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Six-Degree-of-Freedom Audio
Rendering Using Spatial Impulse
Responses in an Urban Context

Many acoustic studies on urban environments focus on soundscapes and subjective percep-
tion, analyzing environmental parameters such as loudness, fluctuation strength, and
roughness. However, room acoustic parameters have rarely been applied in this context,
even though public squares are frequently used for musical events. Considering classical
concerts in historical or archeological sites in Italy, or pop music performances in public
squares amplified through audio systems, a key challenge is that the acoustic characteris-
tics of these spaces remain largely unknown. This study addresses this gap by conducting
acoustic measurements in Piazzale San Francesco in Parma, a public square already used
for summer musical events, and by implementing its audio rendering in a virtual reality
(VR) environment. The acoustic survey was carried out following the standards for
enclosed rooms, in accordance with ISO 3382, while the digital model of the space was
created using photogrammetry. The piece Ti tradi quell’alma ingrata from Il Trovatore
was used as the audio signal in Unreal Engine, enabling a navigation of the digital
space calibrated with measured impulse responses (IRs). The resulting VR rendering
allows users to be fully immersed in the virtual space, freely exploring it with six
degrees of freedom (6DoF), as they would in reality, while listening to the same musical
performance. [DOIL: 10.1115/1.4071504]
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1 Introduction

For decades, research on impulse responses (IRs) has focused
primarily on enclosed spaces, whether or not they were intended
for musical performances [1]. Such rooms have been extensively
analyzed in relation to reflections generated by architectural ele-
ments and by the geometry of sidewalls and ceilings [2]. In con-
trast, the AGORA project, within which the present study is
developed, investigates the acoustics of outdoor spaces, with par-
ticular emphasis on public squares. The objective is to make the
sonic experience accessible to a broad audience, rather than limit-
ing the discussion to acoustics specialists. This perspective shifts
the focus toward outdoor environments, which are frequently
used for musical events, especially in Italy during the summer
season, where favorable thermo-hygrometric conditions can be
combined with satisfactory listening quality [3]. However, the
acoustic characteristics of open-air public squares have never
been systematically assessed, which constitutes the main novelty
of this study. Previous investigations have considered semien-
closed settings such as palace courtyards [4,5] or ancient
open-air theaters [6,7]; yet, these differ fundamentally from
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urban squares: the former are physically smaller and more con-
fined, while the latter are substantially larger and more open.

Existing literature has already emphasized the cultural signifi-
cance of Italian public squares as spaces that embody civic, com-
mercial, and social identity [8]. A less explored but equally
important aspect is their acoustic identity, an intrinsic feature inde-
pendent of their functional use. The overarching goal of the
AGORA project is therefore to capture the sonic identity of Piaz-
zale San Francesco in Parma and translate its static acoustic envi-
ronment into an immersive virtual reality (VR) experience.

Piazzale San Francesco is itself a site layered with centuries of
historical transformations. The church facing the square, from
which it takes its name, was converted into a prison and later repur-
posed as a university study facility [9]. Today, the square also hosts
musical activities promoted by the Casa della Musica, located
directly opposite the church. These performances contribute to a
vibrant cultural atmosphere, enhanced further by the nearby Casa
del Suono, a dedicated listening space equipped with a Wave
Field Synthesis system comprising 189 loudspeakers arranged
along its perimeter, enabling advanced audio-visual spatialization
[10].

In this study, the visual-audio rendering has been created by
using the six degrees of freedom (6DoF) in Unreal Engine, one
of the most common real-time 3D creation tools [11]. The 6DoF
is an audio technique that consists of both rotation and translation
in a VR environment, where the users can explore and navigate
immersive audio experience rendering. Unlike earlier 3DoF
binaural systems, true 6DoF rendering must update interaural
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cues and the scene’s spatial filtering (early reflections, distance
cues, and reverberation) as the listener moves, to preserve plausi-
bility and spatial stability.

Contemporary approaches to 6DoF audio fall into four broad
categories:

e The object-based representation of scene elements as tagged
audio objects with geometry and metadata, and their rendering
through distance models and binaural filters, is a flexible and
production-friendly approach that naturally supports transla-
tion when object geometry is known [12,13].

e The high-order-ambisonics (HOA)-based capture of a full
sound-field representation that decodes to binaural output;
HOA handles rotation elegantly but requires very high
orders or additional processing to represent listener transla-
tions accurately [14,15].

e The spatial sampling is based on the interpolation grid
capture, consisting of distributing HOA arrays on a dense
grid for recording the scene from many positions [16],
useful to render an accurate 6DoF, although it is very time
consuming.

e The parametric/model-based method infers compact room/
signal parameters (direct path, early reflections, late reverber-
ation) and synthesizes binaural signals for new listener posi-
tions, offering runtime efficiency with model-dependent
limitations [17].

Each of these approaches has inherent limitations, either because
they rely on specific modeling assumptions or because real-time
performance is constrained by the increasing demands of commer-
cial applications. For this reason, many current products adopt
hybrid pipelines that combine object metadata with HOA or para-
metric components, seeking a balance between perceptual realism
and computational cost [18]. While the video-game industry prior-
itizes real-time VR performance, scientific research tends to focus
more on the accuracy and perceptual fidelity of 6DoF audio
rendering.

In this study, Reverb zones were used as the primary tool for ren-
dering the audio of a musical excerpt from Scene 2, Act I of Il Tro-
vatore by G. Verdi. The audio signal was incorporated into the
virtual reconstruction of Piazzale San Francesco, created through
a photogrammetric workflow realized in Unreal Engine. The
virtual model was divided into three virtual rooms (acoustic
zones), each acoustically calibrated using the IR measured at cor-
responding source-receiver positions in the actual square. This
approach resulted in a realistic and immersive audio-video render-
ing that can be freely explored and navigated by a variety of users.

2 Historical Overview of Piazzale San Francesco
in Parma, Italy

Piazzale San Francesco, in the heart of Parma’s historic center, is
a historically significant public space which evolved over the cen-
turies alongside the city’s cultural and social changes [19]. This
square is framed by four historical buildings: Casa della Musica
to the south and housed in the elegant historic Palazzo Cusani,
the Franciscan monastery (that was later transformed into a
prison and now part of the University of Parma) on the west, the
Church of San Francesco del Prato on the north, while the east
side is open to a narrow alley (i.e., Borgo degli Studi) characterized
by arestricted traffic, on the opposite side of which there is a build-
ing known as Casa del Suono, multimedia museum famous for the
acoustic and sound exhibitions, founded by Professor A. Farina. A
view of its particular layout is shown in Fig. 1. In particular, the
paving of the square is made of small natural stone blocks arranged
in a pattern known as “peacock tail.”

In the Middle Ages, the area of Piazzale San Francesco was an
open field, used for markets and tournaments. In the early 13th
century, Franciscan friars settled here, gaining local support from
the community [20]. Construction of the Gothic Church of San
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Fig. 1

Piazzale San Francesco in Parma, ltaly

Francesco del Prato began in 1240 and continued through the 14th
century, making it one of Parma’s largest churches. A convent was
built alongside, hosting prominent Franciscans and noble burials.
The adjacent open space functioned as a courtyard for preaching
and gatherings, laying the foundations of the future square [21].

The 1767 Atlante Sardi, Parma’s first official land registry map,
depicts in detail the block of the church of San Francesco. Commis-
sioned by Minister Guillaume Du Tillot (1759-1771) within the
framework of Enlightenment-inspired administrative and urban
reforms, the atlas reflects a systematic approach to territorial and
urban documentation. The map clearly illustrates the special con-
figuration of the complex and the surrounding historical buildings
described above. Du Tillot, appointed by Louis XV to serve at the
court of the Duke of Parma, oversaw finance, culture, and institu-
tional reforms, reorganizing bodies such as the Academy of Fine
Arts, as well as several convents and religious institutions [22].

The Napoleonic period marked the abrupt end of convent life at
Piazzale San Francesco. Following the suppression of religious
orders, convents and monastic properties were confiscated, and
the church was subsequently converted into a prison.

Nowadays, part of the former Franciscan convent is converted
into a University of Parma building, while an auditorium has
been built within Casa della Musica for music organizations,
becoming a vibrant cultural square.

The square’s layout, with its overall dimensions of 28 m x 50 m,
makes it ideal for 3D acoustic surveys and environmental sound
measurements, with the surrounding architecture as the main
reflecting surfaces.

3 Methodology

This section describes the methodological framework adopted in
the study. Section 3.1 presents the visual survey of Piazzale San
Francesco, carried out through photogrammetry to obtain an accu-
rate 3D model of the square. Section 3.2 details the acoustic mea-
surement campaign, including the instrumentation and impulse
response acquisition procedure. Section 3.3 illustrates the develop-
ment of the immersive audio-visual VR environment, where the
measured spatial impulse responses are integrated with the
digital model for convolution-based rendering in a 6DoF frame-
work. A schematic overview of the entire workflow is provided
in Fig. 2 to map the methodological steps.

3.1 Visual Survey Using Photogrammetry. Traditional
methods to carry out architectural surveys rely on simple equip-
ment, such as a tape measure and a laser meter. Nowadays,
modern digital technologies (i.e., drones and high-resolution
cameras) can be used, especially for photogrammetry [22]. These
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Fig. 2 Schematic overview of the methodological framework

tools allow a very accurate and detailed capture of the space for fast
3D modeling, making the geometric survey more precise and
time-effective.

Photogrammetry is a technique used to shape and position an
object using at least two different photos taken from separate
angles. For this purpose, overlapping photos of buildings have
been taken to create a 3D model of the square [23].

Drones, also known as unmanned aerial vehicles (UAVs), are
flying machines that do not need a pilot on board to be operated
[24]. A DJI Mini 4 Pro drone (lightweight quadcopter) has been
used in this study to solve visibility issues for wider areas and over-
come many of the limitations of ground-based surveys [25]. In
addition to the drone, a Sony Alpha 7 IV camera has been used
to enhance the level of detail in the photogrammetric dataset,
which is a high-resolution, full-frame mirrorless camera.

Using inverse triangulation, the spatial position of each point on
the object is then calculated [26]. Today, these steps are automated
using structure from motion (SfM) algorithms, which come from
the field of computer vision [27]. The software automatically
detects thousands of key points in each photo and matches them
across overlapping images. Then, through an iterative process, it
calibrates the internal camera settings and determines the position
and orientation of each photo, resulting in a sparse point cloud 3D
space made up of millions of points [28]. A scheme of the SfM
algorithm workflow is explained in Fig. 3.

From this dense cloud, a polygonal mesh is generated by con-
necting the points with triangular faces, giving a detailed 3D
model of the scene. The final step is texturing, which means
mapping the original photos onto the 3D model to create a photo-
realistic representation.

To enhance the perceived visual fidelity of the capture while
preserving high rendering performance in the reconstructed
scene, the photogrammetric model was partitioned, enabling dif-
ferent spatial resolutions to be assigned to distinct portions of
the geometry. Ground-level features were prioritized, as these
are more prominently visible to the user. In particular, the
statue of Giuseppe Verdi seated on a bench was processed as
an independent asset and subsequently aligned with the main
square model once both elements were imported into Unreal
Engine.

In aerial surveys of squares and historic city centers, the same
data can also be used to generate vertical and georeferenced ortho-
photos. For this case study, both vertical (nadir) shots of the open
area and oblique shots of the building fagades have been combined
[29]. Figure 4 shows the scheme of the photogrammetry procedure
by using drones.

The visual survey of Piazzale San Francesco was carried out on
March 11, 2025. The average temperature was 11 °C, relative
humidity around 60%, while visibility remained stable at around
11 kilometers with a still wind condition. These meteorological
conditions are important for the quality of the UAV-based
survey, other than for acoustic parameters [30].

One of the most beneficial aspects of the weather was the pres-
ence of a uniformly cloudy sky. While completely sunny days often
result in strong shadows cast by buildings, the diffuse lighting on a
cloudy day significantly reduces shadow contrast and improves the
uniformity of aerial images. The flight altitude was fixed at 25 m
above ground level, allowing safe navigation in an urban environ-
ment. The absence of wind contributed to stable flight conditions,
reducing motion blur and helping to maintain a regular flight
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Fig. 3 SfM computational process
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Fig. 4 Drone angles used for photogrammetry

pattern. Figure 5 illustrates the equipment in operation and a
sample image taken with the drone.

For this photogrammetric survey, a total of 2910 photographs
were captured, comprising both aerial and ground-level shots, to
ensure a medium-high level of detail for modeling the square.
Table 1 summarizes the characteristics of the visual-geometric
survey.

3.2 Acoustic Survey. A campaign of acoustic measurements
was taken in Piazzale San Francesco using a wide range of equip-
ment, listed as follows:

e Omnidirectional active loudspeaker (Look Line SL203AC),
equipped with 12 transducers

Spherical multichannel microphone array (Eigenmike® em64)
Four-channel microphone (Sennheiser Ambeo VR)
Omnidirectional microphone (Behringer ECM8000)
Dummy Head (Neumann KU100)

Personal computer

A Shangiu Mini UPS FX5-48 Pro PoE injector was connected to
the em64 microphone. This device provides both power to the
microphone and data transmission through a single Ethernet

connection. The signal was routed to a dedicated laptop for real-time
processing, where the DANTE (Digital Audio Network Through
Ethernet) protocol allowed the multichannel audio signal to be
sent digitally over the network with extremely low latency.

The loudspeaker was placed at 1.6 m from the ground in two
specific positions and was used to play an exponential sine
sweep signal with a duration of 15 s and an equalized sound pres-
sure level between 40 Hz and 20 kHz. All microphones were
moved across the square in six specific positions to capture the
IR of the square. Images in Fig. 6 illustrate two moments captured
during the acoustic survey, while Fig. 7 illustrates a scheme of the
equipment positions taken in the square.

Table 2 summarizes the distance between the sound source and
receiver positions. Currently, there are no regulations specifying
the required number of source and receiver positions for measuring
IRs in public squares. However, a total of 6 x 2 source-receiver com-
binations is considered sufficient for the calibration of the virtual
model, as the measurement points were distributed across the
entire area, representing all three zones identified in this case study.

3.3 Immersive Audio-Visual Virtual Reality. Piazzale San
Francesco has long served as a venue for musical activities, from

Fig. 5 In-situ visual data collection (a) and view from the drone (b)
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Table 1 Characteristics of the visual survey

Type No. photos Format Size (GB) Overlap

Drone 1479
Camera 1431

JPEG + DNG 41.20
RAW +JPEG 44.80

Approx. 80%
Manual alignment
High redundancy

historic liturgical singing by the nearby church to modern open-air
concerts organized by Casa della Musica. To explore how effec-
tively a musical performance sounds within the square, a digital
model integrating architecture and sound was realized, which has
been processed with Unreal Engine 5.4 for immersive simulation
[31].

For this purpose, the Convolution Reverb system in Unreal
Engine has been used to convolve a spatial IR with a dry audio
signal, resulting in a highly accurate simulation. Unlike standard
algorithm-based reverb effects, Convolution Reverb relies on
actual physical measurements, which makes it very realistic, accu-
rately reproducing the reverberation characteristics of a real space
within a virtual environment [32]. For this operation, the main fea-
tures are three, which will be discussed individually:

e The HOA impulse response
e The audio signal
o The spatialization rendering with 6DoF, which combines both

3.3.1 High-Order-Ambisonics Impulse Response. HOA impulse
responses have been used for the convolutions, obtained from the
multichannel spherical array microphone utilized during the
survey. The use of HOA allows the sound field to react dynami-
cally to the listener’s position and orientation, in terms of directiv-
ity and intensity as it would be in a real physical environment [33].
An example of omnidirectional impulse response (single channel)
is shown in Fig. 8; in contrast, an HOA impulse response is char-
acterized by multiple channels, each recorded on separate tracks
and representing a specific directivity component, as determined
by the spatial arrangement of the capsules over the spherical
array microphone.

3.3.2  Sound Signal Selected for the Virtual Navigation. For
the sound signal, a piece from classical music repertoire has been
selected in line with the historical identity of this site with
respect to Giuseppe Verdi, the famous native composer in
Parma. The chosen piece is the cabaletta “Ti tradi quell’alma
ingrata” from Scene 2 of Act I of Il Trovatore, composed in
1852 [34]. Notably, a background soundscape recorded in Piazzale
San Francesco was added to enhance the immersive experience.

. Sound source position

. Receiver position

10§

5

1pmg 143ap O

Casa della Musica !

0125 5=

Fig. 7 Schematic equipment positions taken in Piazzale San
Francesco, Parma

The selected piece was recorded in an anechoic chamber, which
is essential for the convolution with the measured IRs that carry all
the sonic characteristics of the square. The arrangement selected
for this demo features the following instruments:

Violin, carrying the main melody

Viola, contributing to the cohesion of the ensemble
Cello, supporting harmony and defining rhythm
Lyrical soprano, soloist of the aria

3.3.3 Audio-Visual Rendering in Six Degrees of Freedom. In
terms of audio-visual rendering in 6DoF, the immersive experience
has been created in different ways so that a comparison between
methodologies can be applied. Notably, for all methodologies,
the VR allows the user to virtually move freely in three-
dimensional space by translation along the X-, Y-, and Z-axes as
well as by rotation through pitch (tilting up and down), yaw
(turning left and right), and roll (tilting side to side).

In particular, the audio has been processed with Audio Volumes,
which is an audio system within Unreal Engine that allows defining
invisible audio volumes in a virtual scene where specific reverb
effects are applied to audio files [35]. In this case, Convolution
Reverb was applied to each volume using the nearest measured
Impulse Response, with priority settings adopted in overlapping
regions. Based on the current position of the virtual sound
sources, the IRs corresponding to source position 1 were employed.
This approach is consistent with the established robustness of room
acoustics parameters to moderate spatial displacements of source
and receiver positions.

K

TErIrrrefte

Fig. 6 Acoustic equipment deployed in Piazzale San Francesco for the acoustic survey
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Table 2 Distance between sound source and receiver

positions

Sound source position Receiver position Distance (m)

9.98
11.61
23.03
34.09
27.70
12.54
26.28
19.04
15.00

9.26

4.03
37.40

TEEEET > > > >
QU AR WN— U A WN—

Nevertheless, a further study could compare the present auraliza-
tion results with those obtained from a full 6dof geometric acous-
tics simulation. Such a model would be calibrated against the
measurement data at the reference positions, enabling analysis of
the divergence between simulated and measured results as the dis-
tance from the calibration points increases.

Although the Unreal Engine project supports 6DoF movement of
both source and receiver, the current analysis assumes exact corre-
spondence between measured source-receiver positions and their
simulated counterparts, thereby limiting the evaluation to discrete
validated locations.

Alternatively to the measured IR, it is also possible to assign
custom reverberation parameters such as decay time and diffusion.
“Fade Time” settings allow for regulating how smoothly reverber-
ation transitions can be between zones. For this study, a Fade Time
of 1-2 s has been selected to blend the transition when entering or
leaving a zone, which is similar to the average reverberation time
measured within the square [36].

The number of Reverb Zones used for this study is six, organized
as shown in Fig. 9.

o 100
90
a0
70
60
50
40
30

20

i

4 Results

4.1 Digital Modeling Reconstruction. REALITYCAPTURE is a
Windows-based software that has been used for 3D modeling
reconstruction through photogrammetry. It is available through
the Epic Games platform, well known for processing high-quality
results [37].

After the dense cloud, it is possible to generate mesh surfaces,
turning the point cloud into a continuous polygonal surface,
which represents the actual shape of the square. For texturing, REA-
LITYCAPTURE projects the original photos onto the 3D surface to
create a photorealistic rendering [38]. For this study, 8912 x 8912
pixels have been selected. A view of the reconstructed digital
model is given in Fig. 10.

4.2 Measured Acoustic Values. Sound is a fundamental part
of how architecture and the outdoor natural environment are expe-
rienced; yet, it is often neglected in conservation and design. This
study extends the evaluation of standard acoustic parameters for
buildings to public squares, confirming that open urban spaces
also develop a recognizable sound identity with their reflections
from surrounding constructions, especially when used for perfor-
mances or community events.

The postproduction process of the recorded acoustic data was
carried out using Adobe Audition 3.0 on a Windows operating
system, together with the Aurora plug-in.

The acoustic parameters under evaluation are early decay time
(EDT), reverberation time (T30), clarity index (C80), definition
(D50), and strength (G). The measured acoustic data have been
assessed in the frequency range between 125 Hz and 4 kHz, as
shown in Fig. 11; very low octaves have been discarded due to
the interference of background noise with the measurements
[39], as well as frequencies >4 kHz due to the air absorption phe-
nomenon that can make the sound decay less reliable [40,41].
However, the 125-4000 Hz range is the most important range for
acoustic analyses. The values were averaged across the six receiver
positions; however, they were calculated separately for source
positions 1 and 2.

PR om— HTl H MMMH\WWH llfq\“w””]"WF '.*.ll'nl'!\ IR
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Fig. 8 Omnidirectional impulse response from measurements carried out within Piazzale San Francesco, Parma. Equipment

position: S2—R3.
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Fig. 9 Reverb Zones identification for the audio-visual render-

ing of Piazzale San Francesco in 6DoF

@,

Fig. 10 Snapshot of the reaLiTYcaPTURE view for polygonal mesh
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Fig. 12 View of virtual players in the digital environment of
Piazzale San Francesco

Figure 11(a) shows that EDT values related to S1 range from
approximately 1.8 s at low frequencies to 1.2 s at high frequencies,
and from 2.0s to 0.9 s for S2. A pronounced peak at 1 kHz is
observed for the S1 curve, evident at 1 kHz for the S2 curve,
mainly caused by reflections from the surrounding building
facades, which are made of highly reflective brickwork.

Regarding reverberation time, T30 values vary between 1.8 s
and 1.5 s, values comparable to those typically found in medium-
sized churches, as shown in Fig. 11(b). Specifically, the two
curves have different trendlines, flatter around 1.5 s for S2 and pro-
gressively decaying for S1.

Figure 11(c) presents the clarity index for music. C80 increases
from 3 dB at low octaves to 5 dB for S1 and to 9 dB for S2, at
4 kHz. These results make the perception of music clearer than
in an enclosed space.

The definition values, shown in Fig. 11(d), fluctuate around 55%
for S1 across the entire frequency spectrum, with a little raise at
2—4 kHz reaching 65%. For S2, the D50 values fluctuate around
70%, with the exception of 125 Hz, which is 35%. This behavior
indicates a pretty balanced distribution of early and late energy,
making the sound environment suitable for both speech and
music, as a definition of approximately 50% represents an
optimal equilibrium between the two.

Figure 11(e) shows that the G values follow a double-slope
trend, with one slope up to 20 m and another from 20 m to 40 m.
The difference between S1 and S2 is very small, and both remain
within a range from approximately 1 dB near the sound source to
about —12 dB at the farthest positions.

4.3 Immersive Audio-Visual Virtual Reality. The immer-
sive audio-visual content allows users to explore the space in
360 deg using a controller, to freely rotate their viewpoint to
observe the entire reconstructed square. Furthermore, if the sound
source moves within the virtual environment, the listener should be
able to perceive corresponding changes in the sound field in real
time. The video is also fully compatible with VR headsets and
Ray-Ban Meta glasses equipped with integrated binaural audio. Alter-
natively, the immersive VR can be experienced in a dedicated listen-
ing room. Figure 12 shows a moment of the VR audio-video.

While the present study relies exclusively on objective acoustic
parameters (such as EDT, C80, D50, and STI) to compare the beha-
vior of the different simulated environments, it is important to recog-
nize that these descriptors do not always mirror perceptual
experience. As highlighted in previous publications on room acous-
tics and auralization [42], discrepancies often emerge between mea-
sured values and subjective impressions reported by listeners.
Several authors have shown that, in many cases, the perceptual
impact of variations in acoustic parameters is weaker or less pro-
nounced than what the numerical values might suggest, especially
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when differences fall within thresholds of just noticeable differences
or when listeners are not trained experts [43].

For this reason, future developments of the study will include a
dedicated subjective listening test, which is considered an essential
step to validate the objective findings. A potential extension of this
research could involve a comparison between Reverb Zones in
Unreal Engine and the acoustic response obtained with a geomet-
rical acoustics (GA) model simulation, considering that each
approach presents distinct limitations:

e Reverb Zones calibrate the IR at each point of the space using
a measured IR and estimate the acoustic response at other
points through interpolation, based on the volume of the
space and the boundary settings of vertical and horizontal sur-
faces [44]. In this approach, the transition zone between two
adjacent rooms can reflect an averaged reverberation charac-
teristic of the two spaces, potentially smoothing localized
acoustic differences.

o GA models offer a useful understanding of the acoustic beha-
vior of the investigated space, particularly in relation to the
distribution of early reflections and the overall reverberant
character at mid and high frequencies. Nevertheless, the sim-
plified nature of ray-based methods becomes evident when
approaching those phenomena that depend on the full com-
plexity of wave propagation, including diffraction, interfer-
ence, and low-frequency modal activity. These factors are
fundamental to the listener’s perception of warmth, envelop-
ment, and spatial definition.

5 Conclusions

By capturing and reproducing the lively and socially significant
sounds of public squares using advanced multichannel audio tech-
nologies, this study seeks to transform listening into a fully immer-
sive experience. While the acoustic properties of enclosed spaces
have been thoroughly investigated, often through virtual recon-
structions and 3D auralization techniques, historic urban squares
remain largely unstudied. Moreover, the influence of sound on
social interaction and community cohesion has received only spe-
cific attention in the existing literature, mainly focused on environ-
mental parameters, as a result of soundscape research.

More often, in many public squares, the audio amplification for
pop music events often falls short of its full potential. This is not
due to a lack of equipment or technical skill, but rather to the inher-
ent challenge posed by the unfamiliar acoustics of open urban
spaces. Unlike concert halls or theaters, where acoustic behavior
is well-documented and predictable, public squares present
complex geometries, reflective surfaces, and unpredictable interac-
tions with surrounding buildings. As a result, sound designers fre-
quently rely on tentative sound checks, adjusting levels by ear
during the event itself, rather than guided by precise measurements
or simulations. This improvisational approach can lead to uneven
coverage, excessive reverberation in some areas, and a lack of
clarity or balance, limiting the audience’s experience despite the
performance being otherwise vibrant and engaging.

This study represents a scientific approach to estimating the
acoustics of public squares, spaces that are increasingly used for
live musical performances. Understanding the acoustic response of
these environments, including the distribution of reflections that con-
tribute positively to clarity and sound impression, as well as the
overall propagation of sound across the area, is a key factor in opti-
mizing the listening experience for the audience. Such analyses can
be conducted using a range of modeling and rendering techniques
that can be easily achieved using less elaborate methods.

At the same time, a significant portion of the population, includ-
ing people with mobility impairments or other constraints, may be
unable to attend public events in person and are consequently
excluded from cultural life. In this context, immersive VR experi-
ences provide an avenue for greater social inclusion, enabling indi-
viduals to engage with space and the performance remotely. The
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implementation of 6DoF navigation enhances this immersive expe-
rience by allowing users to move freely within the virtual environ-
ment, exploring the acoustic characteristics of the square as if they
were physically present.

This approach not only broadens access to cultural events but
also offers an innovative tool for studying and documenting the
acoustic qualities of public spaces, potentially informing future
design and sound reinforcement strategies.
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