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ABSTRACT

SOUND PERCEPTION IN VIRTUAL ENVIRONMENTS

Dogan, Asli Zeynep
Master of Science, Building Science in Architecture
Supervisor : Prof. Dr. Arzu G6neng Sorgug

December 2022, 227 pages

Virtual environments have been developing for a long time and are changing the
understanding of a space by means of how we design, perceive and use it. This new
understanding of space requires people to adapt by gaining a new type of spatial
cognition that can help people to combine the possibilities of a virtual space with the
physical space they are used to: by making use of their different sensory skills. The
aim of this study is to contribute to the literature on the improvement of the auditory
perception and cognition of virtual spaces used for education, training, and gaming
purposes. This study proposes to offer a realistic representation of soundscapes in
virtual environments according to spatial qualities instead of misleading synthetic
sounds by integrating acoustical simulations with the immersive environment and
questioning the experience of a regular user. The objectives of this study include:
Exploring the virtual environments and soundscape approach in the form of a
literature review, Combining the design, cognition, and perception of virtual acoustic
environments with Schafer’s soundscape idea, Comparing and understanding the
effects of acoustically simulated and immersive virtual soundscape design methods
on auditory perception through changing forms and materials by series of cognitive

experiments. The results revealed that the participants achieve more accurate results



of source-localization, self-localization, and distance guessing in an immersive
environment than in the simulated environment. In addition, they were more aware
of the soundwalk route, spent more time on tasks, and evaluated the experience more
positively in an immersive environment compared to simulations. Despite the
placement of the auralizations from the simulations as sound sources in tested
immersive environments, there is still a lack of auditory representation of spatial
qualities compared to the accurate calculation of acoustical parameters in a simulated

environment.

Keywords: Soundscape, Auditory Spatial Cognition, Virtual Acoustic

Environments, Auditory Perception
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0z

SANAL ORTAMDA SES ALGISI

Dogan, Asli Zeynep
Yiiksek Lisans, Yapi Bilimleri, Mimarlik
Tez Yoneticisi: Prof. Dr. Arzu Géneng Sorgug

Aralik 2022, 227 sayfa

Sanal ortamlar uzun siiredir gelismekte ve bir mekani tasarlama, algilama ve
kullanma seklimizle mekan anlayisimizi degistirmektedir. Bu yeni mekan anlayisi,
insanlarin farkli duyusal becerilerini kullanarak sanal mekanin olanaklarini alisik
olduklar1 fiziksel mekanla birlestirmelerine yarayacak yeni bir uzamsal bilis
kazanarak adaptasyonunu gerektirmektedir. Bu calismanin amaci egitim, oyun
amagl kullanilan sanal mekanlarin isitsel algi ve bilis anlaminda gelistirilmesi
konusunda literatiire katki saglamaktir. Onerilen yaklasim, temelini akustik
simiilasyon ve ¢evreleyici ortamlarin ses manzarasi tasarim yontemleri olarak
entegrasyonu konusundaki arastirma boslugundan almaktadir. Bu ¢alisma, akustik
simiilasyonlar1 sanal gerceklikle biitiinlestirerek yaniltict sesler yerine, mekansal
niteliklere gore gercek¢i temsilini ve kullanici deneyimini sorgulamayi
hedeflemektedir. Bu kapsamda sanal ortamlar ve ses manzarast yaklasimi literatiir
taramasi araciligiyla incelenmistir. Sanal akustik ortamlarin tasarim, bilis ve algisini
Schafer'in ses manzarasi fikriyle birlestirmek, akustik simiilasyon ve cevreleyici
sanal ortamin etkilerini degisen bi¢cim ve malzemeler iizerinden karsilagtirmak
amaciyla bir dizi biligsel deney tasarlanmistir. Deney sonuglari, katilimcilarin

cevreleyici ortamda simiilasyon ortamina kiyasla kaynak konumlandirma, kendini

vii



konumlandirma ve mesafe tahmininde daha dogru sonucglara ulagtifin1 ortaya
koymustur. Ek olarak, katilimcilarin sanal gergeklik ortaminda simiilasyon ortamina
kiyasla daha uzun zaman geg¢irdigi, deneyimledikleri ses yiirliylisii rotas1 konusunda
daha fazla farkindaliga sahip oldugu ve daha pozitif degerlendirmelerde bulundugu
gbézlemlenmistir. Ayrica, test edilen sanal gerceklik ortamlarinda ses kaynagi olarak
simiilasyon ortamindan aliman isitsellestirmelerin yerlestirilmesine ragmen,
simillasyonlarin ~ sagladigi  hassas akustik parametre hesaplamalar1 ile
karsilastirildiginda uzamsal niteliklerin isitsel temsilinde eksiklikleri oldugu

gbozlemlenmistir.

Anahtar Kelimeler: Ses Manzarasi, Isitsel Mekansal Bilis, Sanal Akustik Ortamlar,
Isitsel Alg
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CHAPTER 1

INTRODUCTION

1.1  Background Information

Virtual environments have been developing for a long time and are changing the
understanding of a space by means of how we design, perceive and use it. This new
understanding of space requires people to adapt by gaining a new type of spatial
cognition that can help people to combine the possibilities of a virtual space with the
physical space they are used to: by making use of their different sensory skills. The
existing studies on virtual environments are clearly dominated by the sense of seeing,
which is not enough to result in a convincing immersive environment for the users;
therefore, the research on perception and cognition of other sensory experiences is
increasing nowadays, especially the auditory experience. The research on auditory
perception has been scattered around in many different areas, including medicine,
psychology, acoustic engineering, architecture, and urban design. Bringing a human
perception-based perspective to sound studies, soundscape is mentioned for the first
time in a thesis on urban planning, suggesting that the sonic environment of the cities
should be designed and evaluated. (Southworth, 1967) Later, soundscape emerged
as a research topic after Schafer, a composer and a writer, mentioned it in his booklet
“The New Soundscape”. (1969) The term is explored further in his book “The
Soundscape: Our Sonic Environment and Tuning of the World”. (1977) According
to Schafer, soundscape is a new research topic that aims to bring together separate
study areas of sound that question the relationship between the changing sound
environment and people. The author mentions that the term soundscape is derived
from the landscape and defines it as “any acoustic field of study”. (1977, p.13)
Soundscape research gained popularity in the 1970s after Schafer; however, the

sudden increase in the number of studies was not until the 1990s. Most of them



aiming at noise control in urban areas; a large number of studies have been conducted
on the evaluation of soundscapes until today. The researchers agree that soundscape
is strongly involved with human perception; therefore, the evaluation of it should
include perceptual dimensions in addition to the acoustical parameters.

1969 1998 2019
The New Soundscape, International Congresses on Acoustics ISO 12913-3 Soundscape
R. Murray Schafer Seattle Definition Published
) ) 1967 ) .. 19% 2018
The sonic Environment of Cities, Soundscape, Acoustic Communication and ISO 12913-2 Soundscape
Michael Southworth Environmental Sound Composition, Barry Truax Definition Published
1965 o ) 1990 2014
The Manhattanville Music Curriculum Project Listening and Soundmaking: A Study of ISO 12913 Soundscape
Ronald Thomas Music-as-Environment, Hildegard Westerkamp Definition Published
1940's 1960°s 1970°s 1980’s 1990’s 2000°s 2010%s
1946 ) ) 1973 2006
P: §)’clloac0ust1c Experiments, The World Soundscape Project, Positive Soundscapes Project
Pierre Schaeffer R. Murray Schafer Salford Innovation Centre (SIRC)
1977 2008
The Soundscape: Our Sonic Environment Start of the Standardization Studies
and the Tuning of the World, R. Murray Schafer ISO
1977
Handbook for Acoustic Ecology.
Barry Truax

Figure 1-1 Timeline of the Soundscape History (developed by author)

The studies usually use soundwalks, interviews, questionnaires, and recordings for
assessment. The latest studies also include the recreation of soundscapes in virtual
environments by making use of simulations and auralizations. This approaches
resulted in a tendency to design soundscapes virtually as well. Independent from the
soundscape research, virtual acoustic environments have already been used for
various functions such as assessing building acoustics, rendering of heritage spaces,
restorative purposes, experiential art, blind navigation, and source localization. It is
obvious that virtual environments are engaged with the auditory sense and have

relevant studies on the possible effects on spatial cognition.



1.2 Research Problem & Objectives & Questions

The main aim of this study is to make a contribution to the literature on the
improvement of the auditory perception and cognition of virtual spaces which are
used for education, training, gaming purposes. This study proposes to offer a realistic
representation of soundscapes in virtual environments according to spatial qualities
instead of misleading synthetic sounds by integrating acoustical simulations with the
immersive environment. In addition, the experience of a regular user instead of a
professional will be questioned in auditory simulation environments for design
purposes. The proposed approach arises from the noticed research gap on the
integration of acoustic simulations and immersive environments as soundscape
design methods. The study is also based on the potential of exploring a new kind of
spatial experience with a higher level of immersion by a human-centered and more
time-based design of sound perception, as well as questioning the place of visual
sense that overpowers other senses in virtual environments, which is not inviting or
inclusive for everyone. Exploring auditory spatial cognition is not only going to
enhance the realism of the virtual environments but also aims to strengthen the idea
of universal design by creating virtual environments in which blind or visually
impaired people are considered and can strongly experience the space. The

objectives of this study include:

- Exploring the virtual environments and soundscape approach in the form of
a literature review.

- Combining the design, cognition, and perception of virtual acoustic
environments with Schafer’s soundscape idea.

- Comparing and understanding the effects of acoustically simulated and
immersive virtual soundscape design methods on auditory perception

through changing forms and materials by series of cognitive experiments.

The literature review starts with a short introduction to virtual environments,
immersion, space perception and sensory experiences, and spatial cognition. The

review continues with basic knowledge on definition, terminology, standardization



of evaluation, acoustical parameters, perceptual dimensions, and types of
soundscapes. The soundscapes are further explored in the virtual context, creation
methods, and cognitive aspects. The cognitive aspects are studied by reviewing the
auditory spatial cognition studies on navigation, source localization, and distance
perception. The review is concluded with case studies of soundscape based on VR.
The research continues with an human-perception based experiment process. For the
experiments, virtual soundscape alternatives are designed with changing spatial
qualities: form of the room envelope and material selection according to absorption
coefficient. The perception of these qualities is studied with two different virtual
soundscape design methods. The first method is the auralizations through an acoustic
simulator and the second method is the 3D sound environment in Unity combined
with VR. The goal of the experiment process is to explore the accuracy of the
auditory perception of form and material absorbence and compare two different
methods of virtual acoustic environment design, which are a simulation and an
immersive experience, by means of distance perception and localization and relate

them with the indoor acoustic parameters.
The main questions of this research are:
How can hearing contribute defining a space or conveying spatial information?

What are the objective and subjective parameters of auditory perception in virtual

indoor environments?

How can material selection and form affect the perception of sound?

1.3 Hypothesis

The hypothesis of the study is sound events from the perspective of soundscapes are
capable of defining a space in a virtual environment and conveying spatial
information such as the form, and material difference of the space to the perceiver

through the perceptual and cognitive experience however, the simulated



environments are not enough for accurate perception without the support of

immersive environments.






CHAPTER 2

LITERATURE REVIEW

2.1 Virtual Environments

This study considers virtual environments as the main context of this study.
Therefore, it is defined and explored by three qualities of it such as immersion,

perception and sensory experiences, cognition.

Milgram and Kishino defined virtual environment as one of two extreme ends of the
“virtuality continuum”. The authors offered that while the real and virtual
environments define the boundaries of the continuum, all the inbetween stages are
within the scope of mixed reality which consists of both real and virtual objects. The
author described the virtual objects as objects existing as non-physical essences that
are required to be simulated to be perceived. (1994) Another definition of virtual
environment is “a computer-generated display that allows or compels the user (or
users) to have a sense of being present in an environment other than the one they are
actually in, and to interact with that environment”. (Schroeder, 1996, as cited in
Schroeder, p.2, 2008) Schroeder emphasized that this definition is based on sensory
experience; otherwise, the scope of it would be unclear and might include
independent subjects like dreams or books. (2008) Luciani supports these two
definitions by mentioning virtual environments for needing a computer with the
capability of simulation and transducing that can convert digital imagery into
sensorially or mechanically perceived experiences. The author also mentioned that
virtual environment and virtual reality could have the same meaning if the approach
to the position of the human is the same. (2014) This idea is also compatible with
Zeltzer’s way of understanding the virtual environment, which is based on three
components; autonomy, interaction, and presence. The author claimed that if the

three components are satisfied at the same level, the end result can be called virtual



reality, and to reach this stage, the presence, perception, and sensory experiences of
humans must be deeply explored. (1992) According to Ruberto, VR is an archetypal
occurrence that clearly reshapes the sense of reality by providing a chance for novel
types of “subject-object-concepts.” (Eloy & Kreutzberg & Symeonidou, 2022, p. 9)
The author also mentioned that design should aim to explicate prototypal systems in
VR, by making use of computer programs and gadgets in questioning the reality and

giving rise to the unique perceptual and communicational forms. (Eloy et al., 2022)

211 Immersion

Highly related to presence (Slater & Usoh, 1993), immersion is defined as the level
of ability of a computer to admit a vision of reality to the senses of people in a way
that it is “inclusive, extensive, surrounding and vivid.” (Slater & Wilbur, 1997, p.
604) Mentioned as the most significant aspect of VR, immersion is described as
making the user part of the virtual environment by captivating all of their sensory
perceptions. Accepted as a significant development in technology, VR is used in
several different industries like architecture, engineering, entertainment, military,
and commercial activities. (Lv, 2020) Schipper and Holmes also agree with these
definitions by mentioning that the reason VR and MR tools have been embraced in
design industries lately is the convincing nature of immersion by means of presence.
The authors also add that the implementation of immersion to the scale of
architecture enables designers to better understand what users expect and provide
novel layers to their spatial perception, which results in strengthened wayfinding
with increased awareness. (Eloy et al., 2022) Serafin, Geronazzo, Erkut, Nilsson, and
Nordahl state that even though sound can be highly beneficial for navigating
attention, strengthening the presence, and providing time-dependent participation in
immersive virtual environments, it is not utilized enough in the area of VR. (2018)
Referred as “sense of reality,” the true immersion is still not reached due to the lack
of maturement in IVE technologies by means of affecting all senses of the perceiver.
(Lv, p.4 2020)



212 Space Perception and Sensory Experiences

Perception has several definitions according to different fields. Bagok defined it from
the perspective of psychology field as an inclusive term that consists of the whole
process implemented in order to comprehend the environment and construct a
representation of it in mind. The author also highlighted its relation to sensory
experiences by defining it from the view of cognitive psychology as all activities
conducted in brain aiming to interpret the data coming from the senses. (as cited in
Woloszyn, 2018) Berryhill, Hoelscher, and Shipley define spatial perception as the
process of handling and implementing the physical relationships objects have with
each other, in which the perceiver's own body is accepted as an object as well. (2012)
Makakl1 noted that the use of VR is an outstanding tool for developing the skills for
understanding both physical and virtual spaces, their qualities, thanks to its
immersive, interactive, and imaginative character. It is also stated that, instead of
accepting VR as a simple tool, it should be considered as a platform to generate

unusual spatial experiences and new understandings of spaces. (2019)

It should also be noted that the process of computerization might also result in
devitalizing the impressive abilities of the human brain that can work with all senses
synchronized and giving in to the bias towards vision’s authority over other senses
through the experiencing process of a space. (Pallasma, 2005) Therefore the studies
of virtual environments should not focus on only the visual sense, but all of them

equally.

2.1.3 Space Cognition

According to Angulo and Velasco, the immersiveness of VR raise interest in using
it in many areas since it provides a good quality of environment fidelity. It has been
shown in the experiment conducted by the authors that representation of the design
spaces in VR environment and the act of walkthrough ensured architectural students
to understand spatial relations and qualities better. (2014) Hu and Roberts mentioned



that cognition is heavily dependent on perception due to the fact that it does not occur
without a person to perceive and decipher the environment through the sensory
experience. The authors also add that apprehending a manufactured environment is
not a simple task and requires intricate cognitive activity, including advanced
assessment and selection. As a result, providing a 3D and uncostly environment for
systematic design operations, VR is mentioned to be a valuable tool for exploring
individual responses to the qualities of a designed space. (2020) Damayanti,
Redyantanu, and Kossak’s study revealed that all sensory systems positively affect
the cognition of a virtual space; however, vision and sound are the dominating ones.
(2021)

2.2 Soundscapes

This section aims to define the term soundscape and explore its evaluation, types and
use in spatial cognition by reviewing the significant studies on the topic. According
to ISO 12913-1:2014, soundscape is depicted as; “acoustic environment as perceived
or experienced and/or understood by a person or people, in context”. (International
Organization for Standardization, [ISO], 2014) According to the mentioned
depiction, it can be said that soundscape is not limited to the objective acoustical
criteria; therefore, it requires observers and their individual perceptions to be

highlighted to be understood.

2.2.1 Standardization of Soundscape Assessment

The need for the standardization of soundscape assessment appeared due to the
increase in its use for research purposes. Brown, Kang and Gjestland state that
attempts for standardization of sound perception and preference started by a Working
Group brought together in the scope of ISO/TC 43/SC 1 (2008), which resulted in
disagreements among the participants because of the various backgrounds they came

from. The authors agree that there is a need for the standardization of soundscape
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research, which defines the boundaries of the used methodologies, protocol analyses,
perception dimensions, sound source types, and the data must be collected for
different contexts. It is also added that the terminology to be used must be defined
properly. (2011) 1SO-12913-1-2014 become the most significant step for the
standardization of soundscapes by defining the term and its basic components.
(2014) Later it was followed by 1SO-TS-12913-2-2018, which defined the
assessment criteria of soundscape and the methods for the DATA collection. (2018)
Lastly 1SO-TS-12913-3-2019 was released to standardize the DATA analysis

process of soundscape evaluation. (2019)

2.2.1.1  Terminology of Soundscape

Brown, Kang, and Gjestland claim that there is confusion about term use in existing
soundscape literature due to the lack of standardization; therefore, they offer
“acoustic environment” to be used as a general term for the soundscape studies.
(2011, p.5) According to 1SO-12913-1-2014 and 1SO-TS-12913-2-2018
terminology of soundscape studies are defined as: “sound sources, acoustic
environment, soundscape.” (2014, p.1) and “background sound, descriptor,

foreground sound, indicator, local expert, noise, soundwalk, total sound”. (2018, p.1-
2)

2212 Methods for Assessment

There were different approaches to how soundscapes should be assessed before the
standardizations of ISO. Jennings and Cain (2013) offered a framework for
soundscape assessment based on Kano Model aiming to pursue the potential benefit
of soundscape field in practice. (Kano & Seraku & Takahashi & Tsuji, 1984) It is
designed as three steps such as the composition of soundscape, the evaluation of
soundscape as positive or negative, and the application of Kano model for design

implementations. Accepting soundscape as only a part of an overall perception of
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the environment, this framework suggests that the quality of the auditory perception
varies among the users according to their engagement level and activities. Therefore,
the aim of the soundscape evaluation must serve the positive perception of the whole
space, and it requires starting from basic needs and performative criteria. (Jennings
& Cain, 2013) Kang, Hao, Yang, and Lavia suggested a framework for the evaluation
of soundscapes considering perception assessment with the help of participant
surveys and on-site listening tests in addition to the determination of acoustical
properties such as level, loudness, sharpness, tonality, roughness, and fluctuation
strength. The authors searched for correlations between different variables to provide
a numerical representation for the evaluation of soundscapes. (2015) This approach
supports the multidisciplinary definition of soundscape and offers a common ground

for future studies.
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Figure 2-1 Suggested Research Methodology (Kang & Hao & Yang & Lavia,
2015)

Schulte-Fortkamp supports this idea by stating that the evaluation of soundscape
requires several different methods, which should be capable of measuring the data
from the context, acoustic surroundings, and perception of people. The author also
mentioned that soundscape studies should be interdisciplinary and participatory, not
only including people from different professions like urban design, acoustic
engineering or architecture, but also stakeholders or users of the studied location.
(2018) It is stated that the studies conducted on the psychoacoustic parameters of

soundscapes are reported to have various methodologies, parameters, and




hypotheses. As a result, there is a need for an increase in the number of research in
order to reach a reliable standardization of the evaluation parameters. (Engel &
Fiebig & Pfaffenbach & Fels, 2021)

The studies trying to fit soundscape assessment to a standard are still continuing,
however, the standards defined by I1SO are commonly used for the research.
According to ISO-TS-12913-2-2018, soundscape research must be inclusive of three
main elements such as: “people, acoustic environment, context”. (2018, p.2)
Therefore, it requires a hybrid evaluation strategy that brings together several
perspectives and varying methods of data collection. It is stated that the evaluation
of soundscape must be based on data of individual perception, psychoacoustical
parameters, and acoustical parameters. Soundwalking combined with a
questionnaire or an interview is accepted as the method satisfying the requirement
of individual perceptual data collection, whereas binaural measurements are
accepted as the method for obtaining the psychoacoustical parameter information.
(ISO-TS-12913-2-2018, 2018)

2.2.1.2.1 Perceptual Dimensions

There are two methods widely adopted for analyzing the perceptual dimension
Grounded Theory and Principal Component Analysis (PCA) in the existing
soundscape research.

Axelsson, Nilsson, and Berglund conducted an experiment aiming to standardize the
perception dimensions as an appropriate number and relate them with the physical
acoustic properties and dominant sound sources by using principal component
analysis (PCA) and a listening walk. For the experiment, a variety of urban and
indoor soundscapes are evaluated according to 116 decided perceptual attributes and
their antonyms, which resulted in three main attributes; Pleasantness, Eventfulness,
and Familiarity. The authors also showed that Pleasantness and Eventfulness are

correlated with overall level and variability, whereas Eventfulness is inversely
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related to low-frequency sounds. (2010) For a research carried out in the scope of
Positive Soundscape Project, the grounded theory was used on the protocol study of
the participants after their soundwalk and listening experiment. The research aimed
to explore how participants understand a soundscape and evaluate it as positive or
negative. The research revealed that qualities of a positively evaluated soundscape
are being informative or in line with the behavior of the participants and having a
connection to their memories. By contrast, too loud or inconsistent foreground
sounds are mentioned as qualities that make a soundscape be evaluated negatively.
It is also revealed that calmness and vibrancy dimensions are the most significant
aspects when a soundscape is described. (Davies & Adams & Bruce & Cain &
Carlyle & Cusack & Hall & Hume & Irwin & Jennings & Marselle & Plack & Poxon,
2013) Bilen and Can conducted a research aiming to define an approach for the
assessment and treatment of acoustical comfort from the perspective of soundscape
which tries to explore the level of pleasantness. The evaluation of perception
dimensions is maintained with the soundwalk approach, interviews, and
questionnaires. The perceptual evaluations were tried to be related to the
psychoacoustical parameters measured from the recordings taken simultaneously
during the soundwalk. Thirty different adjective pairs are analyzed with a semantic
differential test and reduced to 19 statistically relevant ones. It is revealed that %85
of the pairs could be explained with Zwicker loudness, %10 with sharpness, and %5
with roughness. (2021)

2.2.1.2.2 Acoustical Parameters

According to ISO-TS-12913-2-2018, for evaluating a soundscape several acoustical
parameters such as: “Equivalent continuous sound pressure
level LAeq,T and LCeq,T, percentage exceedance levels LAF5,T and LAF95,T «
and psychoacoustic parameters such as: “loudness (N), sharpness (S), tonality,
roughness (R), fluctuation strength (Fls) should be considered. (2018, p.3)
According to Engel, Fiebig, Pfaffenbach, and Fels psychoacoustical parameters are
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used by researchers for soundscape studies by looking for the possible relations
between them and the acoustical parameters. It is mentioned that the most used
psychoacoustic parameter in the existing literature is loudness and it is usually
related to sound pressure levels by the researchers as an individualized representation

of the same information. (2021)

2.2.2 Types of Soundscapes

Brown et al. suggested classifying acoustic environments for soundscape research as
outdoor and indoor environments and classified the sound sources accordingly, yet
the parts other than the urban acoustic environment empty were left empty, including
the indoor environment, and rural, wilderness, and underwater environments. (2011)
Early soundscape studies related the term to the landscape. As a result, soundscapes
are strongly associated with open spaces, and urban soundscapes dominate the
existing literature. Ingold argues that the term landscape cannot be shredded into
different senses as if they are separate beings. The author claims that landscape
becomes visual when it is recreated with the tools of visual representation such as
drawings or photos; therefore, the soundscape can only be validated by its recreation
of auditory tools like a recording or a sound art. (2007) For this section, types of
soundscapes are classified according to the space quality and divided into two titles:
urban soundscapes and indoor soundscapes since the other outdoor environments are
out of the scope of this study. According to Aletta and Xiao, there are different
approaches to the scale of soundscape, and it is commonly studied on a large
landscape scale. However, there are a number of studies on building scale as well.
The authors also mention that the researchers working on the sound in indoor spaces
are heavily dominated by the influence of room and building acoustics; as a result,
soundscape approach is not implemented widely. (2018) Axelsson, Guastavino, and
Payne agree and state that most of the existing research focuses on urban parks or
plazas, which do not provide spatial diversity or a wide range of context needed for

standardization and are only helpful for gaining more insight into similar scenes. The
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authors also add that it should be possible to exchange information between different

studies for the research field to expand and develop. (2019)

2.2.2.1  Urban Soundscapes

Urban soundscapes are usually related to noise and evaluated with the soundwalk
method. The studies can mostly be found under the keywords of urban soundscapes,
soundscape assessment, and soundwalk. Hong and Jeon suggested soundscape maps
as a more helpful alternative to noise maps for urban design research and conducted
an experiment aiming to analyze the soundscape of a selected district in Seoul in
terms of spatial dependency. The results revealed that perceived sound environments
could be affected by the adjacent areas. It is also stated that water sound has positive

effects on perception due to the masking of traffic sounds. (2017)

Bahali and Tamer-Bayazit mentioned that soundscape is a way of understanding the
urban acoustic environment with different types of qualities, including physical,
social, or cultural ones. The authors offered a method for the soundscape evaluation,
which consists of three stages. For the first stage, the participants report the sounds
they expect to hear. The second stage includes the silent soundwalking process with
key points, where the participants write the adjectives they use to describe the present
sound environments. For the last step, they fill out a questionnaire on a general
assessment of soundscapes in addition to their perceptions and classifications of
them. The authors applied this process to a route around Gezi Park, and the results
indicated that the park is evaluated as comfortable and positive due to the natural
sounds present. However, the effect of natural sounds was barely noticeable for the
rest of the route. The sound source that affected the route most and was heavily
evaluated as positive was the street musicians. (2017) Pérez-Martinez, Torija, and
Ruiz also used the soundwalking method to evaluate the soundscape of a touristic
location from the perspective of dominant sound sources. It is revealed that if the
most dominantly perceived sound is depicted as a pleasant sound by the listeners,

the overall perception quality of the soundscape gets higher. The authors also agreed
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with previously mentioned studies by stating that natural sounds, especially the water
sound, were perceived positively. In contrast, the human sounds created by a crowd
are perceived as negative aspects of a soundscape. (2018) Mancini, Mascolo,
Graziuso, and Guarnaccia also believed that soundscape is a convenient approach to
environmental noise assessment and tried to compare the sound pressure level and
the perceptual attributes in a university campus to prove that physical attributes
might not be enough for noise detection. The study confirmed this idea and showed
that there are some locations that are affected by the traffic noise but evaluated
positively; therefore, it can be said that the areas with high sound pressure levels are
not always perceived negatively. The authors add that natural sounds helped to mask
the unattractive car sound and were evaluated positively. Unlike Hong and Jeon, this
study found that human sounds are depicted as pleasant and vibrant in the studied
context. (2021)

2.2.2.2 Indoor Soundscapes

Dokmeci-Yorukoglu and Kang presented a framework for the evaluation of indoor
soundscapes suggesting that the parameters of outdoor soundscapes would not be
sufficient for indoors. The authors claim that in order to explore the research area of
indoor soundscapes, there is a need to be fed by both urban soundscape approaches
and room acoustics since architecture also becomes involved with the sound
environment. The framework includes three parameters such as: “built entity, sound
environment and contextual experience”. (2016, p. 204) The framework is tested on
several library contexts, and it resulted in proof of the effect of spatial organizations
on psychoacoustical parameters such as sound pressure level and loudness. (2016)
Yilmazer and Bora suggest that the existing standardization of soundscape studies is
not valid for indoor acoustic environments and there is a need for more studies to be
conducted for its standardization. The authors carried out an experiment aiming to
look for possible relations between the space enclosure level and spatial recognition
through sound perception. The experiment consists of the recordings of each space
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collected through a soundwalk and presented to the participants in a laboratory
environment with headphones followed by a questionnaire. The results of the study
showed that auditory perception is dependent on spatial quality since the participants
were not able to recognize the closed and semi-open spaces through only auditory
data, unlike they did for the open space. Therefore, it is mentioned that the evaluation
of sound perception might require new parameters unique to indoor conditions.
(2017)

Having a similar approach to Jennings and Cain (2013), Acun, Yilmazer, and Orhan
evaluated the indoor soundscape as positive, negative, and neutral in relation to the
expectations of the users from the function of a space. They suggested that if the
architectural qualities and the auditory elements are in line with the expectation of
the perceivers from the building function, the positive evaluation of the soundscape
can increase. (2018) Analyzing three more indoor soundscapes and interviewing the
users, Yilmazer and Acun supported the idea that people have similar expectations
from the design of a soundscape as they do from a physical space. Moreover, they
claimed that it is possible to create a lively environment that maximizes the
experience of the users by sound if it is used correctly. The authors highlighted that
the context and the function of a space crucially affect what is expected from a
soundscape and which sounds are preferred. (2018) Torresin, Albatici, Aletta,
Babich, Oberman, Siboni, and Kang conducted an experiment aiming to test the
reliability of perceptual evaluation models for indoor spaces. The case study was a
living room of a residential building that is affected by both interior sound sources
and exterior sound sources coming from the urban context filtered by the window.
Alternative soundscape arrangements are recorded binaurally and presented to the
listeners. The participants evaluated them according to 97 perceptual attributes, and
this number is reduced to main three attributes by PCA (principal component
analysis), such as comfort, content, and familiarity, similar to the previous studies
on urban soundscapes. The suggested evaluation system included a main axis of
comfort and content (%87 variance) and a secondary axis of privacy and

engagement. The results revealed that a desirable soundscape for an indoor living
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room would be perceived as comfortable and rich by means of content, a neutral
soundscape would be annoying and lack content, and an unwanted soundscape would
be annoying and has dense content lastly, a private and controlled soundscape would
have both comfort and emptiness. It is revealed that loudness affected comfort
negatively, and overall variability affected content positively. In addition, content
heavily dependent on external sources or internal music and comfort was negatively
influenced by outdoor traffic noise and technological or HVAC sound. (2020)
Ercakmak and Dokmeci-Yorukoglu claimed that the standardization of ISO is aimed
at urban soundscape research and there is a need for developing a methodology for
indoor soundscape research and its application in practice. The authors offer that for
the evaluation of an indoor soundscape, architectural characteristics should be
examined in addition to people, context, and acoustic environment and tried to
associate them with the design phases. These characteristics are described as
properties that can affect the sound and its perception and are examplified as
function, spatial organization, surface openings, material selection, construction
properties, etc. They also mentioned that classification of a sound source in terms of
being an interior or exterior source might gain importance. (2021) Jeon, Jo, Santika,
and Lee agreed with Dokmeci-Yorukoglu and Kang’s approach and tried to combine
it with visual parameters and looked for possible audio-visual relations. The authors
used several open-plan office environments created with VR tools as the visual
context, which is combined with soundscapes simulated according to the
measurements of sound pressure levels from on-site recordings. The 3D model of
the offices is created and processed with ODEON, in which the materials and
acoustical properties are implemented. The participants semantically evaluated the
auditory environment by the words loud, variable, and reverberant and the visual
environment by bright, orderly, and wide. The overall quality was assessed based on
privacy, preference, and work. The study revealed that keeping the reverberation at
the minimum level and maintaining a calm environment have positive effects on both
work satisfaction and work performance. It is also mentioned that better visual

conditions can enhance the satisfaction from the soundscape and speech privacy; as
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a result, the design of the soundscape and visual conditions should be considerate of
each other. (2022)

2.2.3 Virtual Soundscapes & Creation Methods

Virtual environments, mainly VR and AR, become important tools for the creation
of experiment scenes. These tools are also accepted in soundscape studies and used
for the reconstruction of sound environments virtually, aligned with Schafer’s
definition of soundscape, which can be the sonic environment of a particular place
or even a recording. (Schafer, 1977) Johnson claimed that virtual worlds could be a
significant base for creative thought, real-time experience, and novelty to intertwine
the synthetic and natural soundscapes into an absolute adventure. The author also
added that it could be a tool for removing the limits of time and space and offer an
environment for a virtual soundwalk. It can enable the participants to develop an
acoustical awareness of the existing sounds around them that they normally do not
focus on or experience soundscapes that they cannot reach due to the lack of

opportunity. (2018)

Hong, He, Lam, Gupta, and Gan suggest that the use of VR and AR tools for
soundscape research keeps increasing thanks to their capability of precisely

representing the visual and auditory scenes for perception. (2017)

Reproducing acoustical settings virtually is mentioned to strengthen the capacity of
soundscape assessment by means of an accurate inspection of external and
independent factors. It is stated that the artificial nature of these acoustic
environments gives the opportunity for exploring the cause-effect-based
involvements between dependent and independent factors. Nevertheless, the
virtuality raises hesitations on the issue of ecological validity. (Hong & Lam & Ong
& Ooi & Gan & Kang & Feng & Tan, 2019) Hong et al. suggested that the result of
their experiments where the real and recorded soundscape are compared revealed

that no remarkable disparity between the two is found in terms of perceptual
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attributes and source dominance. However, it is reported that the perceptual distance

was higher in the artificial soundscape compared to the on-site version. (2019)

In order to understand virtual soundscapes, it is crucial to be familiarized with the
methods and tools used for their creation. The scope of virtual acoustics is mentioned
to include modeling of the source, the receiver, and the delivery medium. (Savioja
& Huopaniemi & Lokki & Viaanédnen, 2005) Serafin et al. suggest that the devices
and softwares for accommodating an immersive and interactive acoustical
experience have shown significant progress in the last few years. Speakers and
headphones are mentioned as the frequently used devices for transmitting sound
immersively, and the headphones have the advantage of managing binaural hearing
precisely and leaving out the undesirable sounds of the environment. Nevertheless,
the perception of sound might become abnormal due to the proximity to the ear and
the confusion of sound location as from inside or outside of the head. HTRF systems
also can be used for a realistic hearing experience. (2018) There are three main
methods for soundscape creation in virtual environments explored in this study:

recording, simulation, and auralization.

2.2.3.1  Recording

Recording is one of the methods used in soundscape studies aiming to carry out
controlled experiments. Sound is mentioned to be inseparable from its source,
location, and the time it occurred, whereas recording takes out the sound from its
context and highlights it as an object. (Solomos, 2018) Davies, Bruce, and Murphy
questioned whether a soundscape could be correctly reproduced in a laboratory
environment for perceptual evaluation or design, suggesting that there are not enough
tools for designing a soundscape compared to the visual ones. The authors conducted
an experiment by recording several locations and reproducing them by using a spatial
audio system for participants' evaluation. The results revealed that the participants'
judgments are in line with each other for different locations and the on-site

experiments; therefore, the use of ambisonic reproduction is trustworthy for
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assessing the perception dimensions of a soundscape. (2014) Hong, He, Lam, Gupta,
and Gan add that in order to reach a precise perception of an acoustic environment,
timbre and spatial qualities of a recording should be determined carefully, which
depends on the devices and methods used for reproduction. (2017) According to ISO
12913-2, there are two frequently used sound reproduction methods in soundscape
experiments, such as binaural and ambisonics. (International Organization for
Standardization, [ISO], 2019) Binaurals are mentioned to be effective for immersion
and fidelity, even though the recordings with them are created in a stationary manner
without individualized HTRF's. (Hong et al., 2019) Gerzon defines ambisonics as a
technic for recording and duplicating a field of sound surrounding 360 degrees,
which means it has the ability to engage all directions incorporating height and depth
as well around a point source located in space. (Hong & He & Lam & Gupta & Gan,
2017)

2.2.3.2 Auralization and Simulation

Soundscape simulation is depicted as a tool that makes adjusting a given soundscape
or generating a new one possible with the help of several indicators aiming to explore
how preference and perception affect the sound environment. (Bruce & Davies &
Adams, 2009) It is observed that simulation and auralisation are used in a similar

manner in the reviewed literature; therefore, it is better to compare their definitions.

According to Vorldnder, auralisation is one of the base keywords of acoustic VR in
addition to the simulation and spatial sound reproduction and describes it by the
auditory version of visualization, which has a perceivable sound as the end product.
The author defines auralisation as “the technique for creating audible sound files
from numerical (simulated, measured, synthesized) data.” (2008, p. 103) It is also
claimed that auralisation is a significant development for the analysis, synthesis,
speculation, and evaluation of sound environments, since understanding a sound
event is only possible when one is engaged in a whole experience including more

than one sense with respect to the characterization and perception of a sound.
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(Vorlénder, 2008) Lundén, Gustin, Nilsson, Forssén, and Hellstrom agree by stating
that auralisation is a useful tool for the design of acoustic environments in a
participatory manner from the earlier stages since it can solve the problem of
communication between the professional and unprofessional by using 3D models for
evaluation. (2010) Hong et al. support this idea by accepting auralisation as a post-
process that can spatialize the simulated sound sources and add that it helps the
reproduction to be more realistic and capacious. (2017) Sudarsono, Lam, and Davies
claimed that on-site experiments and acoustical reproduction lack the variety and
control of individual sound sources in addition to their impact on the soundscape and
perception; thus, they suggested using an acoustic environment simulator. The
authors experimented with the simulator by allowing participants to insert and
remove static or moving sound sources and reveal the relations between sound
objects and perceptual dimensions. Moreover, they feed the simulator with the
numerical model of the found relations and get it to predict the perception of given

urban soundscape composition. (2017)

2.2.4 Spatial Cognition with Soundscapes

Pallasma states that being independent of the directionality and giving a sense of
interiority, the sound is capable of enhancing the cognition and experience of a space.
(2005) Several experiments were conducted in existing literature questioning spatial
cognition with the use of sound. However, it is observed that these studies usually
do not have soundscape as a keyword, even though they use the elements of it
without naming them. Keynotes, signals, symbols, and soundmarks are mentioned
as the essential parts of a soundscape and are preferred to be mentioned as sound
events, which gain their meaning with time, interactions, and context. (Schafer,
1977) Nevertheless, the use of sound in the existing research on spatial cognition
usually is in the state of being a sound object, a “laboratory specimen” (Schafer,
1977, p. 121), and does not strongly act as a part of a whole system. It is stated that
the mood and the memories of participants heavily affect the understanding of
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soundscapes; therefore, soundscapes are mentioned to be strongly related not only to
basic perception and physical acoustic dimensions but also to high-level cognitive
activities. (Davies et al., 2013) As a result, it is not wrong to claim that the integration
of the soundscape approach would strengthen the auditory spatial cognition topic.
There were two dominating experiment topics in the literature for auditory cognition

which are included in this section: source localization and navigation.

2.2.4.1 Navigation

Navigation studies are usually aimed at blind people and can be found under the
keywords such as auditory perception, spatial audition combined with visual
impairment, or blindness. Most of the related studies use auditory landmarks for
navigation or orientation, but they do not use the term soundmark as a keyword like
mentioned before. According to Voss, a space can be understood through three
dimensions by means of spatial audition such as horizontal, vertical, and depth. The
horizontal dimension is mentioned as the one that is usually associated with
navigation and location intentions; therefore, it is the most frequently chosen as a
research topic. (2016) Viaud-Delmon and Warusfel conducted a study in which,
boundaries of the experiment scenes and landmarks in them are created by sound
elements. The choice of sounds which are a cicada, a male talking, and a piano, is
made aiming for them to be easily distinguishable. Wireless headphones were used
for rendering of an auralized virtual acoustic environment updated according to the
movements of the participants. 11 participants explored six alternative scenes
constructed by sound and tried to find inaudible hidden objects by navigating
themselves by the surrounding sound elements. Alternative scenes are used to
challenge the participants by changing the distances between the landmarks,
removing or rotating landmarks, and replacing landmarks with each other. The
success of the task is evaluated by search time, path length, and the number of
boundary crossings. Rotation and replacement of the landmarks increased the search

time significantly, whereas removing one did not cause significant change. The
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results revealed that it is possible to find a target without making use of any visual
information; moreover, the search time decreased through the repetition of trials in
general, showing that participants started to learn to navigate themselves better with
more experience. It is also emphasized that auditory cognition enables perceivers to
create an allocentric representation of space since they are open to relying on cues
that are out of vision and touch. (2014) Even though this study mentions the word
soundscape in the text, they do not include it as a keyword or use it effectively for
the experiment scene design. Another research also hypothesized that sound is a
useful tool for navigation and reorientation tasks due to its ability to transfer
information from a distance without the need for touch and is more flexible by means
of traveling around surrounding objects. Aiming to test their hypothesis, the authors
directed an experiment where 24 participants were instructed to find an object within
the given scene by only using their sense of hearing. Later they were disoriented by
rotating and asked to find their way back to the object's location to put it back. The
study resulted in a reliable success rate of wayfinding by sound, even if there are
ambiguous sources. It is also mentioned that using a rhythmic sound instead of a
continuous one that can blend in the environmental sounds helped the participants to
encode the scene better. (Nardi & Twyman & Holden & Clark, 2020) The
consideration of environmental sounds could be one of the turning points for these
studies to become a soundscape studies if explored with more depth. Unlike the
previously mentioned research, Woloszyn brought together the terms soundscape
and spatial cognition in an experimental navigation study in VR aiming to
reconstruct an existing soundscape in an immersive environment for community
evaluation by planting existing sound sources to the virtual model with respect to
their hierarchical relations with each other and time. The method used is mentioned
as virtual soundwalking in a worldline which supports the anthropocentrism of a
space. It enhances the variational qualities of a soundscape by creating the
opportunity for personal choices of movement, perception of comparable distances
between sources from the scale of a human, and time-based interactions. (2018) Even

though this study takes auditory cognition one step further by means of integrating
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soundscape, the understanding of soundscape is an extension of a landscape, which
does not provide much for indoor spaces or sound-based spatial design. Aiming to
test the reliability of auditory navigation without any visual stimuli in VR
environments; Fialho, Oliveira, Filipe, and Luz designed an experiment setting
called "Soundscape VR". (2021, p.3) It works with a head-mounted display
combined with a game engine and uses 3D sounds for spatial navigation. The
experiment was conducted with different difficulty settings, which included a
crosswalk simulation, an object location with obstacles, and wayfinding in a maze.
3D sound provided by the headphones of the VR set was based on echolocation and
represented the distance of an obstacle or an object. The performance of the
participants was evaluated according to the time spent on the task, the number of
times they hit an obstacle, and the number of prompts given during the task. The
research results showed that the developed setting is a qualified tool for the aim of
the research. It is also revealed that the performance of the participants showed an
increase over time, affected by their experience and familiarity with the tasks. (Fialho
& Oliveira & Filipe & Luz, 2021) Nardi, Carpenter, Johnson, Gilliland, Melo,
Pugliese, Coppola, and Kelly's study questioned whe