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Chapter 1

Introduction

1.1 Background and Context
The soundscape is a fundamental component of the human experience. It evolves
alongside societies, technologies, and environments, continuously reshaping the way
individuals perceive and inhabit the world. Consequently, the study of soundscapes
spans multiple disciplines — from psychology and acoustics to anthropology and
medical research — each contributing to an understanding of how sound influences
human behavior, cognition, and well-being.

In The Soundscape: Our Sonic Environment and the Tuning of the World (1977),
Canadian composer and scholar Raymond Murray Schafer poses a pivotal question:

“Is the soundscape of the world an indeterminate composition over which
we have no control, or are we its composers and performers, responsible
for giving it form and beauty?”

This reflection outlines two distinct attitudes toward the sonic environment:
passive submission to an uncontrolled acoustic reality, or active engagement in
shaping the world we inhabit. This research is grounded in the latter perspective
— the conviction that sound is not merely an accidental byproduct of modern life,
but a designable, meaningful, and influential dimension of human experience.

1.1.1 The Origins of Soundscapes
The term "soundscape" stems from the concept of the landscape and was first
introduced by urban planner Michael Southworth in The Sonic Environment of
Cities (1969). Southworth defined the soundscape as “the quality and type of sounds
and their arrangements in space and time.”

This conceptualization aimed to establish a standardized terminology capable
of serving as a metric framework for the field. However, Southworth lacked access
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Introduction

to the advanced methodological and technological tools necessary for an in-depth
investigation, due to the technical constraints of the era. Consequently, his analyses
were primarily restricted to qualitative data and subjective responses regarding
sound perception within specific contexts. Nevertheless, his work provided a crucial
foundation, fostering the expectation that future technological advancements would
facilitate more precise terminology and systematic descriptors.

The term was further developed by Raymond Murray Schafer in 1969 with the
publication of The New Soundscape and The Book of Noise. Schafer established a
profound connection between soundscapes and human experience, analyzing them
across contexts ranging from music to philosophy and acoustics.

From these seminal works, several key definitions emerged. Schafer and his
students categorized soundscape components into three classes: natural sounds,
human sounds, and sounds produced by tools and technology. His research
tracked the evolution of these classes throughout history, demonstrating that sounds
generated by technology have become increasingly dominant. This classification
remains so influential that it serves as a core parameter in contemporary regulations,
such as ISO 12913-2:2014.

In The Soundscape: Our Sonic Environment and the Tuning of the World (1977),
Schafer identifies a major concern: the increasing exposure of human beings to
loud sounds in all aspects of life. While noise pollution is a concrete problem,
Schafer argues that noise abatement alone is insufficient. Instead, the acoustic
environment should be approached positively by studying every element in relation
to human perception. Thus, soundscape studies emerge as a multidisciplinary
"middle ground" between science, society, and art.

Other essential definitions from his research, still relevant for evaluation today,
include:

• Keynote: The fundamental tone around which other sounds modulate, anal-
ogous to the musical key or tonality of a composition.

• Signals: Foreground sounds that are consciously perceived, such as bells,
whistles, horns, and sirens.

• Soundmark: A community sound that is unique or possesses qualities that
make it specially regarded or noticed by a community, deserving of protection.

Reflecting on the evolution of human environments, Schafer expresses concern
that industrial and digital noise, alongside transportation systems, progressively
masks natural and local soundscapes. This process leads to a homogenization of
acoustic environments, resulting in a loss of cultural traditions and a weakening of
the individual’s sense of belonging.
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1.1.2 Soundscapes and Human Health
Over the past decades, extensive research has demonstrated a strong correlation
between soundscape perception and human health. In "Ten questions on the
soundscapes of the built environment," Kang et al. [1] emphasize how carefully
designed acoustic environments enhance well-being, reporting benefits ranging from
improved sleep quality to positive effects on blood pressure regulation.

Further evidence is provided by Van Kamp et al. [2], who highlight a significant
correlation between environmental sound perception and annoyance levels, particu-
larly in urban settings. Although many studies still overlook natural settings, these
findings underline the critical role of soundscapes in shaping everyday quality of
life.

Complementary results are presented by Latini et al. [3], who investigated the
effects of different soundscapes within identical virtual office environments using
Virtual Reality (VR). By monitoring neurological responses and blood pressure,
their study demonstrates how soundscape variations can substantially influence
both mental and physical health. Collectively, these studies reinforce the necessity
of integrating soundscape assessment into environmental design.

1.1.3 Soundscapes in Urban Design and Environmental
Evaluation

Recent research has led to a growing awareness of soundscape evaluation in urban
planning. A holistic, interdisciplinary approach is now recognized as essential for
addressing sound-related phenomena.

In this context, Kurkose Cal et al. [4] demonstrated how soundscape perception
varies according to social and contextual conditions. Their study revealed significant
differences in perception between academic staff and students, underlining the need
to consider demographic factors to properly interpret evaluation data.

Consequently, soundscape research has moved to the forefront of evaluating both
outdoor urban spaces and indoor environments. The introduction of the ISO 12913-
2 standard marked a milestone, promoting methodologies such as soundwalks and in
situ assessments. Additional approaches, such as the SSID Protocol developed by
Mitchell et al. [5], combine audio-visual recordings with subjective questionnaires,
showing how emerging technologies can enhance assessment practices.

The COVID-19 pandemic represented a further turning point. As discussed
by Rehman et al. [6], the need to analyze urban environments during lockdowns
accelerated research in Virtual Reality. This technology has shifted the focus toward
new design approaches, enabling the evaluation of environments under multiple
controlled conditions—a significant advancement for simulation frameworks and
customization strategies.
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1.2 Research Questions
Virtual Reality offers new opportunities for the advanced investigation of envi-
ronmental soundscapes, enabling immersive exploration while introducing novel
methodological and technological challenges. Within this framework, this thesis
aims to address two specific research questions:

RQ1: Is it possible to define a methodology for the development of a physically based
virtual reality soundscape environment?

RQ2: What differences emerge between soundscape evaluations conducted in virtual
environments and those performed in real-world conditions?

Based on these questions, the following literature review provides the foundations
for framing the state of the art, outlining both the potential and the limitations of
contemporary VR applications in soundscape research.
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Chapter 2

Literature Review

2.1 Methods for Perceptual Assessments of Sound-
scapes

Over the years, numerous studies have sought unified methodologies to assess
soundscapes, aiming for consistency across diverse measurement contexts. Conse-
quently, the International Organization for Standardization (ISO) published the
first edition of the ISO 12913 standard in 2014, defining a soundscape as the
"acoustic environment as perceived or experienced and/or understood by a person
or people, in context" [7].

This standardization aims to define the soundscape by focusing on the distinction
between the acoustic environment and the soundscape itself, considering the latter
as the multidimensional result of various intersecting factors, such as the social,
health, and acoustic domains (Figure 2.1).

Figure 2.1: Soundscape definition graph [1]
.

The ISO 12913-2 standard [8], published in 2018, outlines a comprehensive
framework for data collection, ranging from specific descriptors to established
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methodologies such as soundwalks (Figure 2.2) and guided interviews.

Figure 2.2: Example of a soundwalk [1]

The last version published, the ISO 12913-3 [9], in 2025 explores the data
interpretations and the ways to interpretate and analyze all parameters collected
during measurements.

2.1.1 Soundwalks
A soundwalk is an empirical method used to identify a soundscape and its consti-
tutive components across various locations [10]. The term was originally coined by
R. Murray Schafer during the late 1960s and early 1970s.
During a soundwalk, a group of participants follows a pre-defined path featuring
specific stops, where the soundscape is assessed through standardized question-
naires [11]. Typically, participants utilize binaural microphones or headphones to
record the acoustic environment, while documenting the experience with videos,
photographs, and field notes. Within this framework, every piece of information is

6
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potentially significant, given the interdisciplinary nature of soundscape research.

With the emergence of immersive technologies such as Head-Mounted Displays
(HMD) and Virtual Reality (VR), the Soundscape Indices (SSID) Protocol was
developed. This protocol aims to collect the high-fidelity audio and video data
during soundwalks necessary to replicate those scenarios in a laboratory setting
[5]. The methodology requires a rigorous timeline to avoid interfering with the
soundwalk experience and the environmental assessment, as illustrated in Figure
2.3.
Furthermore, when adopting the SSID protocol during soundwalks, it is essential to
implement a specialized setup capable of capturing several distinct data typologies:

• Questionnaire (QUE) for subjective people assessment;

• Video (VID) to reproduce the same visual scenario in laboratory;

• Pictures (PIC) to take material from field;

• Binaural (BIN) recordings to collect useful data for psychoacoustic parameters
analysis;

• Ambisonic (AMB) recordings to accourately reproduce in laboratory the
audio scenario;

• Sound levels (SLM) to take note of the power from sources useful for
laboratory calibration;

• Environmental data (ENV) to take in count other extra data regarding the
environment as weather or temperature.

7
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Figure 2.3: SSID Protocol procedure [mitch].

2.1.2 Questionnaires and Descriptors

Questionnaires serve as the primary tools for collecting data in subjective soundscape
assessments, providing a comprehensive overview of the participants’ perceptions
during the soundwalk. To be effective, these questionnaires must include specific
sections that balance general information about the listener with their immediate
sensations during the assessment, following the methodology proposed by Mitchell
et al. [5].
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Within the assessment questionnaire, eight specific descriptors—known as Per-
ceived Affective Qualities (PAQs) [12]—were utilized to evaluate subjective re-
sponses, as illustrated in Figure 2.4. These descriptors are distributed along four

Figure 2.4: PAQ’s scatter plot [12].

axes:

• Eventful and Uneventful;

• Pleasant and Annoying;

• Calm and Chaotic;

• Vibrant and Monotonous.

The resulting scatter plot is structured according to the pleasantness/eventfulness
model. These descriptors are integrated as responses within the questionnaire
provided to the participants. Once the data are collected, it is possible to analyze
the overall subjective assessments by plotting them on a two-dimensional circumplex
model.

2.1.3 Psychoacoustic Metrics
To evaluate the recorded data from soundscape assessments using a standardized
methodology, it is essential to employ psychoacoustic metrics. These metrics serve
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as a set of indicators that characterize the acoustic environment by accounting for
both spectral content and sound pressure levels.

The Sound Pressure Level (SPL) is defined as the local pressure deviation
from the ambient atmospheric pressure caused by a sound wave [13]. It is expressed
according to the following equation:

Lp = 10 log10

A
p

pref

B2

= 20 log10

A
p

pref

B
[dB] (2.1)

In situations where it is necessary to evaluate sound pressure levels that vary over
time, it is standard practice to use the equivalent continuous sound pressure
level (Leq), defined by the following equation:

Leq = 10 log10

C
1
T

Ú T

0

p2(t)
p2

0
dt

D
[dB] (2.2)

where p(t) represents the instantaneous sound pressure and p0 is the reference
pressure (20 µPa in air).

However, the human ear perceives sound pressure levels differently depending on
the frequency. This frequency-dependent sensitivity is accounted for using weighting
curves, as shown in Figure 2.5, which are derived from the Fletcher-Munson equal-
loudness contours (Figure 2.6). Generally, the most common is the A-weighting
curve, which approximates the human ear’s response at low-to-moderate sound
levels (specifically, the 40-phon curve).

For a given time interval T , the A-weighted equivalent continuous sound pressure
level is calculated as:

LAeq,T = 10 log10

C 1
T

s t2
t1

p2
A(t)dt

p2
0

D
[dB] (2.3)

where pA(t) is the instantaneous A-weighted sound pressure at time t and p0 =
20 µPa.
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Figure 2.5: Weighting curves

Figure 2.6: Fletcher-Munson curves

Loudness is defined as the "attribute of auditory sensation in terms of which
sounds can be ordered on a scale extending from quiet to loud" [14]. It is a multi-
dimensional quantity that depends on physiological, physical, and psychological
components, representing the subjective perception of sound pressure levels. Loud-
ness is measured in Sones; by definition, 1 Sone is equal to 40 Phons, which
corresponds to the perceived loudness of a 1 kHz sinusoidal tone at 40 dB SPL.

The relationship between the loudness level in Phons (NP hon) and the loudness
in Sones (NSone) is expressed by the following equation:

NSone = 2
NP hon−40

10 (2.4)
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For soundscape standards there are considered the average value (Naverage), the
rms value (Nrmc), the N5, N95 and their ratio ( N5

N95
).

Sharpness is the psychoacoustic parameter which indicates how much high fre-
quencies are present into an audio sample. The amount of high frequencies is
annoying and make the sound more acid. The unit of measure is acum, defined as
the noise for a bandwidth with critical band size, 160 Hz ,with 1 kHz as central
frequency at 60 dB SPL.
As the frequencies spectrum human audible are subdivived in 24 critical bands,
defined as the frequency interval where two pure tones simultaneousy played are
not indistinguishable, these 24 bands are defined as Bark’s scale. So, with this
method, the spetrum content is splitted from 1 Bark to 24 Bark.
The Zwicker and Fastl model sharpness model is proposed as:

S[acum] = 0,11
24BarksØ

0

N ′(z) × z × g(z)dz

N
(2.5)

with N ′ as the specific number for each of 24 barks intervals, z as bark band number
and N as total loudness. The G(z) function represents a ponderation factor and
its values are the following:

g(z) =

1 if z ≤ 15.8 Bark
0.15e0.42(z−15.8) + 0.85 if z > 15.8 Bark

(2.6)

In soundscape evaluation, the most significant indicators for sharpness are the
average value (Savg) and the percentile values S5 and S95.

Tonality is a psychoacoustic parameter that quantifies the prominence of tonal
components relative to the broadband noise within a soundscape. According to the
ECMA-418-2 standard, the partial loudness concept is employed to account for the
loudness of a masked sound in relation to its original loudness when propagating
in a quiet environment.
The unit of measurement is the tuHMS (Tonality Unit, Hearing Model of Sottek).
One tuHMS corresponds to the tonality of a 1 kHz pure tone at 60 dB SPL in a
quiet environment.

Roughness (R) quantifies the perception of rapid amplitude modulations within
a critical band. This sensation reaches its maximum intensity at a modulation
frequency of 70 Hz, beyond which it decreases.
Its unit of measurement is the asper. One asper is defined as the roughness produced

12



Literature Review

by a 1 kHz tone at 60 dB SPL, 100% amplitude-modulated at a frequency of 70 Hz.

Similarly, Fluctuation Strength (F ) is related to amplitude modulation
phenomena. However, it characterizes slower modulations, reaching its peak at a 4
Hz modulation frequency; the fluctuation effect typically vanishes when modulation
frequencies exceed 20–30 Hz.
Its unit of measurement is the vacil. One vacil is equivalent to a 1 kHz tone at 60
dB SPL, 100% amplitude-modulated at 4 Hz.
In soundscape analysis, research typically accounts for the statistical descriptors of
these last two metrics, specifically R10, R50, F10, and F50.

2.2 Virtual Environments in Soundscape Studies

2.2.1 Recent Applications in Research
Virtual Reality (VR) provides researchers with advanced tools to investigate environ-
mental challenges from alternative and highly controlled perspectives. The ability
to repeatedly experience the same scenario under varying, calibrated conditions
represents a significant methodological advantage, particularly in urban soundscape
design and related interdisciplinary fields. For instance, Latini et al. [3] investigated
human physiological and psychological responses to diverse audiovisual conditions
within a simulated work environment. Such technologies enable the systematic
creation of scenarios that would be complex, costly, or impossible to reproduce
in real-world settings (Figure 2.7). Similarly, Wessels et al. [15] employed a

Figure 2.7: Workflow and experimental setup [3].

13



Literature Review

Virtual Reality framework to analyze perception differences in time-to-collision
between internal combustion engine vehicles (ICEVs) and electric vehicles (EVs)
(Figure 2.8). This approach facilitated the simulation of diverse traffic scenarios
while addressing a critical challenge in road safety research. More broadly, recent
literature has increasingly adopted Virtual Reality as a robust tool for soundscape
research, extending the analytical capabilities of traditional evaluation methods.
These technologies enable highly flexible approaches for investigating acoustic
environments within specific, reproducible spatial contexts.

Figure 2.8: Pictures from Wessels et al. experiment [15].

2.2.2 Methodologies and Approaches
As a rapidly evolving field, Virtual Reality-based soundscape research currently
lacks a unified or standardized workflow. Nevertheless, diverse methodological
approaches have emerged, reflecting varying research objectives and technical con-
straints. A comprehensive systematic review by Tokgöz et al. [16] examined the
application of VR in soundscape evaluation, identifying a wide range of experimen-
tal configurations. Among these, the paradigms most aligned with the objectives
of this thesis were further analyzed.

Virtual experiences are currently implemented through distinct interaction
paradigms. Some studies adopt desktop-based solutions, where participants nav-
igate virtual environments using standard displays and headphones [17]. Other
investigations employ Head-Mounted Displays (HMDs) to provide a more immersive
experience, often combined with headphones or multi-screen visualization systems
[18].

Visual representation strategies also vary considerably. The use of 360◦ video
playback enables the replication of specific environments with high visual fidelity,
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capturing real-world events as they occurred [19]. However, such approaches
inherently limit the capacity for environmental manipulation. Conversely, three-
dimensional computer-generated (CG) environments offer a highly customizable
framework, albeit at the cost of increased modeling complexity. This is particu-
larly relevant for auralized environments, where acoustic simulation requires the
rigorous modeling of physical phenomena such as sound propagation, reflection,
absorption, diffusion, and scattering. Compared to Ambisonic recordings, these
auralization-based approaches provide a higher degree of controllability, allowing
for the detailed manipulation of environmental parameters.

In this context, auralization requires specialized software capable of physically
based acoustic simulation integrated with complex urban geometries. Several tools
have been evaluated for accuracy and computational efficiency, as summarized in
Table 2.1. Regarding visual design platforms, Unity [20] remains one of the most
widely adopted engines for soundscape simulation. Its flexible scripting environment
and integrated audio framework make it highly suitable for the standardized
representation of real-world scenarios. For example, Jiang et al. [21] proposed a
web-based virtual soundscape assessment platform for Piazza Vittoria in Naples.
Furthermore, recent studies have emphasized interactive approaches grounded in
Human–Computer Interaction (HCI), promoting active user engagement during
the soundscape evaluation process [22] (Figure 2.9). Unreal Engine [23] represents

Figure 2.9: City Ditty [22].

another prominent visual platform, offering advanced graphical capabilities that
enable the creation of highly realistic environments with sophisticated lighting and
material rendering. In the study conducted by Rehman et al. [6] (Figure 2.10),
all scenarios were developed using Unreal Engine 5. This engine facilitated the
seamless integration of multiple environmental variables within a single, coherent
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virtual space, providing a robust framework for high-fidelity simulations. From an

Figure 2.10: IHTA Park experiment [24].

acoustic simulation perspective, various tools with different levels of complexity
have been proposed. The native Unity Audio Framework provides a lightweight
solution for basic simulations, including sound source directivity, occlusion, and
distance-based attenuation modeled through logarithmic approximations of physical
laws [21]. However, the inherent lack of accurate reflection and absorption modeling
often necessitates the integration of external acoustic engines to achieve higher
realism. For instance, Wessels et al. [15] utilized the open-source software TASCAR
(Toolbox for Acoustic Scene Creation and Rendering) [25]. This tool enables the
simulation of complex acoustic scenes and can be synchronized with graphical
engines, provided that a robust temporal and spatial alignment between audio and
visual components is maintained. Virtual Acoustic [26] (also known as RAVEN)
represents another advanced solution, offering high-fidelity acoustic simulation
(Figure 2.12) and seamless compatibility with external engines such as Unreal
Engine [24]. The simulation process begins with pre-recorded source data, which
are used to reconstruct the acoustic field within a virtual environment. Through
its modular architecture, the software enables the simulation of complex acoustic
phenomena, while its output modules allow for the simultaneous routing of sound
to multiple devices. Furthermore, the system is highly adaptable, supporting
various clients and programming languages. A notable limitation of this software,
however, is its exclusive optimization for Windows-based operating systems. In
contrast, Taghipour et al. [27] employed ODEON [28] to evaluate the soundscapes
of inner courtyards (Figure 2.13). Although ODEON is widely recognized as
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Figure 2.11: TASCAR scene representation.

Figure 2.12: Virtual Acoustic RAVEN tracing calculation.
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a benchmark for indoor room acoustics and enclosed spaces, its applicability to
large-scale, open urban environments can be more constrained. This is primarily
due to the increased complexity of sound propagation over long distances and the
computational challenges associated with unconstrained outdoor geometries.

Figure 2.13: Real world frame and ODEON model [27].

Finally, FMOD Studio represents a distinct approach rooted in adaptive game
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audio design. As a widely utilized middleware supported by an active development
community, FMOD Studio can be seamlessly integrated with both Unity and
Unreal Engine, providing sophisticated and flexible audio management capabilities.
Through custom scripting and API extensions, specific implementations have
introduced physically inspired sound behaviors, achieving high levels of realism
while maintaining relatively low computational complexity [29]. Overall, the
diversity of available methodologies highlights the necessity of selecting soundscape
simulation workflows based on specific research objectives, environmental contexts,
and technical constraints.

Table 2.1: Review Table for virtual soundscape simulation tools.

Visual Design Sound Simulations

Unreal Engine [24] [6] [17] Unity Audio Framework [21] [22] [30] [31] [32]
Unity [21] [22] [30] [31] [32] TASCAR [15]

WorldViz Wizard [15] Virtual Audio [24] [6]
ODEON [27]

FMOD Studio [29]

2.3 Ecological Validity in Current Research
Over the years, the fidelity of soundscape assessments in virtual environments
has increased significantly, driven by the rapid development of realistic simulation
technologies that bridge the gap between the physical and virtual worlds.

However, the ecological validity of these systems must contend with various
methodological challenges. A primary issue is that the ISO 12913 standard does
not yet incorporate a standardized framework for VR-based assessments. This
research field is vast and involves numerous factors that must be meticulously
managed during experimental design. A major obstacle remains the medium itself:
while Head-Mounted Displays (HMDs) provide highly immersive experiences, they
introduce variables that may compromise the authenticity of the soundscape as-
sessment.

19



Literature Review

As highlighted by Xu et al. [33], the cognitive load and memory factors in
virtual experiences can make it difficult for users to process the high density of
stimuli compared to the information provided by traditional 2D media.

Another critical aspect is the participants’ psychological background. In their
research, Tokgöz et al. [34] observed that individuals may become so emotionally
involved with certain environments that their subjective assessments are biased.
This bias is particularly relevant in immersive reproductions, such as 360-degree
videos, where participants may perceive a strong sense of "presence" or even see
themselves within the scene.

Furthermore, the demographic composition of participant samples in VR studies
presents a significant limitation. There is a scarcity of research involving older
populations—one notable exception being the study by Long et al. [19]. The
majority of studies rely on young individuals, likely due to their greater familiarity
with the medium.

Finally, the physiological impact of VR must be considered. Research indicates
that users may suffer from cybersickness, motion sickness, or visual fatigue.
In a study focused on the side effects of VR, Lavoie et al. [35] explain that
beyond physical discomfort, prolonged VR exposure can lead to emotional distress,
alienation, or general unease.

Figure 2.14: Industry professionals concerns about VR games side effects from
Lavoie et al. research [35].

As illustrated in Figure 2.14, safety concerns and environmental awareness
represent additional challenges. When a testing area is not adequately prepared
for immersive sessions, users may collide with physical objects, leading to what
Tseng et al. define as "physical breakdowns" [36]. This risk obliges experimental
designers to meticulously plan every movement required of the participants to
prevent potential injuries.
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Beyond safety, the ecological validity of both audio and video remains an open
question. While the Ambisonic format is currently the industry standard for spatial
audio, emerging digital audio frameworks—such as procedural and object-based
audio—are offering more flexible and editable alternatives to traditional field record-
ings [37].

Simultaneously, Computer-Generated (CG) content is redefining soundscape
assessments by introducing User Interface (UI) elements and interactive tools that
expand the utility of virtual environment evaluations [22].

Looking forward, the upcoming challenges in the field focus on integrating
highly interactive components and refined procedures to improve the participant’s
experience. This evolution aims to facilitate the assessment process, transforming
the user into an active "role player" within the research framework [22] [38] .
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Chapter 3

Application of Soundscape
approach

The experiment aimed to evaluate soundscape assessment within virtual environ-
ments to collect and analyze data regarding potential differences and insights
compared to real-world soundscape assessments, such as those conducted through
soundwalks.
The study was structured into two parts:

• Fieldwork phase: data acquisition and analysis derived from in situ assess-
ments conducted via soundwalks, specifically focusing on subjective evaluations
and psychoacoustic measurements as specified in ISO 12913;

• Laboratory phase: development of eight virtual scenarios based on the
real-world locations previously evaluated, followed by subjective assessments
involving both the original soundwalk participants and a new sample group.

The entire process required diverse approaches and strategies, particularly due to
the challenge of replicating real-world scenarios within virtual environments. This
involved comparing various solutions regarding audio outputs from both digital
and analogue devices, as detailed in the following sections.

3.1 Soundwalk Case Study: Turin
The soundwalk was conducted on October 22, 2025, from early afternoon until
the final hours before dusk. The procedure adhered to the SSID protocol [5] and
involved a group of students from the "Adaptive Public Spaces" (APS) course at
Politecnico di Torino. The students were tasked with assessing and analyzing the
soundscape to develop design concepts centered on both acoustic environment
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evaluation and urban design for the investigated sites.
The process followed a standardized workflow to ensure the acquisition of compara-
ble data from each location.
The structure of the soundwalk is detailed in Table 3.1.

Table 3.1: Soundwalk design for each spot.

Asset Listening Assessment

Questionnaire 2 min
Ambisonic Microphone 2 min
Binaural Headphones 2 min

SLM 2 min
360º Camera 2 min

Photos a.t. a.t.
Environment metrics a.t a.t

3.1.1 Path Analysis

The selected path was aligned with the APS course projects, which focused on
designing urban solutions for specific city sites designated as future stations for
the Metro 2 line in Turin. These locations are situated in the Barriera di Milano
district, an area characterized by a strong community and social presence, yet also
marked by numerous abandoned buildings requiring urban redevelopment. Within
their projects, the students were tasked, among other objectives, with integrating
the soundscape as a key thematic element.
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Figure 3.1: Soundwalk path.

The three selected sites required an extensive walking route, starting from
Rebaudengo Station and proceeding toward Via Bologna, passing by the Giovanni
Bosco Hospital. In soundwalk methodology, transition moments are crucial for
participants who, through active listening, can achieve a deeper comprehension of
the entire acoustic scenario.

Rebaudengo Station (RB01) served as the initial assessment point. The location
is a railway station that appears semi-abandoned, characterized by a decadent
architectural state. The adjacent road is heavily trafficked by high-speed vehicles
due to the nearby entrance of the Corso Venezia highway. Another significant
feature is the presence of cycling paths, where the passage of bicycles and scooters
is audible. In the background, a large green area serves as a frequented space for
walking and recreational activities.
Behind the trees lies the second site.
Spazio 211 (RB02) is a small cultural hub that stands in stark contrast to the
large abandoned building in its vicinity. The area experiences intermittent traffic
flow. Numerous trees and a pedestrian path connect the site to the neighboring
park. The presence of a bus stop, a school, and a library further strengthens the
cultural identity of the location.
The final spot is Via Bologna Park (BL01), a small "green island" emerging
amidst several high-traffic roads. The site leverages its elevated position in an
attempt to mitigate road traffic noise. A small fountain is located nearby, and
birdsong can be heard through the canopy.
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A summarized analysis of each soundwalk location is reported in Tab 3.2.

Table 3.2: Soundwalk spots summary.

ID Location Acoustic & Environmental Keypoints

RB01 Rebaudengo Station Heavy traffic flow; semi-abandoned station echoes;
accessible cycling paths.

RB02 Spazio 211 Urban green space; rhythmic bus stop sounds;
proximity to school and library.

BL01 Via Bologna Park Isolated "green island"; trickling water from a
small fountain; birdsong.

Figure 3.2: Rebaudengo Station view.
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Figure 3.3: Spazio 211 picture during soudwalk.

3.1.2 Audio Acquisition Setup
The audio setup selected for the soundwalk conforms to the ISO 12913 standard.
The ambisonic microphone utilized was a Zylia ZM-1, a third-order ambisonic
microphone (3rd order HOA) featuring 19 capsules. This configuration requires
remapping to 16 channels to meet the third-order ambisonic standard. This setup
ensures high-fidelity reproduction of acoustic environments in terms of spatial
clarity and directivity, which are essential factors for subsequent laboratory-based
soundscape comparisons.

Audio files were recorded using the recording software Bidule by Plogue, with a
sampling rate of 48 kHz and a bit depth of 32-bit. This tool, directly interfaced
with a PC via cable, enables the simultaneous recording of all 19 raw channels
from the ambisonic microphone.

The binaural microphones, positioned at the entrance of the ear canal, cap-
tured recordings for psychoacoustic parameter analysis. This instrumentation is
specifically necessary to emulate human auditory perception through left and right
channel recording. Tracks were exported as stereo .wav files.
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Figure 3.4: Spazio 211 view.

Lastly, a sound level meter (phonometer) recorded sound pressure level (SPL)
data, which is critical for subsequent laboratory calibration and further acoustic
analysis. The device was calibrated using a 1 kHz sine tone at 94 dB SPL (or 114
dB). Data were collected as arrays and stored in text files. A complete summary of
the audio acquisition setup is presented in Table 3.3.

Table 3.3: Audio acquisition setup.

Categories Model

Ambisonic Microphone Zylia M-1

Binaural Headphones ScadasXS Binaural Headset

Sound Level Meter NTI Audio XL2

Recording Software Plogue Bidule
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Figure 3.5: Bologna park picture during soundwalk.

3.1.3 Video Acquisition Setup

Videos were captured using an Insta360 camera, capable of recording at 5.7K
resolution. The footage was shot in a log color space (LOG) to allow for greater
flexibility during the color correction process within the virtual experiment design.

Photographs were taken with an iPhone 16 camera to document specific details
essential for the virtual reconstruction of the soundscape environments. This was
necessary to accurately reproduce the primary features and characteristics of each
site scenario.

Categories Model

360º Camera Insta360 One X2

Camera iPhone 16

Table 3.4: Video acquisition setup.
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Figure 3.6: Audio video capture setup during soundwalk with Zylia M-1 micro-
phone and Insta360 One X2 camera.

Figure 3.7: Simcenter SCADAS XS binuaural headphones.
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3.1.4 Questionnaire
The questionnaire was developed in accordance with the ISO 12913 standard and
was divided into seven distinct sections:

• Sound source dominance: this section evaluates the perceived presence,
relative intensity, and dominance of various sound sources within the scene.
Sources are categorized into traffic noise, human sounds, natural sounds, and
other noises, such as construction or industrial sounds;

• Perceived Affective Quality (PAQ): this section requires an evaluation
based on the eight attributes (descriptors) defined by the ISO standard for
soundscape assessment;

• Overall soundscape assessment: this section focuses on the general quality
and pleasantness of the soundscape at each location;

• Architectural environment: this section involves an architectural evalua-
tion, specifically addressing the strict correlation between acoustic perception
and visual context;

The remaining three sections covered the informed consent required to begin the
assessment, the identification of the specific site being evaluated, and demographic
information.
The complete questionnaire is provided in the Appendix A.

3.2 Data Analysis (in field)
3.2.1 Questionnaires Evaluations (in field)
The questionnaire analysis yielded significant information regarding the participants’
subjective evaluations of the soundscape. These data, complemented by the
Perceived Affective Quality (PAQ) scores, constitute a fundamental basis for
investigating the correlations between acoustic environments and human perception.

As represented in Figure 3.9, the mean age of the distribution is 24.44 years,
with a standard deviation (SD) of ±2.15. These results reflect a relatively hetero-
geneous sample in terms of demographic data, with participants ranging from 20
to over 30 years old. The mode of the distribution is 23 years.

The participant density during the soundwalk experienced a decrease across the
different locations; the specific sample size for each spot is detailed in Table 3.5.

Regarding the gender distribution among participants, a higher prevalence of
female individuals (60%) was observed compared to male participants (40%), as
illustrated in Figure 3.10.
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(a) RB01 location shot with Insta360 One X2.

(b) RB02 location shot with Insta360 One X2.

(c) BL location shot with Insta360 One X2.

Figure 3.8: Location shots taken with Insta360 One X2 at different points.31
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Figure 3.9: Age distribution from soundwalk.

Table 3.5: Sample size for each spot.

Spot Sample size

RB01 27
RB02 16
BL 14

The investigation into sound source dominance (Figure 3.11) reveals that
traffic noise is highly dominant at the Rebaudengo Station (RB01) and, to a
significant extent, at Spazio 211 (RB02). Other sources exhibit comparable levels,
with the exception of the Via Bologna Park (BL01), where traffic noise and natural
sounds show similar prevalence. This shift in dominance may be attributed to the
presence of birdsong and the sound of the small fountain within the soundscape. The
architectural and urban environment ratings (Figure 3.12) were significantly higher
for Spazio 211 (RB02) and Via Bologna Park (BL01). This trend may be attributed
to the poorly preserved state of Rebaudengo Station (RB01), which received a
very low score due to its degraded aesthetic and structural condition. Regarding
the appropriateness rating of the surrounding sound environment (Figure 3.13),
RB01 was perceived as the most appropriate, although results were generally
consistent across all sites. This higher rating for Rebaudengo Station (RB01) may
be attributed to its environmental consistency; the site lacks the "dual identity"

32



Application of Soundscape approach

Figure 3.10: Gender distribution.

found in RB02 and BL01, where the conflicting presence of both traffic-heavy roads
and green areas may reduce the perceived congruency of the soundscape. Regarding
the perception of the sound environment (Figure 3.14), the Via Bologna Park
(BL01) was rated as the most pleasant location, followed by Spazio 211 (RB02) and
Rebaudengo Station (RB01). The latter, characterized by its dominant traffic noise
patterns, received the lowest pleasantness scores. These findings suggest a potential
correlation between sound source dominance and the perceived pleasantness of the
soundscape.

The results of the PAQ analysis, derived from the questionnaire data, are illus-
trated through scatter (Figure 3.15), density (Figure 3.16), and joint (Figure
3.17) plots. These visualizations were generated using Soundscapy [39], a special-
ized Python library designed for the collection and analysis of soundscape data.
The plots represent the relationship between the Pleasant and Eventful dimensions.
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Figure 3.11: Sound source domination distribution.

Figure 3.12: Architectural and urban design rating.

The data clearly indicate that the BL01 site is the most pleasant location, predom-
inantly characterized as calm and monotonous.
Furthermore, the results demonstrate that RB01 exhibits the lowest Pleasant/Event-
ful ratio, as the most frequently reported descriptor is monotonous.
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Figure 3.13: Sound environment appropriateness rating.

Figure 3.14: Sound environment perception.

3.2.2 Psychoacoustic parameters measurements (in field)

Following the field experiments, a laboratory analysis of psychoacoustic parameters
was conducted using the binaural recordings acquired in situ.

The recordings were processed using Simcenter Testlab, calibrated with the sound
pressure level (SPL) measurements obtained via the sound level meter. For each
recording, the software extracted 200 samples from a 100-second segment to
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Figure 3.15: Scattering plots from soundwalk spots.
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Figure 3.16: Density plots from soundwalk spots.
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Figure 3.17: Join plots from soundwalk spots.
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calculate the psychoacoustic parameters of loudness, sharpness, roughness, and
fluctuation strength, following the methodology described by Zhang et al. [40].

Subsequently, the extracted data were processed in Python to compute the mean
values, standard deviations, and statistical descriptors N5 and N95 for each param-
eter.

Starting with the SPL values shown in Figure 3.18, the highest LAeq lev-
els were recorded at RB02. The L5 value reflects the impact of intense traffic
noise, specifically the passage of motorcycles and heavy vehicles. Conversely, the
quietest location was BL01; this evidence suggests a potential correlation between
these objective acoustic data and the subjective PAQ values derived from the
questionnaires.

Table 3.6: Complete SPL data for each location.

Location LAeq L5 L95 LCeq

RB01 59,4 65.8 50.3 71.4
RB02 65.0 71.0 58.2 71.6
BL 57.1 60.8 49.3 70.3

The Loudness analysis (Table 3.7) shows a linear correlation with the SPL
data. The loudest location is RB02, confirming the previous acoustic findings. As
illustrated in Figure 3.19, this result is strongly influenced by singular acoustic
events, such as the previously mentioned passage of motorcycles or trucks. Similarly,
RB01 exhibits high loudness levels due to continuous traffic noise. Conversely, the
BL01 site is significantly less loud than the other locations, likely due to its greater
distance from the main road axes. Roughness levels are most significant at the
RB02 location, with an average value of Ravg = 0.245 (calculated as the mean
between ch.1 and ch.2), as shown in Table 3.8. This result is primarily driven
by a specific acoustic event during the recording that led to an R5 level of 0.425
(mean of ch.1 and ch.2), a value considerably higher than the R5 levels recorded
at RB01 and BL01. Furthermore, the table reveals a homogeneous trend across
all sites regarding the R95 values, indicating a consistent baseline roughness for
each environment. Sharpness presents a different trend, with the highest levels
observed at BL01, specifically reaching S5 = 1.43 Acum on channel 2, as highlighted
in Table 3.9. This peak is likely attributable to a high-frequency noise occurring
during the recording—specifically a "whistle-like" sound—as clearly evidenced by
the temporal evolution shown in Figure 3.21.
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Figure 3.18: Comparison of Sound Pressure Level (SPL) Indicators per Stops.

Table 3.7: Complete loudness data for each location.

Location Navg N5 N95

RB01 ch.1 9.9 17.1 6.1
RB01 ch.2 10.4 18.0 6.0
RB02 ch.1 13.9 21.1 9.0
RB02 ch.2 13.8 20.8 8.8
BL ch.1 9.0 13.0 5.8
BL ch.2 9.2 13.0 6.3

Fluctuation Strength exhibits higher values at the RB02 location, as shown
in Table 3.10. This trend is likely attributable to the prominent sound of footsteps
within the recorded sample. The effect is further accentuated by the presence
of dry leaves on the grass, which increased the acoustic modulation during the
walk. A notable level was also observed at the RB01 site; this may be due to the
background music from a loudspeaker, which was audible during the playback of
the recording. Regarding tonality, no significant data were obtained during the
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Table 3.8: Complete roughness data for each location.

Location R10 R50

RB01 ch.1 0.26 0.18
RB01 ch.2 0.25 0.18
RB02 ch.1 0.34 0.23
RB02 ch.2 0.31 0.22
BL ch.1 0,24 0.17
BL ch.2 0.28 0.19

Table 3.9: Complete sharpness data for each location.

Location Savg S5 S95

RB01 ch.1 1.19 1.39 0.97
RB01 ch.2 1.28 1.62 1.01
RB02 ch.1 1.39 1.70 1.19
RB02 ch.2 1.40 1.70 1.23
BL ch.1 1.32 1.51 1.21
BL ch.2 1.43 1.69 1.24

analysis, indicating a lack of prominent tonal components within the recordings.
This absence suggests that the acoustic environments are primarily characterized by
broadband noise sources rather than narrow-band or discrete frequency emissions.
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Table 3.10: Complete fluctuation strength data for each location.

Location FS10 FS50

RB01 ch.1 1.38 1.21
RB01 ch.2 1.35 1.21
RB02 ch.1 1.43 1.24
RB02 ch.2 1.35 1.19
BL ch.1 1.30 1.17
BL ch.2 1.35 1.20

(a) Loudness from RB01 channel 1. (b) Loudness from RB01 channel 2.

(c) Loudness from RB02 channel 1. (d) Loudness from RB02 channel 2.

(e) Loudness from BL channel 1. (f) Loudness from BL channel 2.

Figure 3.19: Loudness values from every spot.
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(a) Roughness from RB01 channel 1. (b) Roughness from RB01 channel 2.

(c) Roughness from RB02 channel 1. (d) Roughness from RB02 channel 2.

(e) Roughness from BL channel 1. (f) Roughness from BL channel 2.

Figure 3.20: Roughness values from every spot.

43



Application of Soundscape approach

(a) Sharpness from RB01 channel 1. (b) Sharpness from RB01 channel 2.

(c) Sharpness from RB02 channel 1. (d) Sharpness from RB02 channel 2.

(e) Sharpness from BL channel 1. (f) Sharpness from BL channel 2.

Figure 3.21: Sharpness values from every spot.
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(a) Fluctuation Strength from RB01 channel 1. (b) Fluctuation Strength from RB01 channel 2.

(c) Fluctuation Strength from RB02 channel 1. (d) Fluctuation Strength from RB02 channel 2.

(e) Fluctuation Strength from BL channel 1. (f) Fluctuation Strength from BL channel 2.

Figure 3.22: Fluctuation Strength values from every spot.

3.2.3 Data Correlation (in field)

In order to evaluate the correlation between psychoacoustic parameters, Pearson
correlation (Figure 3.23) was employed for continuous variables, while Spearman
correlation (Figure 3.24) was used for non-continuous data. For this analysis,
the data from the two binaural channels were averaged and treated as a single
representative value.

The results indicate a strong correlation between LAeq and Navg, as well as between
SPL and loudness, which is consistent with standard soundscape analysis. Inter-
estingly, FS50 shows a significant correlation with other parameters; this is likely
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attributable to the humans-made noise generated by the soundwalk participants,
such as footsteps, speech, and general movement. Furthermore, as expected, rough-
ness exhibits a high correlation with LAeq and Navg, confirming the link between
signal amplitude modulation and perceived intensity.

Figure 3.23: Pearson field corelogram.

Subjective data, specifically the PAQ scores, were analyzed using the Soundscapy
Python library.
As shown in Figure 3.25, all three locations exhibit relatively low values for
both pleasantness (PISO) and eventfulness (EISO). While the BL01 site received
higher pleasantness ratings compared to the other spots, it remains characterized
as "uneventful" in the soundscape circumplex.
Overall, the data suggest that the three locations share a similar profile in terms of
eventfulness, showing no significant variation across the different urban contexts.

Further details regarding the questionnaire evaluations and demographic distribu-
tions have been discussed in the preceding sections.

The comprehensive data summarized in Table 3.11 further validate the trends
observed in the previous plots, confirming the internal consistency of the soundscape
assessments across all surveyed locations.
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Figure 3.24: Spearman field corelogram.

Table 3.11: Descriptive statistics and ISO 12913-2 attributes for each location.

Location Count ISOP. ISOE. Pleas. Even. Vibr. Chao. Mono. Calm

RB01 27 −0.364 −0.269 0.037 0.222 0.000 0.222 0.741 0.037
RB02 16 −0.220 −0.249 0.250 0.188 0.125 0.062 0.688 0.125
BL 14 0.067 −0.212 0.500 0.143 0.071 0.071 0.429 0.429
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Figure 3.25: Comparison of the soundscapes of the three urban spaces.
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3.3 Real and Virtual Environment Models
The laboratory experimental phase involved the development of two distinct types
of environmental models:

• Real Model: Three scenarios were reconstructed using the audiovisual assets
acquired during the soundwalk, providing a high-fidelity reproduction of the
actual environments;

• Virtual Model: Using the data from the real scenarios as a baseline, one
site was completely reconstructed using CGI and synthetic soundscapes to
allow for controlled environmental manipulation.

3.3.1 Real model building
The 360-degree video footage was recorded in 5.7K resolution using a Log codec.
This choice ensured maximum flexibility during field operations and provided a
wider dynamic range for post-production. The Log codec produces a "flat" color
profile, which facilitates color grading and correction. The video assets were subse-
quently edited and color-processed using DaVinci Resolve 20.

Audio data were captured using the Zylia ZM-1 microphone, generating 19-channel
raw recordings. Using Zylia’s proprietary software, these files were converted into
the Ambisonics format. After being edited for length and seamlessly looped, two
versions of each recording were generated: one in 3rd-order Ambisonics (HOA) and
a second in 1st-order Ambisonics.

Finally, two versions of each scenario were built: a visual-only version (without
audio) and a version integrated with 1st-order Ambisonics audio.

3.3.2 Virtual Model Construction
The Spazio 211 (RB02) site was selected for the virtual reconstruction due to its
versatile characteristics, featuring a mix of anthropogenic noise and natural assets.
Constructing virtual environments requires a focus on proposing a coherent model
of the site’s permanent features, rather than simply replicating a specific, transient
moment from the real world. As illustrated in Figure 3.26, the process involved
several stages to translate physical environmental data into the CGI domain. The
following sections provide an in-depth analysis of this workflow.

The construction of the visual model and the associated workflow began in
Blender [41]. Initially, a comprehensive base map of the real-world environment
was established. For this purpose, the BlenderGIS add-on [42] was utilized to
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Figure 3.26: Virtual environment model workflow.

generate scaled "block meshes"; this tool leverages user-selected geographic open
data to reconstruct a 3D model of the specific territory within Blender. These static
meshes required manual modeling adjustments to improve accuracy. Subsequently,
high-quality textures sourced from the public 3D asset library Poly Haven [43]
were applied. Additional environmental elements, such as trees and fences, were
integrated into the scene using the BlenderKit [44] asset library.
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Figure 3.27: Blender’s scene pictures during environment building.

Subsequently, the entire scene was exported to the Unity engine [20] for final
compositing and animation. At this stage, dynamic assets, including human and
vehicular models, were integrated and animated via custom scripts. The pedestrian
models utilize a "follow path" script, navigating through the scene by targeting
designated empty objects as waypoints. The traffic system is managed by a spawner
script that regulates path direction, spawn frequency, and vehicle velocity. To
ensure environmental fidelity, the vehicle speed was calibrated to 50 km/h, reflecting
local traffic regulations and the site’s long straightaway, which allows vehicles to
reach the maximum permitted speed.

Environmental lighting was implemented using a skybox material and an HDRI
texture sourced from Poly Haven [43]. The lighting configuration was meticulously
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calibrated to match the visual conditions captured in the 360-degree reference video
for the same location.
Finally, the virtual camera was positioned to simulate the eye-level perspective
of a user seated on a bench (Figure 3.28). For the reconstruction of the acous-

Figure 3.28: Unity game window

tic environment, a deliberate choice was made to minimize the use of real-world
recordings. The objective was to develop a methodology that remains accessible
and affordable, regardless of a user’s available equipment or resources. The en-
tire audio workflow was designed to adhere to this principle of resource optimization.

Initially, the noise map of the area (Figure 3.29) was used as a primary ref-
erence to identify the zones with the highest sound pressure levels. The map clearly
indicates that the areas adjacent to the main road axes exhibit the highest noise
concentration. This spatial analysis guided the placement of artificial sound sources
within the virtual engine, specifically regarding the density and positioning of
vehicular traffic.
Conversely, the lowest noise levels were identified within the green areas, partic-
ularly in the vicinity of the large disused building near the Rebaudengo railway
station.

This procedure enabled a structured classification of sound sources based on
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Figure 3.29: Rebaudengo noise map.

environmental keypoints and primary spatial features. Following this, a compre-
hensive inventory of sound sources was compiled based on assessments conducted
during the initial soundwalk and subsequently distributed across the virtual map.

The organizational framework for these sources was inspired by the taxonomy
proposed by Bones et al. [45], which categorizes soundscape components into
three main domains: people, nature, and man-made sounds. This classification
facilitated the development of the source hierarchy presented in Table 3.12.
Nevertheless, to maintain consistency with the reference Ambisonics recordings from
the real-world site, only the three most prominent sound sources were prioritized
for the final implementation.

The selected sound sources for the virtual environment included: background
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Table 3.12: Classification of sound sources.

People Nature Manmade

Voices Animals Meccanical
Music Weather Transport

Alarm
Music

noise, footsteps, vehicular traffic, and a fountain.
The background noise, footsteps, and fountain sounds were sourced from the Splice
digital library [46], which provides an extensive collection of high-fidelity field
recordings. In contrast, the vehicle sounds were generated through auralization
techniques based on the research by Pieren et al. [47]. This synthesized sound is
composed of two primary components: tire-road noise and engine noise, represented
by the sound sources S1(t) and S2(t), respectively. These sources are spatially
localized at two distinct points on the vehicle model, as defined in equations (3.2)
and (3.1).
Using an approach based on additive and subtractive synthesis, combined with
harmonic modulations and digital filters, a custom script was developed in the
open-source environment SuperCollider [48]. This script allowed for the generation
and recording of two distinct vehicle profiles: a "basic" engine and a "sport" engine.

s2(t) =
√

15 · stire,2(t) + sprop(t) (3.1)

s1(t) =
√

25 · stire,1(t) (3.2)

Once the sound assets were finalized, the audio library was imported into the
game audio middleware FMOD Studio [49] (Figure 3.30). This choice was made
to leverage a professional tool that optimizes the workflow and provides advanced
management of the audio engine. Within FMOD, all samples were processed using
a low-pass and a high-pass filter, with cutoff frequencies set at 15 kHz and 20 Hz,
respectively, in accordance with the psychoacoustic recommendations by Taghipour
et al. [27].

These processed sounds were then assigned to their corresponding spatial ob-
jects within the Unity scene. The only source designated as a 2D spatializer was
the background noise, providing a non-diegetic atmospheric layer, while all other
sources were implemented as 3D spatialized events.
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Figure 3.30: FMOD Studio screen

Afterwards, the process required a meticulous calibration of individual sound
sources to establish the correct volume ratios between objects. To achieve this, the
methodology proposed by Rehman et al. [6] was adopted.

Regarding the spatial acoustics, a procedural approach developed by technical
sound designer Ivan Stepanov [29] was implemented. His integration scripts for
Unity and FMOD provide a real-time procedural interpretation of reverberation
and occlusion, utilizing ray-casting and geometric analysis of the scene’s meshes to
simulate physical sound propagation. Each virtual sound source was assigned a
specific SPL target, calibrated against its actual RMS (Root Mean Square) value
within the digital environment. The comprehensive list of these SPL targets and
their corresponding references is detailed in Table 3.13.
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Table 3.13: SPL target for each sound source.

Sound source SPL target Reference

Car 85 dB Rehman et al. [6]
Footsteps 55 dB Aletta et al. [37]

Background noise 49 dB Llorca-Bofi et al. [50]
Fountain 78 dB Hong et al. [18]

As established in the literature, each sound source was individually placed within
an empty Unity scene, with an FMOD Audio Listener positioned at a specific
distance determined by the reference studies. Utilizing a custom-developed script,
60 RMS (Root Mean Square) samples were recorded during real-time playback
for each source. From these measurements, the baseline effective pressure p̃base

was derived. Subsequently, using the predetermined SPLtarget, the required target
pressure p̃target was calculated as follows:

p̃base =
öõõô 1

n

nØ
i=1

x2
i (3.3)

p̃target = 20 µPa · 10
SPLtarget

20 (3.4)

Gcal = Gbase · p̃target

p̃base
(3.5)

In this calculation, Gbase = 1 was assumed to represent the 0 dBFS reference
level, as the calibration was conducted entirely within the digital domain.

Subsequently, the distance-based attenuation for each sound source was configured.
Within FMOD Studio, the maximum propagation distance and the shape of the
attenuation curve were defined for each event. To ensure physical accuracy, the
maximum audible distance was calculated in accordance with the ISO 9613-2
standard [51] (3.6). For these calculations, a background noise floor of SPLf = 49
dB was adopted as the limit of audibility [18]. Furthermore, each source was
modeled as a spherical point source, neglecting additional atmospheric or ground
absorption effects to maintain model focus on geometric divergence.

SPLf = SPLi − log10(r) − 11dB (3.6)
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Each sound source was assigned to its corresponding object within the scene.
The dynamic environment featured a bidirectional traffic system, along with two
pedestrians walking near the audio listener at different intervals. Furthermore, two
"sport" vehicle events were integrated to transition through the standard traffic
flow.
For the real-time acoustic simulation, the methodology developed by Ivan Stepanov
[29] was implemented. This approach leverages ray-tracing technology to dynam-
ically scan the environment surrounding the listener, subsequently modulating
FMOD Studio parameters to adapt the audio perception based on the surrounding
geometry (Figure 3.31).

Figure 3.31: Procedural Acoustic System

The system utilizes a Fibonacci sphere geometry (Figure 3.32) to uniformly
distribute rays into the environment starting from the audio listener’s position.
This configuration manages three distinct physical acoustic effects:

• Geometry: The system implements a script that identifies surrounding objects
and their relative distances. These data are used to dynamically modulate
RoomSize and ReverbVolume parameters, emulating real-world reflections.
A specific threshold is applied to the ratio of "hitting rays" to total rays;
below this limit, reverb parameters are deactivated to prevent artifacts or false
acoustic impressions within the environment.
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• Materials: The original script was modified to account for the acoustic
properties of surfaces. Each material in the scene is associated with a template
based on its specific absorption and transmission coefficients [52]. When a
ray intersects an object, it retrieves the material data and adjusts the FMOD
Studio Volume and EQ parameters to simulate the corresponding acoustic
response.

• Occlusion: The system traces a direct ray connecting each sound source to
the listener. If an obstacle is detected along this path, the system modulates
the Volume and EQ parameters in FMOD Studio, adapting the occlusion
effect proportionally to the obstacle’s surface area and position.

Figure 3.32: Fibonacci’s sphere logic [29].

Once the model was completed, it was ready to be calibrated with lab instru-
mentation for experiment.

3.4 Laboratory Experiment
The experiment was conducted at the Audio Space Lab (ASL) of the Politecnico di
Torino. This facility was specifically designed to evaluate virtual environments with
a primary focus on the auditory experience. The laboratory features a sophisticated
spherical loudspeaker array, comprising a total of 16 monitors and two sub-woofers,
as illustrated in Figure 3.33. The experimental design aimed to replicate the
soundwalk scenarios within a controlled laboratory setting, allowing participants
to re-experience the environments under varied conditions. In total, eight distinct
combinations were presented:
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Figure 3.33: Image from Audio Space Lab (ASL).

• Three real models (audiovisual recordings) with audio reproduced via the
spherical loudspeaker array;

• Three real models with audio reproduced via high-fidelity headphones;

• Two virtual models (CGI reconstructions of the RB02 site) featuring distinct
soundscape scenarios:

– The first was designed to be as faithful as possible to the real-world
baseline;

– The second was inspired by urban soundscape interventions, incorporating
a fountain sound source behind the "Spazio 211" area and reducing the
frequency of vehicular traffic.

Each participant was tasked with assessing the scenarios through a two-minute
immersive session using a Meta Quest Link 2 HMD, followed immediately by an
evaluation questionnaire based on the original soundwalk design. Throughout the
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assessment, participants remained immersed in the soundscape, with the audio
sources playing in a continuous loop to maintain environmental presence.

3.4.1 Experimental Design and Signal Flow
In the laboratory, three distinct Unity projects were developed to streamline the
management of the experimental conditions. As illustrated in the signal flow
diagram (Figure 3.37), these projects coordinated outputs across FMOD, the
Unity audio framework, and Plogue Bidule (Figure 3.34).

Figure 3.34: Plogue Bidule screen.

For the three scenarios reproduced via the loudspeaker array in 3rd-order Am-
bisonics, the system utilized the Open Sound Control (OSC) protocol. Upon
scene activation, Unity sent a trigger to Plogue Bidule, which initiated high-order
Ambisonics (HOA) playback through an Antelope Orion32 audio interface.
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The three real-world scenarios designated for headphone playback were managed
within a project utilizing the Meta Audio SDK, which enabled the spatialization
of 1st-order Ambisonics files directly within the Unity audio framework.

The final two virtual scenarios were managed entirely via FMOD Studio, al-
lowing for real-time manipulation and editing of the procedural audio environment
prior to scene loading.

To ensure that the Sound Pressure Levels (SPL) accurately reflected the parameters
recorded during the field soundwalk, a rigorous calibration phase was conducted.

For the 3rd-order Ambisonics reproduction on the loudspeaker array, a mono-
phonic signal was recorded at the listener’s central position (Figure 3.35). This
signal was processed through a custom MATLAB script to determine the required
final gain. The calibration was referenced against a 94 dB SPL sinusoidal calibration
tone at 1 kHz.

Figure 3.35: Picture from calibration process.

Furthermore, binaural recordings were conducted at each location using cali-
brated binaural microphones to ensure a direct and reliable comparison with in-field
parameters during the subsequent analysis. This approach provides a reference
baseline, allowing for the cross-validation of psychoacoustic metrics between the
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real-world acoustic environment and the simulated virtual scenarios.

For the headphone-based scenarios, a Head Acoustics artificial head (HMS)
was employed. The signal was captured through the headphones by the binaural
microphones of the artificial head (Figure 3.36).

Figure 3.36: Artificial head by HEADAcoustic with Meta Quest 2 visor and
Senheiser HD 600 headphones.

The resulting LA,eq was analyzed using ArtemiS software, and the final gain
adjustment was calculated following the methodology previously described for
individual source calibration [6]. The gain values required to match the original
field SPL are summarized in Table 3.14.

3.4.2 Questionnaire
The questionnaire administered to participants at the conclusion of each listening
session was designed to maintain consistency with the field survey.
The primary modifications involved the inclusion of a field for the listening setup
(speakers vs. headphones) and a dedicated immersivity section. This latter
section is crucial for evaluating the correlation between the perceived realism of
the virtual experience and real-world perception [53].
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Figure 3.37: Experiment audio reproduction chain.

Table 3.14: SPL headphone calibration gain matching values.

Location LAeq LAeq target
target Gmatch

RB01 63.7 59.4 -4.3
RB02 59.4 65.0 5.6
BL 56.6 57.1 0.5

RB02 (VR) 69.7 65.0 -4.7

Since the sample group consisted of both individuals who had participated in
the original soundwalk and new participants who had not experienced the physical
environment, the questionnaire was provided in both Italian and English. This
bilingual approach was necessary to ensure full comprehension across the diverse
demographic of the sample and to avoid data distortion due to language barriers.

This distinction allowed for a further categorization of the results, distinguishing
between "in-field" experienced individuals and "new" participants.

The translation of the questionnaire was meticulously executed, accounting for the
linguistic biases identified in recent studies regarding the cross-cultural translation
of soundscape descriptors [12].

The complete questionnaire is provided in the Appendix A.
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Chapter 4

Results

4.1 Psychoacoustic parameters comparison

To ensure clarity and systematic comparison across the dataset, each experimental
condition was assigned a unique identification code (ID). These IDs were structured
based on the specific parameters of the listening setup and the scenario configuration,
as detailed in Table 4.1. This standardized nomenclature facilitates the cross-
referencing of objective acoustic data with the subjective evaluations collected
during the assessment sessions.

The comparison between in-field and speaker reproduction laboratory-collected
data were already validated, as the laboratory system’s validity has been previously
established [54].

However, the analysis focused on evaluating the variations among IF, SP360,
HP360, VR, and AVR setups within each specific location.

The following tables present a comparative analysis of these configurations, re-
porting the relative difference (∆) and the Just Noticeable Difference (JND) for
each psychoacoustic parameter. This approach allows for a rigorous assessment
of whether the observed technical variances translate into perceptible auditory
differences for the user.

The comparison between the IF recordings and SP360 was conducted using data
acquired via a binaural headset, supported by Siemens Simcenter Testlab software
to ensure a consistent setup throughout the analysis. Additionally, further compar-
isons were performed using measurements obtained from an artificial head, which
were subsequently processed and elaborated within the Head Acoustics ArtemiS
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SUITE software.

The comparative analysis in Table 4.1 reveals significant differences between
the loudspeaker array and headphone setups. Notably, the LCeq values show a
variance of ∆LCeq = 7.8 dB, indicating a substantial increase in the perception of
low-frequency content when using headphones.

This discrepancy may be attributed to the frequency response of the headphones,
as illustrated in the example in Figure 4.1. Furthermore, the physical design of the
headphones can create a resonant system that artificially enhances low frequencies.
To mitigate these effects and ensure acoustic transparency, it is appropriate to
apply an inverse filter to the headphones. This equalization process aims to
achieve a "flat" response, compensating for the transducer’s coloration and aligning
the playback as closely as possible with the original sound field.

Figure 4.1: Frequency response differences between SP360 and HP360 conditions
in RB02 station.

Furthermore, the data regarding average Sharpness show a variation of ∆Savg =
−0.22 acum. This negative delta suggest a perceptible shift in the spectral balance,
highlighting a different reproduction of the higher frequency components between
the two listening conditions.
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The trends identified in the analysis of the RB01 station remain consistent for
the RB02 data. Despite a reduction in average Loudness with ∆Navg = −5.9 sone,
the LCeq values remain significantly elevated, showing a variance of ∆LCeq = 12.1
dB, as detailed in Table 4.1.

A consistent trend is also observed in the baseline data, as presented in Table 4.1.
In this instance, while the difference in average Loudness is negligible (∆Navg = −0.2
sone), the trends for LCeq and average Roughness (Ravg) remain aligned with those of
the other stations.

However, the analysis yields different results for the virtual environments. As
shown in Table 4.1, a variance of ∆LCeq = −4.34 dB was observed, representing a
notable departure from the spectral characteristics of the 360-degree video scenarios
listened to via headphones.

Another significant factor is the increase in Roughness, with ∆R50 = 0.461 asper.
This is likely attributable to the specific spectral modulations of the synthesized
car engine noise. A similar trend is observed when comparing the Virtual Reality
(VR) baseline to the Alternative Virtual Reality (AVR) intervention.

As detailed in Table 4.1, the AVR scenario shows a negative ∆R50, indicating
a decrease in Roughness that correlates with the programmed reduction in traffic
intensity. Simultaneously, Navg (Loudness) and Savg (Sharpness) values show
evident decreases, despite negligible differences in LAeq and LCeq . This suggests
that while the overall sound pressure level remained stable, the perceived quality
and "aggressiveness" of the soundscape were successfully mitigated by the design
interventions.

Subsequently, a correlation analysis between the psychoacoustic parameters was
conducted. The Spearman’s rank correlation coefficient was selected due to the
non-linear nature of the acoustic metrics and the potential presence of non-normal
distributions in the subjective assessments, as illustrated in the correlation matrix
in Figure 4.2. This non-parametric approach ensures a more accurate evaluation
of the monotonic relationships between objective measurements (such as Loudness,
Sharpness, and Roughness) and the perceived soundscape descriptors.

Since virtual environments were excluded from this analysis to maintain a bal-
anced comparison across all three conditions, it is noteworthy that the headphone
simulations consistently show a high correlation between Navg and LC,eq. This sta-
tistical evidence corroborates the previously analyzed data in the tables, reinforcing
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Figure 4.2: Correlation tables for psychoacoustic parameters divided in simulation
methods.
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the role of low-frequency energy in perceived loudness for this setup.

In the in-field assessments, the correlation between LA,eq and Navg is significantly
stronger. Conversely, Savg (Sharpness) demonstrated greater variability depending
on the specific location, suggesting that spectral clarity in the real world is more
sensitive to environmental context than to overall pressure levels.

In the loudspeaker array setup, correlations are stronger across nearly all param-
eters. This phenomenon can be attributed to the acoustically treated environment
of the laboratory, which minimizes external noise and uncontrolled reflections,
thereby allowing for a more linear and predictable interaction between acoustic
metrics.

These findings provide a fundamental basis for evaluating the correlation between
objective psychoacoustic parameters and the subjective perceptual values derived
from the questionnaires for each experimental condition.

4.2 Subjective parameters comparison
The comparative analysis across all stations and setups, as illustrated in Table
4.3, highlights the BL station as the most consistent location; it was confirmed as
the quietest and most stable environment regardless of the listening configuration.

Generally, a perceptible shift exists between the original in-field conditions
and the laboratory assessments. This variance may be attributed to the sample’s
composition, as a significant portion of the laboratory participants did not attend
the initial soundwalk. This "novelty effect" likely justifies the observed shift in
perception across all evaluation spots.

For the RB01 station, a clear distinction emerges: the real environment listened
to via headphones is perceived as more eventful, whereas the loudspeaker array
reproduction leads to a more calm and monotonous assessment. Overall, RB01
exhibits the highest degree of variability across the different devices and simulated
environments.
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The RB02 station consistently ranks as the least pleasant across all evalua-
tions. The real-world recordings (both via speakers and headphones) emphasize
the eventfulness of the site, though reproduction through the loudspeaker array
was judged as significantly more pleasant than the headphone counterpart.

Within the virtual environments, the VR setup was perceived as the most
monotonous. In contrast, the AVR intervention—which included the fountain and
reduced traffic—shifted the perception closer to that of the real-world headphone
experience, suggesting that the sound design successfully bridged the gap between
synthetic and recorded realism.

All these observations are represented even in Tables 4.10, 4.11 and 4.12.

Table 4.10: Descriptive statistics and ISO 12913-2 attributes for each condition
in RB01.

Condition Count ISOP. ISOE. Pleas. Even. Vibr. Chao. Mono. Calm

IF 27 -0.364 -0.269 1.407 1.889 2.037 2.778 3.481 2.074
HP360 28 -0.155 0.039 2.214 3.107 2.643 3.179 3.286 2.357
SP360 29 -0.075 -0.165 2.310 2.793 2.310 2.483 3.655 2.759

Table 4.11: Descriptive statistics and ISO 12913-2 attributes for each condition
in RB02.

Condition Count ISOP. ISOE. Pleas. Even. Vibr. Chao. Mono. Calm

AVR 21 −0.111 −0.033 2.524 2.905 2.619 2.905 3.333 2.714
IF 16 −0.220 −0.249 2.562 2.062 2.000 2.562 3.562 2.188

HP360 28 −0.072 0.014 2.607 2.929 2.821 3.036 3.321 2.500
SP360 30 −0.189 0.064 2.367 3.200 2.533 3.300 3.533 2.233

VR 36 −0.351 −0.116 1.806 2.750 2.167 3.333 3.722 2.222
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(a) Subjective comparison plot for different
setups in RB01 station.

(b) Subjective comparison plot for different
setups in RB01 station.

(c) Subjective comparison plot for different
setups in BL station.

(d) Subjective comparison plot for differ-
ent environments in RB0 station with head-
phones setup.

Figure 4.3: Subjective comparisons between setups and environments plots.
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Table 4.12: Descriptive statistics and ISO 12913-2 attributes for each condition
in BL.

Condition Count ISOP. ISOE. Pleas. Even. Vibr. Chao. Mono. Calm

IF 14 0.067 −0.212 2.857 2.357 2.286 2.143 3.071 3.143
HP360 29 0.079 −0.126 2.897 2.897 2.586 2.345 3.276 3.138
SP360 28 0.143 −0.073 3.179 3.036 2.821 2.393 3.250 3.107
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To evaluate the perceptual differences across each listening condition, the Mann-
Whitney U test was employed. This non-parametric test was selected to perform
pairwise comparisons between conditions, accounting for the independence of the
participant samples between the in-field and laboratory settings.

As shown in Table 4.13, the results demonstrate a high degree of consistency
across the different descriptors. The absence of statistically significant differences
in several key parameters suggests a linear alignment in the assessment of each
condition, indicating that the subjective perception remained stable regardless of
the specific listening setup used for those descriptors.

Table 4.13: Intra-Laboratory Comparison (HP360 vs SP360): Mann-Whitney U
test results and descriptive statistics.

Attribute HP360 (M) SP360 (M) p-value Inference

Pleasant 2.58 2.65 0.75 Consistent
Vibrant 2.68 2.56 0.51 Consistent
Eventful 2.98 3.01 0.86 Consistent
Chaotic 2.85 2.71 0.48 Consistent
Annoying 2.48 2.34 0.45 Consistent
Monotonous 3.29 3.46 0.44 Consistent
Uneventful 2.92 2.94 0.98 Consistent
Calm 2.67 2.74 0.76 Consistent
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001. M = Mean score.

A markedly different situation is presented in Table 4.14, where several param-
eters exhibit statistically significant differences. The most pronounced divergence
is observed along the Eventfulness axis. This finding may be attributed to the
inherent psychological difference between being in an open, physical space versus
an isolated, simulated environment. The latter often prompts participants to focus
more intensely on specific auditory events due to the lack of external distractions.
Simultaneously, the Vibrant and Annoying descriptors show significant variations,
further supporting the hypothesis that the transition from a real-world setting to
a controlled laboratory environment alters the perceived intensity and character
of the soundscape. A similar trend is observed in Table 4.15, with the most
significant difference emerging in the Pleasant descriptor. This shift suggests
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Table 4.14: In field-In lab Comparison (IF vs HP360): Mann-Whitney U test
results and descriptive statistics.

Attribute IF (M) HP360 (M) p-value Inference

Pleasant 2.09 2.58 0.011∗ Significant Diff.
Vibrant 2.09 2.68 0.0023∗∗ Significant Diff.
Eventful 2.05 2.98 0.0000∗∗∗ Significant Diff.
Chaotic 2.56 2.85 0.14 Consistent
Annoying 3.12 2.48 0.0024∗∗ Significant Diff.
Monotonous 3.40 3.29 0.49 Consistent
Uneventful 3.67 2.92 0.0003∗∗∗ Significant Diff.
Calm 2.37 2.67 0.12
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001. M = Mean score.

that SP360 condition, while maintaining spatial coherence, may alter the perceived
hedonic quality of the soundscape compared to the in-field experience. Such a
discrepancy could be linked to the acoustic characteristics of the laboratory—where
the absence of non-auditory environmental stressors and the controlled nature of
the room acoustics might lead participants to rate the environment as more (or
less) pleasant than the original location, depending on the specific sound sources
involved.

Regarding the RB02 station, a focused comparison between the HP360 (real-
world recording via headphones) and the VR (virtual reconstruction) conditions
was conducted. As shown in Table 4.16, significant differences emerge across the
Pleasant, Eventfulness, and Annoying parameters. These statistical findings
are consistent with qualitative feedback provided by participants, who highlighted
the intrusive nature of vehicular noise in the VR scenario. The disparity in the
Annoying descriptor can be attributed to the constant speed and acoustic emis-
sion of the vehicles within the Unity/FMOD environment; since the cars follow a
predefined path at a constant speed of 50 km/h, they lack the natural fluctuations
and "spectral life" of real-world traffic, resulting in a more persistent and taxing
auditory stimulus. The AVR scenario exhibited further significant departures from
the standard VR condition. As detailed in Table 4.17, the most prominent differ-
ence concerns the Pleasant descriptor. This result was anticipated, as the AVR
environment was specifically designed to enhance participant well-being through
targeted soundscape interventions.
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Table 4.15: In field-In lab Comparison (IF vs SP360): Mann-Whitney U test
results and descriptive statistics.

Attribute IF (M) SP360 (M) p-value Inference

Pleasant 2.09 2.65 0.0052∗∗ Significant Diff.
Vibrant 2.09 2.56 0.013∗ Significant Diff.
Eventful 2.05 3.01 0.0000∗∗∗ Significant Diff.
Chaotic 2.56 2.71 0.38 Consistent
Annoying 3.12 2.34 0.0001∗∗∗ Significant Diff.
Monotonous 3.40 3.46 0.95 Consistent
Uneventful 3.67 2.94 0.0004∗∗∗ Significant Diff.
Calm 2.37 2.74 0.11 Consistent
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001. M = Mean score.

Table 4.16: In lab Comparison (HP360 vs VR): Mann-Whitney U test results
and descriptive statistics (RB02 stop).

Attribute HP360 (M) VR (M) p-value Inference

Pleasant 2.61 1.81 0.0012∗∗ Significant Diff.
Vibrant 2.82 2.17 0.030∗ Significant Diff.
Eventful 2.93 2.75 0.57 Consistent
Chaotic 3.04 3.33 0.31 Consistent
Annoying 2.57 3.31 0.029∗ Significant Diff.
Monotonous 3.32 3.72 0.17 Consistent
Uneventful 2.82 3.56 0.033∗ Significant Diff.
Calm 2.50 2.22 0.38 Consistent
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001. M = Mean score.

Furthermore, the Uneventful descriptor was significantly higher in the VR
condition compared to the AVR one. This finding is corroborated by qualitative
feedback from participants, who noted an improved ability to perceive subtle sounds,

74



Results

such as footsteps, in the AVR scenario. This enhanced auditory clarity is likely due
to the reduction in vehicular traffic intensity, which in the VR model acted as a
dominant masker, obscuring low-level informational sound sources that contribute
to a sense of presence and environmental detail.

Table 4.17: In lab Comparison (VR vs AVR): Mann-Whitney U test results and
descriptive statistics (RB02 stop).

Attribute VR (M) AVR (M) p-value Inference

Pleasant 1.81 2.52 0.0039∗∗ Significant Diff.
Vibrant 2.17 2.62 0.0709 Consistent
Eventful 2.75 2.90 0.6462 Consistent
Chaotic 3.33 2.90 0.1751 Consistent
Annoying 3.31 2.95 0.2314 Consistent
Monotonous 3.72 3.33 0.1362 Consistent
Uneventful 3.56 2.86 0.0300∗ Significant Diff.
Calm 2.22 2.71 0.0720 Consistent
Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001. M = Mean score.

4.3 Comparison between Objective and Subjec-
tive Parameters

To evaluate the correlation between psychoacoustic parameters and participant
assessments, the Spearman’s rank correlation coefficient was employed, accounting
for the non-linear nature of the data.

The dataset was segmented by listening condition to isolate the perceptual shifts
related to specific contexts and setup configurations. As illustrated in Figure 4.4,
several strong correlations emerge across the different conditions (excluding the
VR and AVR scenarios from this specific comparison).

In the In-Field (IF) condition, a robust correlation was found between Pleas-
antness and Savg (Sharpness), as well as between Annoying scores and the other
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psychoacoustic metrics. The SP360 (Speaker Array) condition demonstrated a
strong correlation between nearly all parameters and the Chaotic descriptor, with
the exception of the R50 (Roughness) value.

In the HP360 (Headphone) condition, a specific and significant correlation
was identified between the Chaotic descriptor and the LA,eq, FS50 (Fluctuation
Strength), and R50 parameters. This suggests that in headphone-based simulations,
the perception of environmental disorder is more closely tied to temporal fluctua-
tions and spectral roughness than in other setups.

Comprehensive analyses of the statistically significant correlations are provided
in Tables 4.18, 4.19, and 4.20. These tables highlight again how the listener’s
relationship with the acoustic environment changes depending on the reproduction
system and the physical context.

Table 4.18: Spearman’s significance correlations (HP360).

Parameter (X) Descriptor (Y) rs p-value

R50 Chaotic 0.273 0.010∗∗

R50 Pleasant -0.229 0.032∗

FS50 Chaotic 0.227 0.034∗

LAeq Chaotic 0.220 0.039∗

R50 Calm -0.218 0.041∗

Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001

4.4 Immersivity
A critical factor that cannot be overlooked is the perception of immersivity by the
participants. To evaluate the differences between the real and virtual environments
while maintaining a balanced comparison, the RB02 station was analyzed across
all headphone-based conditions. This approach ensures consistency, as the virtual
environment (VR/AVR) does not include a loudspeaker reproduction setup.

As illustrated in Figure 4.5, notable differences emerge between the conditions.
The Immersivity rating is higher in the real environment (HP360). This disparity
is likely due to the inherent nature of Computer Graphics (CG) in VR, which may
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(a) In-Field condition correlation.

(b) Speaker condition correlation.

(c) Headphones condition correlation.

Figure 4.4: Correlation tables between psychoacoustic and subjective parameters
for each condition.
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Table 4.19: Spearman’s significance correlations (IF).

Parameter (X) Descriptor (Y) rs p-value

Savg Pleasant 0.532 0.0000∗∗∗

LCeq Pleasant -0.401 0.0020∗∗

LCeq Calm -0.371 0.0045∗∗

LCeq Annoying 0.368 0.0048∗∗

LCeq Chaotic 0.272 0.041∗

Navg Annoying 0.271 0.042∗

LCeq Uneventful 0.268 0.044∗

LAeq Calm -0.262 0.049∗

Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001

Table 4.20: Spearman’s significance correlations (SP360).

Parameter (X) Descriptor (Y) rs p-value

Navg Chaotic 0.343 0.0011∗∗

LAeq Chaotic 0.339 0.0013∗∗

LCeq Chaotic 0.337 0.0014∗∗

R50 Pleasant -0.303 0.0044∗∗

Navg Uneventful -0.235 0.028∗

LAeq Uneventful -0.217 0.044∗

R50 Vibrant -0.212 0.048∗

Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001

not always achieve the high-fidelity visual realism of a 360-degree video, especially
in the stylized representation proposed for this project.

Similarly, the Focus rating remains higher for the real environment, whereas
in the virtual conditions, the responses are more widely distributed. Regarding
Audio Fidelity, the real environment recordings were rated more highly than the
synthesized virtual environments.
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Perhaps the most unexpected result is found in the Visual Environment Bias,
where the real environment shows a significant distribution of scores. This could be
correlated with participant feedback indicating difficulty in focusing on a real-world
scene when bystanders or known individuals are visible or looking directly into
the camera, an effect that is absent in the controlled, albeit less "realistic," virtual
reconstruction.

(a) Immersivity rating comparison between
virtual and real environments.

(b) Focus rating comparison between virtual
and real environments.

(c) Audio fidelity comparison between vir-
tual and real environments.

(d) Visual environment bias comparison be-
tween virtual and real environments.

Figure 4.5: Subjective comparisons between setups and environments plots.
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Chapter 5

Conclusion

This research, despite certain discrepancies in experimental setups and participant
demographics, provides significant insights into the ecological validity of soundscape
assessments within immersive environments.

In defining a methodology for the development of Virtual Reality (VR) sound-
scapes, contemporary tools offer a wide range of assets capable of achieving a high
degree of fidelity. However, several factors still require meticulous attention, as
they represent the critical links between virtual and real-world perception.

While various software platforms can effectively manage visual fidelity [20] [23]
and complex physical acoustic features—such as reflections [26], distance-based
attenuation [49], and material absorption—the selection of sound sources and their
synchronization with in-scene animations remain a significant challenge.

This issue was particularly evident in the present research: several participants
expressed perplexity during the evaluation of the VR condition, specifically re-
garding the mechanical fidelity of vehicle sounds. The constant speed and lack of
dynamic auditory feedback were identified as areas requiring further refinement.
This finding is consistent with previous studies that highlighted similar limitations
in procedural or sample-based traffic simulations [21].

Consequently, the fundamental comparison between real-world environments
and Computer-Generated (CG) environments in VR remains a major challenge. It
necessitates a delicate balance between absolute fidelity to the physical world and
the inherent flexibility provided by virtual audiovisual representations.
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The comparison between real and virtual conditions in the assessment of sound-
scapes yielded specific, quantifiable results. The analysis of psychoacoustic data
revealed significant discrepancies, particularly during headphone-based listening
sessions. This gap is likely attributable to the non-linear frequency response of the
headphones, which can introduce spectral differences.

As demonstrated in this study, such effects could be mitigated through the
application of an inverse filter designed to equalize the headphones and achieve a
more balanced spectral content. This finding is closely aligned with established
literature; for instance, the IHTA Park case study [24] emphasizes how headphone
calibration is a prerequisite for achieving high perceptual agreement between in-situ
and laboratory environments.

Closely related to these psychoacoustic variations is the perception of eventful-
ness. Laboratory-based listening elicited more eventful responses from participants,
as the controlled environment appeared to facilitate better focus. However, this
observation must account for the inherent differences between the in-field and
laboratory participant samples; furthermore, it is important to note that these
results do not align with findings from previous research in the field.

As before mentioned, in Virtual Reality (VR) and Alternative Virtual Reality
(AVR) conditions, the results shifted. In the VR scenarios specifically, pleasantness
levels were lower, while annoyance ratings were higher. Participant feedback from
the questionnaires suggests this may be due to the sound and animation selection;
for instance, the specific timbre and constant speed of the simulated vehicles cre-
ated a more disturbing and monotonous environment compared to the real world.
In the AVR condition, however, the implementation of soundscape interventions
successfully re-stabilized these perception levels.

In general, in-field conditions remain perceptually distinct from laboratory set-
tings across most parameters, with the exception of the [BL] station, which showed
consistent results across both environments.

Furthermore, the "immersivity" section of the laboratory questionnaires pro-
vided important reflections. Although the real environment reproduction offered
a superior acoustic simulation, a visual bias was persistent, as it is even reported
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in other researches [16]. Participants reported that the presence of people looking
directly at the camera during the 360-degree recordings was distracting, a bias that
was notably absent in the CG virtual reality environment.

Consequently, VR simulation emerges as a highly flexible and promising solution,
though it demands meticulous environmental modeling [22]. The goal is to find a
"sweet spot" that captures the fundamental elements of a real environment while
leveraging the customization potential of the technology.

Nevertheless, laboratory reproductions of real environments remain a robust
solution for exact representation, even without the ability to control individual
scene elements. As current research confirms, the future challenge lies in creating
integrated solutions that can be effectively applied across transversal fields such as
urban soundscape design.
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Soundscape Assessment Questionnaire

Question Scale

Informed consent I consent

Sound dominance Traffic, Other, Humans, Nature Likert
1-5

Perceived affective quality Chaotic, Annoying, Monotonous, Un-
eventful, Calm, Pleasant, Vibrant,
Eventful Likert 1-5

Overall, how would you describe the
present surrounding sound environ-
ment?

Likert 1-5

Overall, to what extent is the present
surrounding sound environment appro-
priate to the present place?

Likert 1-5

Overall, how would you describe the
present architectural/urban environ-
ment?

Likert 1-5

Overall, how would you describe the
present surrounding sound environ-
ment?

Likert 1-5

Overall, to what extent is the present
surrounding sound environment appro-
priate to the present place?

Likert 1-5
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Soundscape Assessment Questionnaire

Overall, how would you describe the
present architectural/urban environ-
ment?

Likert 1-5

What is the location you are assessing? Rebaudengo, Via Bologna, Other

What is your sex? M, F, Other / I’d rather not say

Age Paragraph

During the assessment, did you notice
any significant differences between the
various listening positions (if there were
any)?

Paragraph

Table A.1: In field questionnaire.
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Soundscape Assessment Questionnaire

Question Scale

Informed consent I consent

Which listening setup are you using? Headphones, Speakers

Which type of environment are you as-
sessing?

Real environment, Virtual environment,
Alternative virtual environment

Sound dominance Traffic, Other, Humans, Nature Likert
1-5

Perceived affective quality Chaotic, Annoying, Monotonous, Un-
eventful, Calm, Pleasant, Vibrant,
Eventful Likert 1-5

Overall, how would you describe the
present surrounding sound environ-
ment?

Likert 1-5

Overall, to what extent is the present
surrounding sound environment appro-
priate to the present place?

Likert 1-5

Overall, how would you describe the
present architectural/urban environ-
ment?

Likert 1-5

Overall, how would you describe the
present surrounding sound environ-
ment?

Likert 1-5

Overall, to what extent is the present
surrounding sound environment appro-
priate to the present place?

Likert 1-5
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Soundscape Assessment Questionnaire

Overall, how would you describe the
present architectural/urban environ-
ment?

Likert 1-5

I felt completely immersed in the vir-
tual environment, as if I were physically
present.

Likert 1-5

The experience was so involving that
I completely forgot about the outside
world.

Likert 1-5

The sounds and audio effects closely
matched how I would perceive them in
real life.

Likert 1-5

The visual environment significantly bi-
ased soundscape assessment.

Likert 1-5

What is the location you are assessing? Rebaudengo, Via Bologna, Other

What is your sex? M, F, Other / I’d rather not say

Age Paragraph

During the assessment, did you notice
any significant differences between the
various listening positions (if there were
any)?

Paragraph

Table A.2: In lab questionnaire.
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