically and historically engaging fashion. For ex-
ample, tourists should be able to roam a city while hearing reproduced voices

of past personalities, important events (such as the construction of key civilian



infrastructure, the promulgation of a landmark law, past disasters, battles, as
well as voice soundscapes), leading to a form of “4D” tourism, where the time
dimension is provided by sound experiences. Engaging descriptions of the sur-
roundings should be available and consumable on demand, possibly made to
engage passing people by means of the above techniques. Sentiment analysis
for people passing in certain environments or districts may be associated with
the best music to foster similar sentiments. In turn, recommender systems for
music listening and may tap on the location where a person is moving and
suggest tunes and works of art related to that location, its general sentiment,
as well as past experiences from other users.

Generative music approaches relying on artificial intelligence (as is the case,
e.g., for the Holon app [Holmqvist et al., 2023]) can very well complement all of
the above smart interactions, e.g., by inspiring to urban morphology and land
use to change recommendations or morph the style a specific audio performance
is played back to the user. Notably, the information on land user coverage can
be taken from open databases (including, e.g., OpenStreetMap, OpenTreeMap,
as well as local, higher-resolution city-level or regional databases), making a
perfect case for how the availability, connection, and interaction of data from
different sources can improve city services and cultural experiences alike.

Similar applications of real-time musical interactions mediated by fast and
reliable network connectivity include, e.g., music teaching and pedagogy in
general, as well as musical therapy (e.g. for mental of physical rehabilitation).
The remainder of this chapter will present enabling technologies for loMusT
interactions in smart cities (Section 1.2) and explain our vision for IoMusT
applications such as those discussed in this introduction (Section 1.3). Finally,

Section 1.4 draws concluding remarks.



1.2. Key enabling technologies for loMusT

in smart musical cities

There exist a number of key enabling technologies for smart musical city ap-
plications. These primarily include Musical Things, networking infrastructures
and protocols, as well as storage and datasets. In the following, we describe
such technological components. It is worth noticing that the joint use of the
technologies mentioned below is currently leading to novel digital ecosystems
of humans and machines, which are expected to support musical communities

in their activities in unprecedented ways.

1.2.1. Musical Things

A Musical Thing can take the form of any smart device utilized to control,
generate, or track responses to music content. To date, the IoMusT research
community has developed various types of Musical Things, both in industrial
and academic settings [Keller et al., 2019, Yaseen et al., 2022]. Relevant exam-
ples in this space are the so-called smart musical instruments [Turchet, 2019],
which are musical devices enhanced with intelligent features capable of confer-
ring the instrument with context-awareness and proactivity abilities. Another
example is represented by the musical haptic wearables [Turchet et al., 2021],
which are wireless devices conceived to support musical communication lever-
aging the sense of touch. Furthermore, virtual and augmented reality head-
mounted displays can be used for musical applications in networked, shared
environments [Loveridge, 2020].

The development of Musical Things is rooted in embedded systems that are



dedicated to low-latency audio processing tasks and are equipped with connec-
tivity capabilities [McPherson and Zappi, 2015, Turchet and Fischione, 2021].
Thanks to such operating systems it is possible to build dedicated low-latency
applications leveraging embedded music information retrieval methods [Pelin-
ski et al., 2023, Stefani et al., 2022]. The extracted information can then be
repurposed in many ways, especially in real-time, to create different kinds of
musical applications (e.g., for the control of stage lights or smoke machines).
Another relevant technology supporting the development of Musical Things
applications is Web Audio [Marasco and Allison, 2019]. The Web Audio API
is a proposed standard of the World Wide Web Consortium [Buffa et al., 2022],
which makes it possible to generate, analyze and process audio streams directly
in the browser.

From a different perspective, researchers have devoted their attention to
the development of different frameworks aiming at the efficient interconnec-
tion of Musical Things [Fraietta et al., 2019, Matuszewski, 2020, Vieira et al.,
2022, Dannenberg, 2022, Turchet and Antoniazzi, 2023], as well as of geo-
graphically displaced musicians via the so-called network music performance
systems [Rottondi et al., 2016, Drioli et al., 2013, Cardt and Werner, 2008,
Céceres and Chafe, 2010, Turchet and Fischione, 2021, Cardt et al., 2020b]. In
particular, recent years have witnessed an increasing use of 5G technologies in
musical settings [Carot et al., 2020a, Diurre et al., 2022, Cheli and Giordano,

2022, Turchet and Casari, 2024a].



1.2.2. 5G-and-beyond networks

One foundational aspect characterizes musical interactions through the loMusT:
a participating user should receive audio stimuli fast enough to both mask any
delays due to networking and data transfer, and enable a smooth and seam-
less interaction. Therefore, the most important aspect of loMusT exchanges
is reliable and fast network connectivity. For instance, perceptual studies have
proven that the maximum end-to-end delay bearable by performers playing to-
gether over the Internet is between 20 and 30 ms [Rottondi et al., 2016] in the
absence of synchronization cues, e.g., from a director. For higher delay values,
the performers become unable to maintain a stable tempo and tend to slow
down progressively. The reliability of the connection is also extremely impor-
tant, as such stringent delay values leave very little space for the retransmission
of lost packets. Even if audio streams include replicas of sent audio data,' ex-
cessive losses cause gaps in the audio stream that cannot be easily compensated
for. Some algorithms exist that apply signal processing or machine learning to
automatically conceal audio losses [Fink and Zolzer, 2014, Verma et al., 2020].
Yet, a burst of packet errors still implies perceivable interruptions in the audio
data.

The above discussion generalizes to all loMusT interactions, and explains
why fifth-generation (5G) cellular connectivity receives so much expectations
from the loMusT community. With respect to preceding 4G technology, 5G has

several desirable features. Besides adding reliability via more effective channel

'Forward error correction (FEC) is usually not an option, as packetized audio usually
comes in very packets of a few hundred bytes, and complex but effective error-correcting
codes would need longer codewords and imply a non-negligible processing time. In turn, the

latter would seize part of the latency budget.



coding, 5G adds an option to operate scheduling at a higher rate by increas-
ing the numerology of the system [Vihridld et al., 2016]. Higher numerologies
correspond to allocating shorter slots that have a larger bandwidth available.
Using a sufficiently high numerology, e.g., © = 1 to 3, it is possible to tune the
5G scheduler to allocate resources with millisecond granularity, and greatly
reduce the baseline scheduling latency of a 4G network, which is on the order
of 10 ms.

Further 5G improvements leading to the development of ultra-reliable low-
latency communications (URLLC) for multi-user scenarios with periodic and
non-sporadic traffic are expected to further improve the feasibility of 5G cellu-
lar technology for the IoMusT. In addition, advancements on grant-free com-
munications should provide an extra means to improve the IoMusT experience,
e.g., by supplementing lost data or by enabling the early recovery of exceedingly
delayed packets. While URLLC is not fully deployed to date and plans indicate
it will not start being commercially available at large before 2025 in the EU [EU
Parliament, 2021], such a technology holds great promise of extra-fast data de-
livery [Yang et al., 2021, Yun et al., 2022] and vanishing errors [Weerasinghe
et al., 2020], supporting the fast transmission and high-reliability requirements
of the IoMusT.

Due to the stringent latency requirements, the presence of computing capa-
bility as close as possible to the IoMusT devices is of paramount importance.
Consider a typical loMusT scenario with a group of networked music perform-
ers: in the baseline case, each performer would need to send its audio stream to
every other performer, such that their IToMusT system can collect, resynchro-
nize, and mix audio locally for the performer’s fruition. In this scenario, the

amount of audio flows increases as the square of the number of performers with



two undesirable consequences: that each flow may incur errors and become a
source of quality loss for the entire mixed output stream; and that separate
flows may have to contend for the same network access resources. The latter
case is likely in densely populated areas where two performers may be located
within the coverage area of the 5G base station (gNB), and potentially affects
an entire group of performers if a whole band or orchestra should interact
wirelessly on the same stage, typically covered by the same gNB.

The 5G ecosystems provides a first solution to this square-law multiplicity
of flows by inherently providing Multi-access Edge Computing (MEC) capabil-
ities embedded in the 5G operator’s network [ETSI Group Specification, 2022].
MEC functionalities may reside in the operator’s network and be co-located or
very close to the edge of the network. For example, a single MEC host may serve
a restricted number of geographically close gNBs. This enables a much more
efficient interactions from an IoMusT perspective: each performer may send its
own data stream to the MEC server, that will host mixing/audio processing
functions and jitter buffers itself. The audio streams do not need to reach every
performer any longer, but rather concentrate at the MEC server: thus, for n
performers, the networked music performance only requires n upstream and n
downstream flows, leading to a much more efficient resource usage. Having an
architecture based on a MEC server hosting mixing and processing functions
also enables more effective transmission error concealment, which can occur
along with jitter buffer management, before preparing a final mixed stream
to redistribute to the interacting performers. Similarly, a MEC-based architec-
ture can support complex audio computations such as those involved in spatial
audio algorithms [Martusciello et al., 2023].

In the 5G ecosystem, network function virtualizaton (NFV) is the main-
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stream approach to deploying network functions in the operator’s compute
sites. Given the current uptake of fully 5G deployments (cf. standalone, SA,
vs. non-standalone, NSA 5G networks [Turchet and Casari, 2023]), it is reason-
able to assume that local computation capabilities will be available at possibly
multiple sites over a given geographical or metropolitan area. These sites may
host the virtual network functions (VNFs) that enable IoMusT interactions.
Relevant examples in the context of a smart musical city include supporting
distributed performers as described above, providing streamable contents for
musical education, enabling the interaction with location-specific sounds that
recall specific events or historical periods, and run the intelligence that detects
the state of a patient, and matches relevant features thereof with the sur-
roundings, environment, time-of-day, and similar characteristics of therapeutic

contexts.

1.2.3. Datasets and storage

Datasets for the IoMusT require a separate discussion. As is in the nature of
smart cities, data from different instruments and sensors should be converged
to utilizers that can extract values from them. Data continuously collected via
Musical Things from multiple users in manifold times, spaces, and activities,
can be leveraged to create unprecedented context-aware systems, as well as
proactive applications based on the knowledge of the tracked context (such as
recommender systems to be used in a variety of musical activities). In general,
as it should have appeared clear from the above discussion, several services of
the IToMusT are data-driven (e.g., as related to recommendations on location-

dependent soundscapes) or AI/ML-based (e.g., error concealment in networked
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music performance, or generative music tools for pedagogy and immersive inter-
actions with a given environment). These services require significant amounts
of data to generate reliable outcomes, or to train their underlying models.

Yet, one of the main issues with datasets for the IoMusT is that there exist
few if any. For example, despite an extremely rich global tradition in music
performances, musical instruments are traditionally not networked. The very
IoMusT concept has been conceptualized only recently [Turchet et al., 2018,
2023]: thus, very little data is available about, e.g., utilization patterns, user
preferences, styles, and contextual information related to smart musical instru-
ment and Musical Things usage. Similarly, recommender systems would require
a sufficiently large amount of data to at least be able to profile user needs/tastes
and provide relevant recommendations. While general musical user profiling is
commonly performed, e.g., by popular apps and web sites, the fact that the
musical recommendation panorama has not significantly progressed beyond
user-directed recommendations also hints at the absence of workable and ac-
tionable datasets. For example, a quick search for the “music generation” task
on paperswithcode.com [Papers With Code, 2023] reveals 23 datasets. Com-
paratively, datasets related to large language models, generation of text, image
segmentation and recognition can count on more than 1000 datasets. There-
fore, additional work is needed to favor a data-driven approach that keeps
services tailored to fruition by different users, and up to date with the most
recent utilization trends, in the spirit of a smart musical city [Hammons and
Myers, 2019].

A complementary problem is that of making the datasets available to the
services and users. This entails methods facilitating the storage of such data,

their interoperability across heterogeneous devices and services, as well as guar-
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antee of fast accessibility in networked settings.

1.3. Smart musical city concept and ser-

vices

Some researchers have recently started to investigate the musical flavor of the
smart city concept. However, only a handful of studies exist to date on such a
topic. In the project Sonic City, the authors developed a system that enables
users to create electronic music in real time by walking through and interacting
with the urban environment [Gaye et al., 2003]. Other authors proposed to use
sonification for the interpretation of smart musical city data and the production
of novel musical experiences [Sarmento et al., 2020, Roddy and Bridges, 2021].
Nevertheless, the themes and perspective addressed thus far in the literature
are rather different from the vision proposed in the present work.

The next sections present and discuss different services that a smart mu-
sical city could offer to citizens and visitors alike. Section 1.3.1 discusses the
interaction between musicians and virtual agents assisting search, play, and
composition tasks; Section 1.3.2 presents participatory music performances as
a novel way for players and audiences to interact, mediated by high-reliability
and low-latency wireless networks; Section 1.3.3 discusses how to exploit mu-
sic to foster immersive visiting experiences both in touristic and in everyday
contexts; Section 1.3.4 outlines how pedagogy can be enhanced by musical

applications.
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1.3.1. Interaction between musicians and vir-

tual agents on server

The IoMusT technological infrastructure has the potential to enable novel
forms of interactions of musicians with musical content mediated by virtual
agents running on remote servers. An example of such applications is reported
in [Turchet et al., 2020]. Authors developed a system comprising a smart gui-
tar and a cloud-based server hosting a music repository. The purpose of the
system was that of supporting the guitar player in querying the repository by
a novel modality: instead of performing textual queries using the name of the
artist or the title of the piece (like it occurs with conventional music streaming
services such as Spotify), the musician plays an excerpt with given musical
features (e.g., tempo, chords, mood). The intelligence embedded in the instru-
ment retrieves such features and uses them to perform a content-based query.
The server then returns to the player pieces of music matching those requested
musical features. Such a study highlighted the need for progressing the compu-
tation capabilities of embedded audio systems as well as the need for reducing
the network latency, using for instance 5G and a MEC server.

Along the same lines, it is possible to envision other types of services based
on fast access to a server using Musical Things and a dedicated ultra-reliable
low latency communication. These include for instance novel forms of recom-
mendation systems to support music teaching and learning, and in particular
self learning. In the latter case a virtual agent running on a remote server
could determine in real-time the errors performed by a learner and provide
recommendations in a timely manner. Moreover, it is possible to devise novel

forms of tools assisting composition processes, where virtual agents hosted on

14



a server could generate music excerpts based on inputs from composers. The
same concept could also apply to other kinds of musical activities such as au-
tomatic mixing performed in real-time. In general, for these scenarios to occur
and succeed it is necessary to apply advanced techniques for big data analytics,
as well as it is important to create interfaces that ultimately can provide users

with a satisfying user experience.

1.3.2. Participatory networked music performances

The IoMusT infrastructure allows to imagine novel kinds of artistic forms posi-
tioned at the confluence of networked music performance (NMPs) and partici-
patory art, in particular technology mediated audience participation (TMAP).
These new art forms can be performed in the context of a smart musical city.

NMP systems are hardware and software solutions conceived to allow musi-
cians to play at a distance thanks to a communication link. Their end goal is to
reproduce the same conditions as acoustic-instrumental on-site performances.
To achieve this goal different issues must be overcome, namely latency, jitter,
and the credible rendering of the acoustic scene shared between musicians. The
main issue among these is represented by the latency introduced by the ac-
quisition, packetization and transmission of audio data through the network.
A related issue is packet jitter (i.e., the latency variation between consecu-
tive packets carrying audio data), which needs to be kept constant and as low
as possible. Several studies have shown that to guarantee performative con-
ditions as realistic as possible, the delay of the content produced at one end
and perceived at the other end shall not exceed 20-30 ms, which correspond

to the time taken by sound waves propagating in air to cover a distance of
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8-10 m [Rottondi et al., 2016]. Such distance is normally assumed to be the
maximum tolerance threshold for the physical displacement among players in
a room to ensure a stable interplay. Furthermore, to achieve a high degree of
realism in a NMP application it is essential to recreate for all musicians in-
volved a perception of sharing the same space, as recently shown in [Tomasetti
and Turchet, 2023]. This can be achieved by means of spatial audio algorithms
which enable a three-dimensional localization of audio sources [Paterson and
Lee, 2021], as well as by means of room acoustic modeling techniques [Savioja
and Svensson, 2015], which can simulate the type of room in which musicians
virtually play (e.g., a concert hall or a rehearsal room).

In a different vein, TMAP systems [Hodl et al., 2017] capitalize on infor-
mation and communication technologies with the aim of democratizing access
to music making and increasing the active engagement of audiences in live mu-
sic performances. These systems disrupt the traditional unidirectional chain of
musical communication in which the musical messages are exchanged sequen-
tially from composers to performers to listeners.

The IoMusT makes the combination of NMP and TMAP possible, enabling
novel forms of artistic expression where displaced audiences can interact with
displaced musicians, and actually contribute to the performance. For instance,
a concert can be performed by different bands playing at different venues of
a city, and audiences both co-located with the bands and displaced (e.g., in
bars, or at their homes) could actively participate to the end result of the

performance.
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1.3.3. Cultural heritage

Recently, several applications have been supporting tourism and local content
creators by providing platforms where creators could store voiced description
of a place, stories about it as well as music, and tourists could roam around
a city, be localized, and play such previously recorded audio streams [del Car-
men Rodriguez-Hernéndez et al., 2012]. For instance, such apps as Citytalks?
and Autio® follow the above paradigm. Other apps such as izi.Travel* and Vox
City® also provide an interface to consume location-dependent audio content,
but focus on travel guides. In the context of a smart musical city, services for
leisure and tourism, such as the ones above, are extremely relevant. Yet, the
cultural heritage of a given location is rich of non-voice sounds. From a musical
perspective, smart musical city and landscape environments may be associated
to music, sounds and voices related to famous events [Cheng and Shen, 2016].
Being able to revamp these sounds may greatly enrich the interaction between
people and sites of cultural interest [Braunhofer et al., 2013].

Take as an example the city of Verona, Italy, as shown in the simplified map
of Fig. 1.2, and imagine a person wandering through the city while being able
to access location-dependent sounds from an app or similar facility. Verona is
ripe with Roman age masterpieces, including some of the old city walls and the
Arena (former gladiator amphitheater, now a world-famous opera venue): the
person could approach the Arena, listen to sounds of gladiator clashes as well
as famous opera arias. Verona is also the setting of Shakespeare’s “Romeo and

Juliet,” and a fourteen century house-tower of medieval origins has been con-
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Figure 1.2: Plan of the city center of Verona, Italy, with landmarks associated to

location-specific musical tunes and sounds. (Map courtesy of OpenStreetMap.)

verted into a museum known as “Juliet’s house,” showing typical furnishing,
clothing and tools for different activities of the time. The visitor to the neigh-
borhood of the house may listen to settings of medieval markets in the nearby
streets (famous surrounding squares hosted several markets and landmarks of
the political and civilian life of the medieval town) and could listen to popu-
lar music tunes, both those famous at the time and later associated with the
same historical period. Passing by Verona’s monumental cemetery may turn
up pirate songs as the person approaches the tomb of Emilio Salgari, known
for his novels about the fictional late 19th-century pirate Sandokan. Verona’s

fair area is home to the most well-known Italian wine exhibition, “Vinitaly,”
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which may trigger sounds of toasting and bottle opening to people passing by.
These are just a few examples of the way location-related sound and music
suggestions powered by the IoMusT can make the experience of many places
much more immersive as well as contribute to cultural dissemination.

In the same vein, people could pass by different places not just get sugges-
tions about typical musical tunes for those places, but also a chance to interact
with them, e.g., by singing or playing over these musics [Cramer, 2016]. For
example, Verona’s Arena nearabouts may be associated with famous opera
arias, over which casual singers may superimpose their own voice, and other
amateurs or professionals may provide extra voicing, harmonization, or similar
vocal additions. Players and performers may add their own playing to the aria,
and transform its style or empower a given harmonic section.

A similar musical service a smart musical city could offer to citizens and
people at large would be location-dependent generative musical suggestions [Krause
et al., 2016]. For example, different districts of a city or different areas of its
surroundings may be associated with different music moods. Continuing the
example of Verona’s landmarks considered above, Juliet’s house may trigger
romantic music, the Arena epic tunes, and the medieval squares may pass a re-
laxed mood matching the many bars and surrounding meeting places. Notably,
the system could accumulate data over time by recording the preferences of the
listeners that decide to proceed with the suggested tunes or request different
musical motifs or moods. In the long run, the system may learn and provide a
“musical mapping” of a city’s neighborhoods such that, e.g., places with some
strong ethnical characterization propose typical music for the local population
and favor cultural interchange.

Finally, a sufficiently fine tracking of the association between musical tastes
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and locations may produce a strong mapping of typical musical memories,
and help people passing by revamp both their own memories and collective
memories of past important events. This service would be different from serving
users with particularly famous tunes that most people would like to listen at
a given place: rather, it relates to tracking what a user visited in the past and
which musical works, tunes, or styles were associated with the experience at
the visited locations. Then, future visits to those same locations may rekindle
memories more effectively by proposing the same music, following the well-
known pattern for which synesthetical experience and associated emotions are
more effective at strengthening or recalling memories [Jéncke, 2008, Rothen

et al., 2018].

1.3.4. Pedagogy

While it has been noted that the panorama of musical pedagogy remains often
confined to tools such as metronomes and tuners, leaving it to expert teachers
to address instrument-specific skills such as attack sharpness [Acquilino and
Scavone, 2022], a smart musical city offers a geographically-bounded area where
music pedagogy can be taken to a much more interactive and connected level
than in traditional group or one-to-one classes. For example, the MusiCoLab
system provides an environment for collaborative music learning, based not just
on lectures and practice, but also on a number of tools to empower interactive
practices [Alexandraki et al., 2023]. Such tools include collaboration engines
with musical data and metadata, score following and annotation, a music gen-
eration engine that includes re-harmonization and blending, all supported by

a conferencing server to enable personal communications between the teacher
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and the pupil(s). As the authors note, the system suffers from the well-known
issues that affect any networked music performance, whereby the tolerance to
the latency of the interactions is one order of magnitude less than in speech. If
network transport delays are one of the main contributions to end-to-end de-
lays [Turchet and Casari, 2024a], the relatively limited geographical extension
of smart cities and the availability of slicing in the 5G ecosystem [Turchet and
Casari, 2024b] would enable controlled transport latency, and thus a workable
experience in musical pedagogy. The use of artificial intelligence complements
the above features by providing teachers and students with automatic algo-
rithms to assess rhythm, intonation, and level of learning or correctness of
execution for teacher assignments [Wei et al., 2022]. As noted above, training
such Als will be the only means to make them be sufficiently reliable tools
for the best fruition by educators and pupils. The smart musical city and its
inherent possibilities to coalesce data, readings and feedback from several inter-
actions across different environments, constitutes an ideal mediator to collect
data required by musical pedagogy services.

Smart musical cities as inter-connected social conglomerates are also the
perfect place to implement social pedagogy practices, which has been shown to
greatly help address social inequality by considering upbringing as a responsi-
bility of the whole social fabric rather than of specific individuals. From a mu-
sical perspective, several studies suggest that partaking in a joint activity such
as musical performance can help develop not only the learning capabilities of
children (including, e.g., disadvantaged, looked-after, and adopted children),
but also create deeper bonds between them and their responsible/caregiver
adults [Humphrey, 2020]. In the same vein, playful learning in primary schools

has been associated with an increase of meaningful engagement when asso-

21



ciated to music [Byrne, 2021]. These examples should convince that smart
musical cities are not just the drive of new IoMusT-based musical pedagogy

services, but also vehicles of pedagogical innovation per se.

1.4. Conclusions

This chapter aimed to offer our perspective on how smart cities should integrate
with one of the main activities that is actually performed in cities: musical and
sound-related interactions. We deem the Internet of Musical Things to be the
technological driver of such future integration, supported by the continuously
increasing reliability of low-latency transmissions, e.g., from 5G-and-beyond
technology. We described several types of interactions and applications that
smart cities can enjoy with the support of the IoMusT, including networked
performances both by humans and by a solo player interacting with virtual
agents, cultural heritage promotion, location-based recommendation systems,
memory revamping as well as music pedagogy.

In particular we discussed that, like for other smart city services, musical
services also need data to train machine learning models, as well as to tune
services to specific user profiles. loMusT devices can be the driver of such new
data collection streams, and provide relevant measurement of music and musi-
cal instruments utilization habits and style, along with commonplace musical
preferences based on searches and listening history.

Notably, significant support for such developments exist from the scientific

community, both through technical groups such as the IEEE Communications
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Society Internet of Sounds Emerging Technologies InitiativeS, and via periodic
meetings that are taking momentum, such as the International Symposium on

the Internet of Sounds, which will reach its 5th edition in 2024.
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