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Preface

This master thesis is the �nal part of the education “Sound and Music Computing”
at Aalborg University, Campus Copenhagen. The thesis was planned, conducted
and written during the �rst half of 2025. The aim of the master's thesis is to
explore the possibilities of using sounds of the environment to reduce the negative
aspects of sounds that could be perceived as bad, unwanted or could be somewhat
improved. The project is a culmination of projects conducted during the �rst 3
semesters, as well as my work as an audio engineer and my artistic practice.

The idea of converting sounds into other sounds began as my �rst mini project,
and was developed during the remainder of my education, culminating in this
thesis. The concept of Environmental Noise Conversion was rewritten into an
article, with Dan Overholt as my cowriter, in the late summer of 2024. The paper
has now been accepted after peer review for publication in “The International
Journal of Music, Science, Technology, and Art”. Dan Overholt has also throughout
my studies been my supervisor in all the different iterations of the project, as well
as in this �nal thesis.

I wanted to do 3 things with this thesis, which in hindsight was a bit ambitious.
1. I wanted to investigate, improve and introduce ENC as a methodology

in a real-world setting, using speaker rather than headphones for the converted
soundscapes. I wanted to show how often overlooked noise problems could be
approached systematically and artistically, and that this could solve problems of
different degrees of severity.

2. To enable the scaling of the project, I therefore aimed at making the method-
ological approach in compliance with ISO 12913 standard. A second reason was to
position myself as an in a way that I after sort of soundscape specialist consulting
engineer. This is also why I during the semester joined the start-up program at
AAU, to push myself in this direction.

3. As I during my internship at 103aps, had developed an analytical assessment
model, I wanted to use this model in my thesis. That would require me to further
develop the model, so it would be implemented and used.

During the semester I also completed an online course in soundscape compo-
sition, from Simon Fraser University, with Berry Truax. I did this as I wanted

vii



viii Preface

to get a better insight into how soundscape could be used in compositions. For
most of the �rst month of the semester I was therefore busy studying soundscapes,
while I was preparing to present the initial paper on ENC, as part of a conference
in Italy. During this time, I also met with some employees of Museum Kolding
and discussed how my project could use one of their exhibitions as a case for the
implementation of ENC. I had formerly worked with creating sound designs at a
museum, and thought that this aspect would further help me in positioning myself
as a specialist after my exams. I would like to thank the employees of the museum
for letting me play, and explore their work. Likewise, I would like to thank Dan
Overholt, for keeping me inspired when I was stuck, and for all the nice things he
said to keep my morale up, when the stress of the ambition of the thesis peaked.
While learning and working is worthwhile, it wouldn't be fun without the love and
support from my girlfriend. Likewise, thank you to my toddler at home for all the
hugs, laughs and playful moments.

Nikolaj Gerlach
Aalborg University, May 26, 2025

Nikolaj Gerlach
<nikolajgerlach@proton.me>
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Part 1

Introduction

There are sounds all around us. Some sounds we notice, others we do not. These
sounds are the soundscape. Some soundscapes are dominated by beautiful sounds,
others by noise. Noise has a severe effect on our health, general well-being, and
productivity, which affects all life forms [1] & [78, pp. 610–632].

This thesis introduces Environmental Noise Conversion (ENC) as a methodol-
ogy, to analyse why some sounds �t to some situations better than other sounds. It
investigates how the sounds of noise can be converted to be perceived differently.
When ENC was �rst introduced by the author in collaboration with Dan Overhot
[53], it was mainly philosophical. This thesis aims to improve the initial concept
by de�ning it as a methodology of analysis, and how this analysis can be used to
convert soundscapes, to enhance speci�c contexts.

ENC is presented as a methodology to address all manner of noise problems.
from small to large by following the same analytical cross-disciplinary approaches
to understand the sounds and context. To accomplish this, the thesis investigates
how to understand and enhance the soundscape of an exhibition of a prison cell
5. The exhibition provides an interesting case, as traditional acoustical treatment
cannot solve the problem, as the room is the artifact of the exhibition.A second
reason for this case is that it has a clear aim in its exhibition design, which makes
it easier to evaluate if solutions are successful. While these sounds might seem in-
signi�cant compared to problems caused by the noise of traf�c, this thesis argues
that the analysis of the smaller problems is found the same way as those of more
severe problems. Finding solutions through this analysis is similarly achieved,
even though the solution might be different, identifying and achieving them could
be similar. To understand how the problems of environmental noise are generally
assessed, and de�ned by laws, the thesis investigates the requirements of the ISO
12913 series [152], [153] & [151]. This ISO standard is currently the main docu-
ment that policy-makers must consult, and how it de�nes and understands the
assessment of soundscapes is a valuable tool, to validate the approaches of the
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4 Part 1. Introduction

methodology of ENC.
These aims form the research question: “How can Environmental Noise Conver-

sion, as a methodology, be applied to understand and enhance site-speci�c experiences of
soundscape?”.The subordinate question: “How can international standards be used as
guidelines to ensure validated data collection”.

1.1 Theoretical and Methodological Foundation

The �rst part of the thesis explores the general area of research of noise and sound-
scape assessment, and how others have used noise as part of an artistic practice
2. This is followed by diving into the theoretical aspects of sound, sound mea-
surement and the requirements and de�nitions of ISO 12913 3. This section covers
both the aspects of sound, and the aspects of how sound is heard, and how it
affects emotions. It lastly explores the theoretical context of a modern museum
exhibition, and how generally use sound, and are affected by noise. The method-
ological part of the thesis begins by de�ning the methodology of Environmental
Noise Conversion 4. This is then followed by an elaboration of the methodological
requirements of the ISO standards. As a model for collecting holistic data on the
subjective experiences of soundscape perception, the thesis introduces the model
of HEARSEPTION (or “Holistic Evaluative Assessment and Rating of Soundscape Ex-
perience and Perception - Tuning ISO and Optimizing Normalisation”.). The model is
made by the author to speci�cally address the issue that no standardised model
exists for assessment of soundscapes, and especially not one that is easy to imple-
ment, and can be used holistically. That is, it can be used by a multitude of people
with different skill sets, in a multitude of different settings. The methodological
part of the thesis ends with an introduction to different methods of design, such as
masking, that can be used in the iterative process of creating solutions to the noise
problem of the exhibition.

1.2 Case Study and Implementation

Part 5 5 introduces the case of “Zelle 2”, a preserved Gestapo cell, that is used as
the main artifact of a museum exhibition. It explores the setting and context, as
well as exploring the noise problem of the exhibition. It explains that it is a modern
experience design, where the main narrative elements of the exhibition are made
using multimedia, and shows how the noise problem is a common problem.

Parts 6 6 and 7 7 of the Master's thesis presents the implementation of ENC as a
methodology. The �rst part of the implementation analyses the case from the three
different aspects of using ENC as a methodology. The �rst aspect, The Engineering
Approach, is used to analyse the physical properties of the room, by following
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requirements of ISO 12913. It does so by identifying, among other things, sound
sources and measuring SPL and RV60. In this part, it is shown that following the
requirements of the ISO standards, is not straightforward, and explains why some
requirements were not followed, due to, among other things, the quality of the
used equipment. The second aspect of ENC, the Soundscape Approach, is then
used to analyse the context of the exhibition and how the soundscape is assessed.
To get insights into what emotional response would �t with the experience design
of the exhibition, an interview with one of the curators, as well as analysing the
narrative and other material of the exhibition. It observes the intended mood as
sombre, depressing and anxious, made with the intent of relating the guests to the
emotions of the prisoners, and guards. But always with respect for the individual
stories of the prisoners, and the cell as a historical artifact. To understand how
the soundscape is assessed, a lab test using a recording of the soundscape of the
cell is made using HEARSEPTION. A second experiment was conducted at the
exhibition using HEARSEPTION was conducted, but too few people participated
for the data to be valuable. The analysis indicates that it is characterized as neutral,
neither stimulation of positive nor negative emotions, and thus not stimulating
aesthetic qualities. The �nal aspect of ENC, “the Artistic Approach”, is then used
to collect the �ndings of the previous analysis, and investigate what parts of the
physical sound in the room, should be converted, and how, to enhance the mood
of the exhibition. It de�nes a set of design requirements, and tools that should
be used to create solutions. It generally aims at using the aesthetic ratings from
HEARSEPTION, as goals for the implementation.

The second part of the implementation creates 3 solutions with different aims.
One solution is made by abstracting the content of the soundscape based on the
found physical aspects. The second solution supports the narrative by transform-
ing the soundscape into rain, using a mixture of samples and a pseudo-physical
model of rain. Using the soundscape of the cell to create the synthetic rain, as
well as controlling a resonating �lter of the sampled rain, to mask the most prob-
lematic aspects. The third solution uses music played on a piano tuned to the
frequencies of the room, to support the mood, by speci�c chord progressions and
ways of playing. It likewise uses a manipulated version of an impulse response
of the room, to create a convolution reverb that enhances the reverberation of the
room, to create an atmosphere. The recording of the piano is then used to create a
pseudo-generative soundscape.

1.3 Results, Discussion, and Conclusion

The solutions are then evaluated in Part 8 8 in three steps. Firstly, they were im-
plemented within the exhibition, and it was concluded that they all succeeded
in masking the soundscape of the cell as they intended. Secondly, the converted
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soundscapes were self-assesses using part of an evaluation made using HEARSEP-
TION. The data from HEARSEPTION are triangulated to �t within the framework
of the Pleasantness/eventfulness model [8]. It concludes that all the solutions are
improvements of the original soundscape. The second evaluation was designed
using an online collection of assessment using HEARSEPTION. This assessment
showed that all the solutions changed, but only the rain and the piano solution
succeeded in changing the aspects of aesthetic as they intended. It argues that the
abstracted solution still succeeded, though not as successfully.

In Parts 9 9 and 10 10 ENC as a methodology is discussed and suggestions
for improvements are made. It argues that the solutions are not yet ready for
implementation, as some aspects, such as sound from guests, are not yet addressed.
The thesis argues how ENC makes soundscape assessment more accessible, and
addresses some complications of the ISO standard, such as making it dif�cult to
conduct the required measurements without a considerable budget and a team of
experts in various �elds. It also argues how ENC is an improvement to current
methodologies of working with soundscapes, as it supplies a framework that aims
at solving problems, rather than addressing them. Finally, it is commented that the
methodology, as presented in this thesis, has a primary focus on the Engineering
Approach, and that future iterations should be made with focus on the other two
approaches. Likewise, it argues that to fully understand if ENC can be used to
address noise problems of different scales, different implementations and cases
should be conducted.

The �nal part 11 summarizes the �ndings and concludes that ENC as a method-
ology can be used to address environmental noise problems, by following the
threefold approach of analysing soundscapes, investigating what aspects of the
soundscape can be used to convert it, and use this to connect the converted sound-
scape to the general desired for mood and context of the speci�c site. It further-
more concludes that HEARSEPTION as a model of analysis of subjective data on
soundscape, works as intended, and has the possibility to be a valuable tool for
soundscape assessment in general. The thesis ends by concluding that Environ-
mental Noise Conversion can be used to analyse and create solutions, in a multi-
tude of projects and budgets.



Part 2

Related Research

As this thesis has a broad and cross-disciplinary aim, it relates to multiple research
areas. This part provides a general overview of the most important related work.

2.1 Converting the Environment

Environmental Noise Conversion (ENC) was �rst presented by the author, together
with Dan Overholt, in [53]. The paper presents ENC to address noise problems by
using aspects of sounds to create new sound. Two prototypes, both based on head-
phone listening, were presented. Prototype 1 changed environmental sounds into
abstract ambient music inspired by Brian Eno's Discreete Music [39]. The second
prototype implements ENC as an addition to ANC (Adaptive Noise Cancelling),
and converted it using a combination of subtractive synthesis and generative mu-
sic methods. The introduction of ENC argues that there are 3 general approaches
to working with the sounds of the environment. The approaches are Engineering,
Soundscape studies, and Artistic. The paper argues that while each approach indi-
vidually addresses only some problems, combining them discovers new solutions

ENC builds on the theoretical framework that all sounds can be interpreted as
music. Russolo was the �rst to categorise and build speci�c instruments to produce
“noise” as part of his futurist artistic practice [122], & [130]. Cage explored how
by changing perspective will make people listen to sound as music, if they expect
music [138] & [132]. Pierre Schaefer theorised that as sounds can be recorded,
they can be used and manipulated to make music, and expanded the boundaries
of what could constitute an instrument [55]. Murray Schafer theorised that if all
sounds can be perceived as music, the sounds that society creates are part of a
composition he termed soundscape. ENC builds on this and states that we must
investigate how environmental sounds, can be used to make better soundscapes
by real-time manipulation.

The general theories of soundscapes, in this thesis are based on the de�nitions

7
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of ISO 12913, but are also closely related, and aware of to the general research
in the �eld. This research has some differences from the de�nitions of the ISO
standard, which will not be elaborated in this paper. Except a general introduction
added to the appendix J.0.1.

2.1.1 Previous Conversion

Using the sounds of the environment, as mentioned earlier, is not new. Belgio-
joso [12] investigates how different artists used environmental sounds, as part of
sound installations in the urban environment, combined with an architectural per-
spective of urban planning. He mentions artists such as O+A, whose work Lost
Neighbourhood (1993) used differently sized tubes to alter zoo sounds and play
these recordings in real-time in a city square where such sounds were foreign [12,
pp. 66–67]. Contemporary examples of how soundscapes are used in compositions
can be especially found in the �eld of soundscape composition. The main purpose
of these is to use the sounds of the environment to create composition, that con-
vey something about the speci�c soundscape. Truax documents his compositions
and discusses and researches his methods and techniques. An example is a paper
from 2002 [165], that explains his development of specialization and granulation
techniques.

There are many examples of artists that make music of the environment. A fa-
mous example is “I'm sitting in a Room” by Alvin Lucier from 1969 [146, pp. 107–
108]. Lucier placed a microphone and a speaker in a room, and connected it to tape
recorders. One recorded the sound of the room, after a while it played the record-
ing, while the other tape recorder recorded. This process was looped, the more
times the loops were made the more enhanced the resonant qualities of the room
became the apparent, until they were all that could be heard. More contemporary
sound art is works such as “Augmented Aiplanes” by Julie Østengaard [178]. The
piece was a site-speci�c concert which uses the sound from an airport as input to
manipulation, that is the basis of a composition. Another example is the works of
Jacob Kierkegaard, such as “Though the Wall” [ kirkegaard_through_nodate ]. In
this piece, Kierkegaard used sensors to enhance the vibrating qualities of the wall
separating Israel and Palestine. The augmented sound was then played inside a
concrete wall, that could be experienced in a museum, by guests putting their ears
to the wall.

Another approach to sound conversion was the app RjDj. The app included
different algorithms to convert the sound captured through the microphone of an
iPhone, into different type of music, depending on the algorithm [11, pp. 235–
238] & [134, pp. 61–62]. These algorithms could inspire the implementation of
conversion methods within the ENC framework.
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2.2 Assessing Soundscapes

A different aspect of the thesis is how to assess soundscapes, and especially how it
is de�ned by ISO 12913. There are many methods and papers discussing, and pre-
senting models of research on assessment of soundscapes, such as [8], [139], [177],
and [21]. All investigate soundscape assessment with the aim of working toward
standardization. The work presented in this thesis assesses the implementation of
the standard. This is in the line of research such as that of Engel. et al. [36] that in-
vestigates how often research on soundscape assessments follows the requirement
of measurements of psychoacoustical parameter of loudness. Their �ndings show
that only 23% of the articles published since the standard was de�ned measures
loudness correctly. Papadakis et al. [113] comment that there is no standardized
way of translating an aspect of the standard, which makes them hypothesise that
the current form of the ISO standard does not enable cross-cultural implementa-
tion. The critique of the language barrier is also explored by Aletta et al. [4] and
Fiebig [46], which draws the same conclusions. This aspect of soundscape assess-
ment, and language, is addressed in the creation of the HEARSEPTION model 4.3.
In general, the creation of the HEARSEPTION model relates too much research
on how and why to use Semantic Differential to assess sound, both for large data
gathering and for self-assessment [74], [139], [8], [18], [34], [100] & [154].

The analysis of the thesis, especially in the Engineering Approach, tries to fol-
low the requirements of the ISO 12913 standard. This relates to other research
such as Heggie et al. [58]. They argue that the method suggested by the ISO stan-
dard, are not standardized, or easy to implement. They propose that the standard
is adjusted, as the implementation required is impractical and logistical (close to)
impossible, for varying sized practising teams. Axelsson et al. [7] argue the great
diversity in methods used for assessment, makes them incomparable. A research
project used ISO 12913 to investigate the soundscape of a museum [110], and con-
cluded that aspects, such as SPL, have much less in�uence on the experience of
the visitors, compared to how the content of the soundscape related to the exhibi-
tion. They �nd that enhancing the visitors' feeling of living in a historic period is
a valuable sound design goal.





Part 3

Theory and Introduction to the ISO-
Standards

This Master's Thesis has two aims. Firstly, an aim of analysing, assessing and en-
hancing a soundscape of an exhibition using Environmental Noise Conversion as a
methodology. Secondly, the thesis is used to investigate how such analysis should
be conducted according to international standards. This second aim is to allow
the methodology of ENC to solve different types of environmental noise problems.
Therefore, the thesis's theoretical and methodological foundation is based on the
regulation and standardisation of requirements for soundscape assessment, as pre-
sented by the International Organisation of Standardisation (ISO). The introduction
of the standard and its theoretical implications are followed by a more general the-
oretical foundation needed for the cross-disciplinary methodology of ENC. Firstly,
an understanding of sound as a physical object that interacts with other objects
is established 3.2. Followed by an investigation of the physiological, phenomeno-
logical and psychological aspects of the human experience of sound and emotions
3.3. As soundscape investigations are site-speci�c, a brief introduction to a muse-
ological approach to experience design is linked with a more general approach to
soundscape theory 3.4. A list of general terms used to describe sound can be found
in appendix J.1.

The conversion of the sound is done in the digital domain. That is, the physical
sounds are converted to digital sound, before it is analysed, and the conversion and
manipulation of the environmental sounds is likewise done digitally. The sound is
converted from analogue, into digital, and the other way around. The thesis as a
whole would not bene�t from diving too deep into the �eld of digital sound theory,
as the aim is creative manipulation rather than exact representation. Instead, when
speci�c methods, theories, and models are used in the implementation of solutions
they will be elaborated in those sections. If needed, a general introduction to digital
audio theory can be found in the appendix J.2.3.
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3.1 Measurements following the ISO standard

ISO 12913 from 2014 [151], was the �rst attempt to standardise the many opin-
ions and de�nitions used concerning the term “Soundscape”, and a step towards
accepting the perception of the acoustic environment as essential for societies well-
being [20] & [21]. The standard de�nes 3 general terms, and how they should be
used, and are directly cited here [151]:

1. sound sources: sounds generated by nature or human activity.

2. acoustic environment: sound at the receiver from all sound sources as modi-
�ed by the environment.

3. soundscape: acoustic environment as perceived or experienced and/or un-
derstood by a person or people in context.

The essential part of these de�nitions is how to make distinctions between what
makes a sound, where the sound is present and how these sounds are experienced.

The second aim of ISO 12913 is to de�ne a conceptual framework of soundscape
assessment. They do this by de�ning seven concepts that are intertwined and must
be used in the assessment.

1. Sound Source: same as in de�nition.

2. Acoustic environment: same as de�nition.

3. Context: Where, who and why the sound is produced, and by whom and
why in�uence how the sound is perceived.

4. Auditory sensation: Psychoacoustics, that is the physical and neurological
process of how the sound is computed by the listener.

5. Interpretation of auditory sensation: The individual's experiences and other
aspects that in�uence the unconscious and conscious response to particular
sounds.

6. Response: The immediate reaction to the subject's subjective interpretation
of the sound.

7. Outcome: The long-term effects of the sound, and its in�uence on behaviour.

The standard supplies a �gure to explain the connectivity of the term, but a
paraphrased version of the model has been made for this thesis 3.1. The main
adjustment is that the acoustic environment is made as a frame for the experience,
with the outcome placed outside the acoustic environment. As the case of the
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Figure 3.1: Illustration of conceptual framework, paraphrased from [151]

thesis is an exhibition, the aim of the exhibition soundscape should be for visi-
tors to return to the exhibition at other times, or recommend it to others. In the
paraphrased model, that would be a positive response. The context de�nes how
a sound is perceived, but as the de�nition states, the listeners' interpretation is
directly related to their understanding of the context, with or without being in�u-
enced by the auditory sensation or acoustic environment. The model was adjusted
to underline this de�nition from the standard. A direct link was also made from
the interpretation to the sound source. This adjustment is assuming that investi-
gating the sound source can change the context. This is best explained with an
example: “imagine you are a sound engineer, and during a concert, the sound of
feedback is suddenly rising. Your immediate response is panic, and trying to �nd
out what is causing the problem, so you can stop it. Looking up at the stage, you
see the guitarist standing in front of an ampli�er using the feedback as part of the
music. You relax, and suddenly, you perceive the feedback for its musical qualities
rather than its disruptive ones”. The acoustic environment is the same, but the
auditory sensation and context is thoroughly different. The adjusted model tries
to represent visually how concepts are intertwined 3.1.

3.1.1 Data collection and requirements

ISO 12913 de�ned how to understand soundscapes and discuss soundscapes, and
4 years later ISO 12913-2 [152] was made with requirements for data collection.
The standard aims to collect various data according to human perception, acoustic
environment and context. It states in the introduction that the primary aim is the
human perception, with a secondary aim of physical measurement. In this thesis, it
will be argued that the standard forgets this prioritisation, in the manner it de�nes
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requirements of measurement.
The standard adds 8 new terms which should be used:

1. Background sounds: Frequent and continuous sounds, form a background
in which other sounds are perceived.

2. Foreground sounds: The sounds that dominate the acoustic environment,
and can be related to a speci�c sound source.

3. Descriptor: The terms used to describe the perception of the acoustic envi-
ronment.

4. Indicator: Terms used to predict descriptors (objective).

5. Local experts: Someone who has day-to-day experience with the acoustic
environment and context.

6. Noise: Unpleasant, unwanted and undesirable sounds.

7. Soundwalk: A method of conducting listening experiences.

8. Total sound: All sounds at a given time, of an acoustic environment.

Foreground and background sounds, are commonly used in studies of sound-
scape, but often with the terms “Keynote Sounds” rather than background [133,
p. 272], and “Sound Signals” or “Signal Sounds” as the sounds that require at-
tention [166] & [164]. The ISO emphasises that the choice and use of descriptors
and indicators must be adjusted to the context. The standard states that when
collection subjective data it should be holistic and cover all auditory sensations, as
well as context-based variables such as the general mood, appreciation, and pref-
erences. The standard then supplies an array of requirements for data that must
be collected about participants, and measurements that must be conducted. These
will be explained in the methodological section 4.2, together with the requirements
of data analysis from ISO 12913-3 [153].

3.2 The “Hard” Science of Sound

To address and analyse the noise problems of sound sources in the acoustic envi-
ronment, an understanding of the physical properties of sound is essential. Phys-
ical sound, particularly environmental sounds, are inherently complex dynamic
systems, that due to their nature are impossible to calculate exactly. That does
not mean we should not strive towards objectivity, but rather, to know when some-
thing is close enough to be good enough for the context. The following descriptions
are therefore simpli�ed versions of the complex physical phenomena, to create a
foundation for making this choice, knowingly, that some aspects will be missing.
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3.2.1 Basic Acoustic Properties of Soundwaves

Sounds are longitudinal waves moving through substances. We analyse these
waves as the speed of cycles per second (frequency in Hz) and the power or height
of the wave (Amplitude). Different substances in�uence the behaviour of sound
waves, with a multitude of factor variables contributing to the speci�c nature of
the interaction. Most often, sound is explained as waves travelling through air,
impacting an object. When the object is an ear, it moves to the cochlea where it is
processed physiologically [19, pp. 2–3].

The direct sound wave, i.e., the sound from the source, travels “freely” until it
impacts something. Parts of the sound wave are re�ected, and other parts of it are
absorbed by the material [41, pp. 95, 179–182]. The size of the physical waves is
de�ned as wavelength or l ). The longer the sound wave, the lower the oscillation
and frequency. Low frequency content is much more dif�cult to absorb than short
wavelengths. Materials have different acoustical characteristics de�ned by physi-
cal aspects such as mass, roughness, and stiffness. But as everything in the natural
world, this de�nition is a simpli�cation, of a much more complex and dynamic sys-
tem of interaction. Refraction refers to the directional change of the sound wave,
caused by the elastic and density properties of the material, that changes the speed
of the sound wave. Diffraction, on the other hand, causes change in direction due
to impacts of edges, openings, and objects [41, p. 117]. Diffusion properties scat-
ter the soundwaves across a room. How the sound wave is scattered, is de�ned
by aspects such as shape. Diffusion is a common way to make the sonic environ-
ment more pleasant, by uniformly distributing the frequencies to �t the human ear.
Where acoustical diffusers are used to redistribute the characteristics of sound, ab-
sorbers are used to eliminate it. In its most basic explanation, absorbers eliminate
soundwaves by allowing the sound waves to move through its surface and slow
down the energy of the sound wave until it stops moving and thus disappears
[41, pp. 125, 179]. The combined re�ection, diffusion, absorption, refraction and
diffraction creates the sound of a room, which can be described using reverberation
and resonant frequencies.

The energy of soundwaves (simpli�ed) de�nes how loud a sound is, and is
de�ned in three general aspects that can be measured [101] & [41, pp. 19–32]:

• Sound Power: Measures the acoustic energy of a sound source over time, in
Watts (W).

• Sound Intensity: Measures the acoustic energy per unit area in a speci�c
direction from the sound source, in Watts/ m2.

• Sound Pressure: Measures local variations in atmospheric pressure, in Pascal
(Pa).
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Another way of understanding and measuring sound is as vibrations rather
than waves, but this aspect of sound will not be used in this thesis, and will not be
further addressed. A brief explanation is added to the appendix J.2.1.

The Character of Rooms

To understand the acoustic environment of the case, it seems useful to understand
how a room and sound waves interact to create reverberation [41, p. 51]. Reverber-
ation has three main components, the “direct sound”, and the “reverberant sound”
that is a combination of the scattering and re�ection of sound waves from the
sound source [119, pp. 283–285]. The third component is the “Early Re�ection”
which are the re�ected sounds that reach the ear 35-100 ms later than the direct
sound, and are perceived as part of the sound source [41, p. 60]. The length of
the reverberation is known as decay. In the reverberation of a room, speci�c fre-
quencies behave differently. The resonant frequencies are the ones where the effect
of the material and scattering increases speci�c frequencies in power, compared to
the surrounding frequencies, before the beginning of the decay [41, p. 90]. How
the frequencies behave and decay can be calculated as RV60, as will be explained
in the methodology section F, and is based on Sabines equations, which are brie�y
explained in the appendix J.2.2.

With this introduction to the physical aspects of sound, we must now under-
stand the context of auditory experiences, and how sound is understood as being
processed, interpreted and thus can in�uence the experience of the soundscape.

3.3 Sound and Emotions

To explore and experiment with how the sound in�uences the emotions of the
visitors of the exhibition, it is necessary to explore what an experience is, and
how emotions can be understood. This is done by a brief introduction to human
hearing, followed by an introduction to the phenomenological understanding of
humans as a conscious being de�ned by individual experiences. This leads into
theories on how and why human emotions are in�uenced by sound. Lastly, these
are combined with neuroscience by presenting the scienti�c �eld of psychoacous-
tics. In general, when working with environmental sound and health, the concept
of annoyance is important to analyse and understand. If the case of the thesis
was to use ENC to solve environmental issues with an aim of increasing health,
it would have been essential, but for this thesis's case of enhancing an experience
design the concept will not be elaborated, apart from as a brief explanation in the
appendix J.2.4.
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3.3.1 The Physical Experience, Critical Bands and Masking

Listening is a complex matter, and only the most important aspects connected
to the aim of the thesis are investigated. When soundwaves reach the ear, the
sound travels from the outer ear through the ear canal and eardrum and reaches
the cochlea. The cochlea consists of approximately, 20000-25000 sensory organs
that are very similar to hair. The “hairs” are grouped, and each group has the
function of converting vibrations of speci�c frequencies from the sound waves into
electric signals. These electric signals are what we perceive as sound, and they
include information on amplitude, timbre, and frequency (among other things)
[78, pp. 603–610] & [19, p. 74]. When sound reaches two ears of the same person,
a spatial aspect, such as the location of sound sources, is perceived. The range
of human hearing allows humans to hear sounds from 0dB, called the threshold
of hearing, up to sounds thousands of times as powerful [162, pp. 32–35]. With
every increase of 3dB, a sound is doubled in acoustic power, and a 10dB increase
doubles the perceived loudness. To represent this physiological function, sound is
measured in the logarithmic decibel scale (dB). The exposure to sound throughout
our life, even at sensible levels, gradually decreases the number of functioning
“hairs” in the cochlea. i.e., the older we get, the less we can hear. The louder our
environment, the faster this degeneration happens [78, p. 11] & [31].

Due to the nature of how the ear works, we know that not all frequencies are
perceived equally well. We are especially sensitive in the area of 2-4kHz, which
is also the normal range of the human voice and intelligibility. When listening to
complex signals, the ear combines frequencies together in groups of certain band-
widths, with a centre frequency that dominates the surrounding grouped frequen-
cies. These groups are organized as 24 critical bands, known as Bark bands, which
represent how the ear processes the sound. We can approximate the functioning of
Bark bands by combining frequencies together logarithmically as they are heard in
relation to each other[19, pp. 74–76]. Due to the critical bands and the threshold of
hearing differing in frequency areas, the different bands are adjusted accordingly,
and is an important aspect of understanding perceived loudness.

Due to this summation and prioritization of sound in bands, masking can occur.
The general concept of masking is that sounds that are similar in frequency and
timbre, the quietest of these, will be masked by the dominant tone. Additionally,
quiet sounds are masked by much louder sounds, even if the content is different
due to the power of the sound [19, pp. 78–52], [41, pp. 50–52], [78, pp. 609–610], [35]
& [43]. The effectiveness of the masking is closely related to the grouping of fre-
quencies into critical bands, and is one of the basic principles of MP3-compression.
The idea being that if parts of a sound are masked, there is no reason to save it,
and thereby save less data. Masking can therefore be used as a valuable tool to
convert and change perception of soundscapes. Using masking as a method will
be elaborated in 4.4.1.
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3.3.2 The Subjective Experience

There are many philosophical schools and discussions concerning what it means
to be a human, and this thesis will not bene�t from going into this debate. Instead,
it states that it follows the philosophy of phenomenology. Phenomenology in its
most basic form is the understanding of the human experience as being based on
subjective perspectives of a world consisting of phenomena. Experiences are there-
fore always based on previous experiences and always individual. Experiences can
be shared, but are not the same individual experience. The consequence of this
is that what is true for one person, might not be true for another. And what is
true for one person at one period in time, might not be true at a separate moment.
When experiences are explained by individuals from a �rst-person perspective, this
is called “Lived Experience”. Phenomenology does not claim that knowledge of
experience is unattainable, rather it tries to investigate the conditions and mecha-
nisms of phenomena, and use this to explain why something might be experienced
in a certain way [175] & [144].

Sound and Emotion

As experiences are individual, it can be dif�cult to pinpoint exactly why one sound
stimulates an emotion and another does not. But this does not mean that there is no
research into the �eld. There are two general schools of such research, one focusing
on emotional response to music, which will be described in this section, and one
on the individual characteristics of the sound, called psychoacoustics, which will
be discussed in 3.3.2.

Juslin and Sloboda present a model trying to explain music and emotion [71]
& [70]. They show how particular sounds have speci�c meanings and associations
to individuals, and how these in turn affect the emotions. During their research
(built on research from countless others), they combine self-reporting measure-
ments, with physiological measurements such as heartbeat, humidity of skin and
dilation of pupils. They state that sound is felt and embodied. In other words,
sound induces emotions [51] & [70]. To analyse the complex matter of emotions,
they de�ne a few terms that can be used to analyse and understand the process
(the following list is revised and paraphrased from [71]):

• Emotion: Affective reactions to phenomena, that are a combination of other
components, and create the general state of mental being such as sad, happy
etc. In general, they can last from minutes to some hours.

• Mood: The general state of being, not directly connected to speci�c phenom-
ena.

• Feeling: The subjective conscious experience of emotions and mood.
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• Emotional Perception: The emotions that people identify in, for example,
music or in others.

To explain how sound affects the above, Juslin et al., have created the BRECVEM
framework, that identi�es and de�nes 8 mechanisms [70], [72], [ juslin_how_2010 ]
& [71]. Each aspect of the BRECVEM mechanisms can be measured cognitively,
physiologically and self-consciously. For this project, cognitive and physiological
measurements will not be conducted, and these parts of the model are therefore
excluded in the following explanation of the mechanisms. The different mecha-
nisms should not be understood as functioning in isolation from one another, but
rather as a dynamic, complex system.

• Brain Stem Re�ex: When something stimulates basic instincts that require
attention, urgency, and awareness. Such as sudden loud noises. This is also
what commonly would be known as the Fight/�ight mechanism.

• Rhythmic Entrainment: It has been shown that strong rhythm can evoke
physiological change, so that the rhythm of the body aligns with that of the
sound, and thus embodies the music in the listener. High rhythm is high
pulse, which relates to emotional states such as excitement, for example.

• Evaluative Conditions: Associations induced by the music, that create a con-
nection with a speci�c event or person. e.g., a good friend, a similar piece of
music, or a speci�c product. It could also be the sound of the bell from your
hometown that always woke you 2 hours before your alarm.

• Emotional Contagion: When the emotional perception of something is inter-
preted and the interpretation affects how the listener experiences the sound.
For example, someone singing the same song about a breakup, in an ex-
pressive happy way, the narrative could be perceived to be positive and vice
versa,

• Visual Imagery: When sound and music evoke imagery in the mind's eye.
For example, if an abstract ambient music piece gives inner imagery of a
wave on a beach, the associations connected to the beach will affect how the
music is perceived, even though the imagery and the music only connected
in the mind of the listener.

• Episodic Memory: If the sound induces a speci�c memory, the emotions, or
feelings associated with that memory will be considered part of the sound.
e.g., A speci�c sound of a bell, from your hometown, that reminds of when
a loved one kissed you for the �rst time.

• Musical Expectancy: When we hear something, we expect it to behave in a
certain way compared to our experience, and it will induce different emotions



20 Part 3. Theory and Introduction to the ISO-Standards

if it follows these expectations or breaks them. e.g., If a blues number changes
into a black metal number, people would have a notable reaction.

• Aesthetic Judgment: When sound stimulates something that evokes some-
thing like awe, admiration or disgust purely based on personal preferences.
e.g., Someone likes a house because it is made of yellow bricks, others have
preferences for red bricks.

There are naturally many other ways of approaching the complexity of hu-
man emotions, but these will not be discussed or used in this thesis. With the
BRECVEM model, it is now possible to investigate how the artifacts and narrative
of the exhibition are used to stimulate the lived experience of the visitors.

Psychoacoustics

The second aspect of sound, and emotions, is the science of psychoacoustics [103,
p. 19] & [135]. Sounds are not perceived in isolation but during a period of time,
and the duration and consistency or sudden change in psychoacoustic attributes
greatly in�uence the listening experience [44, p. 173], [36] & [116]. There are 5
general psychoacoustic attributes, for which there is general consensus:

• Loudness: How loud the sound is perceived to be, and is a mixture of factors
such as speci�c frequency combination, masking, duration and their respec-
tive amplitude. Frequencies in the critical band are perceived as louder.

• Roughness: How the modulation of the amplitude of the sounds creates
harmonic components, that in combination makes the sound elements “un-
clean”, or “distorted”. A sine tone would be considered to have very low
roughness, whereas a sine tone played through a small speaker at a volume
exceeding the speakers' capability would distort the speaker, and thus add
roughness to the signal.

• Fluctuation Strength: If the modulation of the amplitude is particularly slow
in oscillation, it makes the sound pulse, or �uctuate.

• Sharpness: How spectral distribution and prominence of high-frequency in
the sound in�uences how “thin” or “full” the sound is perceived as being.
Sounds with a narrow-band in the high frequencies are generally considered
sharp, whereas broadband white noise is wide/dull.

• Tonality / pitch: How we perceive the frequency component, or combination
of components, as complimenting or disturbing one another. While many
aspects of pitch or tonality are connected to cultural backgrounds, some as-
pects can be identi�ed, such as if a certain pitch or tone is notable, or if the
sound is more related to noise.
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3.4 Interaction with Sound in the Context of an Exhibition

As the purpose of using ENC as a methodology is to convert the sounds of an exhi-
bition, this last part of the theoretical section establishes the context of a museum.

The general role of a museum in society is as a cultural institution with the aim
of collecting, preservation, studying and presenting culturally important artifacts
[22] & [93]. The traditional museum was a place, where visitors were expected
to contemplate the artifacts in silence, and all sound was considered disruptive
noise. Traditional artifacts of sound would be culturally important artifacts, such
as historical recordings [22]. The same is not true for the modern museum. While
it still has the same role in society, an additional one has been added. The new
role evolved as a way to participate in the cultural movement of “Experience Cul-
ture”. The general implication of this movement is that modern museums see
themselves as a company in competition with other institutions, that compete to
attract customers (visitors). In this “New Museology” the product the museum
can use to attract and engage visitors is the exhibition. A common way to make
the experience more immersive and exciting is by using multimedia installations
to evoke emotional engagement with the artifacts and narratives of the exhibition
[126], [47], [22] & [86]. As an unintended side effect of multimedia installations and
other visitor engagement, e.g., by allowing experience of artifacts through play, is
noise. Unintended noise is the byproduct of fans, motors, speakers, or due to the
acoustics of rooms designed for silent contemplation [49], [173] & [79]. Success-
ful implementations should enhance the lived experiences, of the majority of the
visitors, and make them want to return, or recommend it to others.

The speci�c problems of sounds in museums and how they relate to and in�u-
ence, the exhibition's narrative will be further elaborated in 5.

With the cross-disciplinary theoretical background supplied in this part of the
thesis, within the framework of soundscape studies, a solid foundation for address-
ing, assessing and changing site-speci�c noise problems of a museum is laid. This
part has supplied and built a knowledge base on why and what such an investiga-
tion could contain. The following methodological part, will elaborate on how such
an investigation could be conducted.





Part 4

Methodological Approaches

In the theory section, the general aspects of soundscapes, and sound presented.
This section will go into detail on how these theories are used as part of a method-
ology of Environmental Noise Conversion.

4.1 Environmental Noise Conversion

Environmental Noise Conversion (ENC) is a method devised by the author during
the past 3 years of studies, and was �rstly presented in a peer-reviewed article co-
authored by Dan Overholt [53]. The initial aim was to investigate if it was possible
to convert the noise inside a train into ambient music, and reconnect the listener to
the environment rather than hiding from it using ANC-Headphones playing loud
music. When researching how to reconnect the listener, it seemed apparent to add
the perspective from soundscape studies to the initial starting point on technolog-
ical and compositorial choices. In this Master's thesis, the concept is evolved into
a methodology, with the aim of creating an accessible cross-disciplinary method-
ology to address environmental noise problems, while simultaneously supplying
solutions. It does this by:

• Understanding the physical aspects of sound in an environment with the
Engineering Approach.

• Investigating the context of the experience of soundscapes, with the Sound-
scape Approach.

• Using creative manipulation of sound with an artistic reasoning to achieve
aesthetic or thought-provoking results, with the Artistic Approach.

23
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Figure 4.1: Solution of Noise in the Context of ENC
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4.1.1 Solutions as Understood within the ENC Methodology

The following section will elaborate how ENC understands the traditional solu-
tions, and how combining them creates new solutions, as shown in the illustration
4.1. A traditional solution, made from the Engineering Approach, is ANC head-
phones, using phase cancellation of the physical waves to remove unwanted noise
[174] & [141]. A traditional methodology to address the problem of environmental
noise from the Soundscape Approach is soundwalks. In this method of analysis,
participants are asked to listen to, and report how they perceive multiple sound-
scapes. By comparing the results, aspects of what to change in the environment are
discovered [76] & [62]. A combination of these traditional disciplines can be found
in ISO 12913, where standardised measurements are de�ned to enable objective
and subjective analysis.

An Artistic Approach to address the sounds of environments can be identi�ed
as Brian Eno's original ambient works, exempli�ed by “Ambient 1: Music for Air-
ports” [38]. The music was created for a speci�c environment, with the artistic aim
of enhancing and connecting listeners to that environment, while accommodating
many levels of listener attention [38]. Eno's aim was to create an alternative to
Muzak, that traditionally was used as background music at that time, which he
found false and lacking in all artistic parameters [80, pp. 210–213]. A combination
of the Artistic and Engineering Approaches, could be explorations of algorithmic
possibilities in works such as “Computer Music Experiences, 1961-1964” by James
Tenney [160], exploring how to synthesise, and thus better understand, the sound
of traf�c. Combining the Artistic and the Soundscape Approach can be identi�ed
in soundscape composition such as “Soundscape Vancouver 1973” [161]. This al-
bum combines mixtures of �eld recordings, that is creatively edited into an artistic
interpretation of the soundscape of Vancouver at that speci�c time, based on the
observed soundscape [108].

This explanation is a simpli�cation, as some works of Berry Truax develop tech-
niques, as mentioned in 2.1.1. It could be argued that the techniques are created to
solve any problems of environmental noise, but rather to explore speci�c artistic
expression. The same can be said of works such as “En dag på Dyrehavsbakken"
[112] from Else Marie Pade in 1952. This work is made of �eld recordings of an
amusement park, and then edited together to make a narrative of the amusement
park, supporting a video. But for Pade, the aim was an exploration of technical
problems, as with most musique concrète, rather than an exploration of the spe-
ci�c soundscape [6]. The de�nitions in the example and illustrations are de�ned
by their identi�ed aims.
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4.1.2 ENC as a Method of Analysis

While the solutions and artistic works can be placed within ENC, as shown in the
previous section. The methodology of ENC used the different approaches as a
framework for analysis, and is illustrated in 4.2. Measurements of SPL, calculat-
ing the properties of materials or making spectrograms, are examples of analysis
methodologies in the Engineering Approach. Methods such as enhanced listen-
ing, mapping relationships of the components of the soundscape, or investigating
the communicative aspects of speci�c sounds, are examples of analysis using the
Soundscape Approach. Artistic Approaches to analysis, are as varied as the artists
themselves, but are based on an aesthetic interest or method used by the artist.
These approaches to analysis can be combined in a multitude of ways, but the
methodology of ENC argues that by analysing the soundscape from these three
approaches, and combining the results inspire holistic solutions. This is conducted,
in this thesis, by using:

The Engineering Approach: To investigate the sound source, acoustic environ-
ment and some aspects of auditory sensation (Loudness), following the require-
ments of ISO 12913. The Engineering Approach provides insights into the physical
aspects of the problem, and can be used to suggest traditional solutions, such as
adding acoustic panels.

The Soundscape Approach : Was used to investigate the context and the indi-
vidual interpretation, and how this has, consciously or unconsciously, in�uenced
their experience (response and outcome). This was executed by following ISO
12913, and by using the HEARSEPTION evaluation model 4.3, and the BRECVEM
model. To get insights into the museum's goals with the exhibition, and challenges
related to it, an interview was conducted, and the narrative of the exhibition was
analysed.

The Artistic Approach was then used to investigate how to change aspects
of the auditory sensation, by adding and converting the soundscape, to better
complement the context of the exhibition. The Artistic Approach is then used to
create and implement solutions.

After this explanation of how to understand the three approaches of the ENC
methodology, the remainder of this part of the thesis speci�es how to conduct the
analysis and implementation, with a main emphasis on the requirements of the
ISO standards.

4.2 Following standards

4.2.1 Data analysis according to ISO

The ISO standard supplies speci�c theoretical understanding and de�nitions on
how to approach assessment of soundscapes, and de�nes exactly how and with
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Figure 4.2: Examples of Analysis Using ENC. Different examples of how to draw sounds, such as
Noise Maps, and Event maps are suggested by Schafer [schafer_soundscape_1977]
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what method this assessment should be made.
ISO 12913-3 [153] from 2019 provides clari�cation and introduction to method-

ological approaches to data collection of soundscapes. It reminds the reader that
soundscape evaluation is holistically and studies the perception of the environment
by humans, followed by physical measurements of sound. In general, the standard
introduces three types data:

1. Quantitative Measures of Dependence: Measuring and analysing the rela-
tionships between variables, and how they in�uence one another.

2. Parametric Tests: Statistical tests based on general assumptions made from
the data.

3. Non-Parametric Tests: Statistical methods that are not based on a speci�c
general assumption.

Due to the often interlinked and complex analysis that is essential to sound-
scape investigations, the standard reminds the reader to be extra careful to un-
derstand the complexity of the analysis, by discussing and minimizing potential
confounder factors. To analyse subjective data, the standard suggests the use of
models such as the Eventfulness/Pleasantness model [8].

There are some general requirements when designing soundscape assessments
in ISO 12913-2 [152], these can be summed up as:

• Sound sources must be identi�ed using taxonomy, and as foreground and
background sounds.

• Must include measurements of SPL and LAF, with class-1 measuring device
(total sound).

• Must include indicators of loudness.

• Use binaural head microphones.

• Document weather and wind conditions (if relevant), as well as time of year
and time of day.

• Provide information on how measurements were conducted, as well as de-
scribing the context of the acoustic environment.

• If using soundwalks at least 20 independent observations of each site as-
sessed in similar conditions.

• It must de�ne the setting of the assessment as real, virtual or laboratory.
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• To enhance the relevance of the data, the researcher should implement the
general idea of triangulation of data (see J.3.1).

• the tests conducted must include descriptors or indicators, that can be used
to analyse the following:

– The overall acoustics assessment: What does the environment sound
like?

– The psycho-psychological assessment: How is the soundscape perceived
emotionally?

– Assessment of the context: How the soundscape and the environment
is connected, and does it support or disturb this connection?

– Design or improvements: Indications of the holistic possibilities in the
soundscape.

The series of ISO 12913 also requires subjective assessment to document aspects
of the participants, summed as:

• How participants were selected.

• Why the participant was at the given place.

• Relevant information on the participants' experience level with context-based
aspects, such as sound and urban planning.

• Age and gender.

• Ability of hearing.

• Indication of attitude towards the sound.

• Information on how the data was gathered.

• The Language of the tests was conducted in.

With this list of general requirements, we can now expand how to comply with
them.

4.2.2 Taxonomy of Acoustic Environment

ISO 12913 requires the de�nition of sound sources to follow a speci�c taxonomy
�rst presented in [21]. The taxonomy should be to include all representation of all
possible sound sources. One sound source can be present in more than one place
in the taxonomy, and that some aspects are between categories. They claim that the
taxonomy is objective and, “designed to be universal in application”[21]. When inves-
tigating the taxonomy, some problems according to this aim were found. Therefore,
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Figure 4.3: Updated Taxonomy of Acoustic Environments, Paraphrase and Revised Model based on
[21].

the taxonomy presented in this section is an updated version. The reasoning being
that some categories were too speci�c, to be holistic, some were missing, and some
appeared biased. The changes of the taxonomy were made in accordance with the-
ories on how to support multiple users, with different background and different
aims of research and information searching [85], [28] & [106].

A few extra dimensions were added to the taxonomy, and the lowest layers were
in the original speci�cally de�ned, (e.g., in the layer under “Nature”, the categories
wildlife, wind, water, thunder, and earth/ice movement). Rather than specifying
the lowest layer, a more general block was used, as this allows a wider multitude
of sounds to be identi�ed. A bias was found in the category voice, which consists
of three types, namely speech, singing, and laughter, but that another category of
the same layer called “Other Human”, was the subcategory laughing. The bias
being an unclear de�nition of human expression. Where would, for example, sob-
bing be located? Therefore, this layer was changed to “Voice with Language” and
“Voice without Language”. This change also supports assessment in an exhibition,
as “Voice” had the subcategory of “ampli�ed” and “non-ampli�ed”, but “other
human” did not. In an multimedia installation, it is not improper to imagine all
types of human sounds being ampli�ed. The taxonomy will be further discussed
in 9.1.1.
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4.2.3 Measuring SPL, LAF and Loudness

When measuring SPL, two different methods, equivalent continuous A-weighted
and C-weighted measurements, should be conducted in accordance with ISO 1996
[149]. Measurements of LAF are made with an aim of de�ning changes in the
soundscapes, over time, by analysing aspects such as peaks. While there are many
rules for how to calculate SPL or LAF from scratch, an easier approach is to make
the measurements using a Class-1 Sound Level Meter, that automatically generates
the calculations based on the requirements. [25].

While SPL and LAF measure aspects of sound power, Loudness measures how
the volume of the sounds is perceived. To measure loudness, it is required to use
Zwickers method as presented in ISO 532-1 [150]. The method de�nes how to con-
vert recorded sounds into data that represents the Bark bands. The method de�nes
how frequencies should be summed, and different prede�ned values used to ad-
just the bands in the different steps (the steps are described in the appendix J.3.2.
As with measuring and calculating SPL, calculation of loudness can be done by
using software, designed to make the correct loudness calculations. For example,
the acousticLoudness [88] addition to MATLAB.

The method of measuring SPL, LAF and Loudness in this thesis can thus be
de�ned as using the dedicated professional equipment, that is designed for correct
measurements without human interference.

4.2.4 Measuring RT60

As ISO 12913 requires an understanding of the acoustic environment, it seems a
valid methodological approach to measure the RT60, to provide insights into the
sound of the room. The ISO requirements [148] of measuring RT60 are as follows:

• Must use a class-1 omnidirectional measuring device, in octave and 1/3 oc-
tave bands.

• Record an impulse, either Integrated Response (like a sweep), or Interrupted
Noise Method (like the rapture of a balloon).

• Measure RT60 using T30 (time of 30dB decay) and multiplying it by 2.

• The microphone must be 1 meter from re�ective surfaces.

• The RT60 of the room calculated by combining 3 measurements of impulses
of various locations, from 2 different positions, or 2 measurements from 3
positions.

As explained, acoustical measurements are a somewhat hard science, but the
reality is that it is based on quali�ed interpretations of the standard. A reasoning
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for this is that some rooms are narrow, or have low ceilings, and therefore the
1m distance to surfaces might not be possible for all measurements if they should
cover the room. The task is, in that case, to make the measurements as valid as
possible in the given situation, and report the reason for these choices as part of
the report of the measurement or calculation.

4.3 Evaluation: Locating a Fitting Evaluation Model

ISO 12913 requires in the assessment of soundscape numerous aspects. The phys-
ical requirements are covered by the methodologies presented in the previous
section 4.2. The standard suggests the use of interviews, soundwalks and the
Pleasantness-Eventfulness model, to collect subjective data. As the requirements
for this are at least 20 participants, conducting 20 interviews and coding them be-
fore getting into the data seems to require an enormous pile of time (as also found
by [58]). Furthermore, when speaking with some consulting acoustical engineers
(personal communication, Acoustical Engineer, Aug 2024), they replied that the
cost of conducting these interviews greatly exceeds the budget of customers. The
Pleasantness-Eventfulness model is far easier to implement, but it only covers cer-
tain aspects of the emotional response, and cannot be considered holistic. Dur-
ing an internship in a consulting engineering company, to address this issue of a
missing holistic evaluation model the author conducted a semi-structured litera-
ture review. The review was semi-structured in the sense that it did not report
the results into a protocol, but did systematically approach different databases
with both block-searches, snowballing and footnote chasing [17]. It concluded that
there was no uniform assessment method, but there was a tendency to use Seman-
tic Differential (SD) [36] & [3]). Semantic Differential was also used to create the
Pleasantness-Eventfulness model [8].

4.3.1 Semantic Differential

The basic principle of SD is that by using pairs of relevant bipolar adjectives, and
asking people to rate concepts on the scale from one word to the other. An exam-
ple of this could be “Rate your feelings towards your dad on the scale of energetic
and lazy”, or “On the scale from powerful to weak, how do you feel?”. By combin-
ing multiple ratings, of different word pairs designed using the EPA-framework,
the answers indicate the inner attitude, consciously and unconsciously, towards
that particular concept under investigation. The EPA-framework has three aspects
[120], [111] & [111]:

• Evaluative (such as beautiful-ugly)

• Potency (such as powerful-weak)
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• Activity (calm-restless)

One of the strengths of SD is that the rating, on the semantic scale, can be
quanti�ed as numerical values. A second strength is that SD has been shown to
work cross-cultural, if the words are in the native language of the participants
[104] & [120]. The collection of the bipolar pairs, can be shown graphically rating
as a Semantic Pro�le, these can be easily comparable with other semantic pro�les,
using the same words, and thus discover tendencies. In this thesis, the comparison
of pro�les is used as an evaluation tool, to provide feedback on the success of the
implementations according to their goals.

4.3.2 Semantic Differential in Soundscape Assessment

The next step in using SD as a holistic subjective assessment tool, was to investi-
gate what bipolar words to use. During the literature review, it became apparent
that there is no consensus on this. Therefore, it was decided to create a semantic
pro�le from scratch containing the most commonly descriptors. It had the design
requirement of including descriptors of all the psychoacoustic properties of sound,
as well as containing the descriptors used in other commonly used, but less holist
models (such as [8] & [23]). A second review was therefore conducted, to locate,
with an aim of clarifying the general descriptors of sound. Among those found
were [52], [177], [2], [116] and [100]. One article was found that had an aim of
making a uni�ed SD for the assessment of the quality when building wind tur-
bines [139]. While this was made to analyse broadband noise, it did not contain
all the psychoacoustic properties, and therefore its model did not ful�l the design
requirements.

4.3.3 Introducing HEARSEPTION

Deciding on what words to use was a long process, and will only be explained
in the most general form. It was made by collecting the descriptors found in the
review, and sorted these to include a balance of words in the following categories:

• Word-class: Based on the 8 word classes of a lexicon on sound descriptors
[115].

• The EPA-Framework: Activity, Potency and Evaluation as described previ-
ously.

• Key Descriptive Factors: 4 factors of sound descriptors made found in a
comprehensive systematic review [74]
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• Psychoacoustic properties, time, spatial and aesthetics: That is, a balance
of descriptors such as thin (psychoacoustic), periodic (time) and Relaxing
(stressful)

• A natural weight of positive, negative and neutral descriptors.

Descriptors were added to the list to express if the soundscape is evaluated
as natural or mechanical, following Schafer [133]. As, assessments using Semantic
Differential should be done in the native language of the respondents, and in words
they understood. Therefore, to prevent the language barrier, all words were added
descriptions, de�ning how it is intended to be understood. Secondly, words were
evaluated according to how they would be understood by non-experts. This was
done following the design requirements:

• Descriptors should be understood without explanation, or require educa-
tional background.

• De�nition must be made using common language dictionaries such as [93] &
[32].

• Semantic pairs should be of the same word-class and antonyms.

• An equal number of pairs beginning with negative and positive words, in
each category.

The �nal model consists of 23 semantic pairs (the full list, with de�nitions in
English, can be found in appendix C). Each pair of data has a number from 1-23,
and by sorting the pairs in that order a general semantic pro�le is made (see 4.4.
The model was named: “Holistic Evaluative Assessment and Rating of Sound-
scape Experience and Perception: Tuning ISO and Optimizing Normalization” or
HEARSEPTION.

It must be mentioned that the model has not been tested or evaluated in the
�eld. This is an issue but the argument for using it is that almost none of the text,
found in the review, explained how they had found the bipolar pairs. HEARSEP-
TION as used in this thesis must therefore be understood as a prototype and it-
eration of a holistic model, and using it is argued as an improvement compared
to copying a semantic pro�le from a different project, without knowing how and
why the terms were collected. Even if the model is shown to have faults, the as-
sessments will still provide usable data of the subjective response to the evaluated
soundscapes.
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4.3.4 Implementing HEARSEPTION as a Method of Assessment

In the thesis, HEARSEPTION is used by asking test participants to rate what they
are listening to. This is done by rating the bipolar pairs in 7 steps. e.g., Ugly-
Beautiful, where 1 is ugly and 7 is beautiful. Ratings in steps are recommended
by [125, pp. 66–67]. As required by the ISO, and shown in the theory section 3.1,
information on the participant should likewise be collected. The rating of the pair
can after the evaluation be used in numerous ways. One way is to investigate
the ratings of the psychoacoustic properties. Another way is to investigate the
evaluative or aesthetic qualities, or the entire semantic pro�le. The different ratings
can then be discussed and compared to the measurements from the room, the
BRECVEM model can be used to hypothesis how and why the sound can affect
emotions. By sorting the pairs to decrease from lowest to highest rating, they can
provide insight into the felt emotions of the visitor in that speci�c category. A
design aim could thus be, as in this thesis,to increase or decrease speci�c bipolar
words.

The model was also made with the aim of triangulation by using closely related
terms of other models. In the evaluation section it is shown how the results of
HEARSEPTION can be used in the Pleasantness-Eventfulness model 8.2.

With the knowledge of how to analyse, assess and evaluate soundscapes, this
section will describe methods of how to convert it.

4.4 Design, Sound Design and Manipulation in a Museum
Setting

This section presents the general methodologies on the conversion process of the
implementation section. Two general guidelines are adapted as a general method-
ology of design. The �rst “Code Simplicity” [73], is a ruleset of ef�cient adaptable
software design. These can be summed as: Ensure the code is adaptable, for future
changes and uses, without complicating it by predicting the future. This is done by
using self-explanatory variables, and allow for the most change of the algorithm
with the least changes in code. The second general methodology presents a general
approach to design, named "The To Don't List" [129]. Summarized, it states: play
on your strengths, and combine them; Find the things you like to do the most, and
useing your combined skill-set can �nd unique solutions. It also suggests that a
task should not have more than 3 to-dos, and the design process should be circular.
That is, create the simplest working solution �rst (the smallest circle), and expand
on this in small steps, always ending with a functional design before adding more
steps. The two methodologies can be summed as: “Strive for simplicity, both in
design and solutions, and ensure that what is made is reproducible, by people that
were not a part of the design process”. This Statement of simplicity is the core of
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Figure 4.4: Example of Semantic Pro�le (made with random numbers)
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implementing ENC. These general frameworks are supported by the methods of
masking, and a speci�ed process of sound design.

4.4.1 Masking as a Method in Sound Design

When investigating how to change sounds, masking is probably both one of the
simplest, and one of the most complex solutions, depending on how it is imple-
mented [14], [20] & [35]. When using masking to mask environmental noise, Brown
suggests it should be used to [20]:

• Remove unwanted mechanical sounds.

• Introduce natural sounds, such as water.

• Hide unwanted noises made by crowds of people.

• Allow soundmarks and other information important sounds to be heard.

When used speci�c as a tool for sonic design, originally used in the design
of masking in cars, Duroyan et al. [35] presents three strategies based on Fastl
and Zwicker [43]. In this thesis the de�nitions are used, as guidelines of how to
approach different aspects of masking techniques:

• Energetic Masking: Masking a speci�c bark band, by adding something with
a higher loudness, to remove one speci�c part of the sound.

• Sound Dressing: Adding harmonics to the unwanted sound, and in that way
change its spectrum and timbre.

• Attention Masking: Adding an entirely new sound to completely replace the
unwanted sound.

Masking can therefore be used to either change parts of the sound to allow
other sounds to be heard, or change the overall character of the sound, as well
as completely hiding the unwanted sound. To create different solutions to the
problem of environmental noise of the exhibition, these de�nitions, are valuable
guidelines.

4.4.2 Generative Models and Pseudo-Physical Modeling

As we have seen in the theory part, physical sounds are complicated and can be
analysed in numerous ways. The science of synthetically replicating, or trying to
replicate, sounds of the physical world is called physical modelling [30] &[145].
Farrell's approach to physically modelling is to make generative models that repli-
cate the complexity of the physical world as we hear it, rather than copying the
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exact dynamic complex mechanisms [42]. In short, his method is that: “if it sounds
right, it is right”. This approach, not trying to replicate the exact nature of physical
phenomena, but rather to strive for something that sounds right, is called Pseudo-
Physical Modelling [30].

Farnell has a speci�c systematic way of addressing implementations. While he
tries to replicate physical models, this thesis tries to use the same approach to the
physical world but to convert the sounds. The systematic approach to creating so-
lutions, is used in the thesis as a method of approaching implementation. Farnells
structure is as follows:

• De�ne the aim of the implementation: What should the synthetic sound
achieve, in its most basic and simple form?

• Analyse the physical phenomena: Understand what makes sound and how
the components interact

• De�ne what the implementation should do, in accordance with the analysis,
and what parts of the physical phenomena aren't necessary to achieve the
aim.

• De�ne the method of synthesis to use to achieve the de�ned implementation.

• Implement the model.

• Conclude what the model does, and where it can be improved.

• Improve the model, if this is a goal.

This simple structure of implementation, works best if it tackles one problem
at a time, and uses previous models as parts of larger, more complex models. This
framework will be the foundation of how to create new sounds in the context of
the exhibition. We must �rst, though, understand what is meant by generative
music. In the context of music and sound, ideal generative compositions should
be considered systems that have no speci�c starting point, or end, that continually
change based, and therefore never are the same. The term was originally coined
by Brian Eno, inspired by the KOAN-system [37, p. 253] & [24].

With the theoretical and methodological presented in the last two parts of the
thesis, it is now time to investigate the case, and begin the analysis of the problems
of environmental noise in the exhibition using the methodology of ENC.



Part 5

Problem Analysis and Case

There were a few reasons for wanting to use a museum exhibition as a case for the
implementation of ENC. A main reason was that an exhibition is a controlled envi-
ronment, which would make the work a bit more straightforward. A second reason
was that the curators aimed towards the general mood of the exhibition. This dis-
tinguishes an exhibition from, for example, a busy road inside a city, which would
allow the implementations to be tailored towards that mood. An additional inter-
esting aspect of the soundscape of Zelle 2, is that the artifact of the exhibition is a
room, and therefore traditional acoustical treatment would destroy both the histor-
ical artifact that the room is, and the aim of the exhibition. This allows the thesis
to investigate and show how ENC can be used to solve problems that traditional
methodologies of noise prevention cannot. While making an exhibition more im-
mersive is a valuable goal in itself, the case allowed an exploration of the physical
and subjective aspects, with a controlled set of variables. It therefore seemed ideal
for an early iteration in the development of the methodology of Environmental
Noise Conversion.

5.1 The Case of the Museum, and Conducting an Interview

The �rst contact with Museum Kolding was made in the fall of 2024. The aim of the
thesis of using ENC to convert environmental sounds to enhance an exhibition was
explained. It was agreed that an exhibition, that would begin planning in January
2025, would be an ideal case. The plan was to make a soundscape for the exhibition
that would relate to the exhibition artifacts of a famous smithy in the 18th century.
When January arrived, unforeseen aspects concerning the artifact of the exhibition
had sadly postponed the exhibition planning. Therefore, on February 14th, in a
meeting at the museum, it was discussed if a different exhibition could be used as
a case. It was discovered that an exhibition of a prison cell called “Zelle 2”, had
an interesting noise problem. The exhibition used multimedia installation to create
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Figure 5.1: Image of the Exhibition from the website of the museum [77] (copied with permission)

an immersive experience, but the downside of the installation was that it produced
noise that was heard as soon as the sound of the installations stopped. A difference
between the cases was that the second one was already built. Therefore, ENC
would not be included in the planning of the exhibition, and instead of �nding
design requirements with the curators, they were found by analysing the exhibition
material. A consequence of this was that the installation inside the prison cell was
made by a third party, which was not involved in the process. To use part of the
installation they would need to be involved, but as they were a third party, whose
work was paid for and delivered, but exactly how this would work was not agreed
upon.

After this meeting, an interview was conducted with one of the curators cur-
rently working on the exhibition. The interview was semi-structured [142, pp. 166–
200] and made to investigate the general aspects of how the museum usually con-
sidered sounds, speci�c environmental sounds and the evaluation of sounds for
the exhibition. The interview was made with the purpose of gathering data on the
day-to-day work with sound, from the curators' perspective. This information was
used to provide insights into how the museum usually works with sound. The
interview was therefore a general interview, and not speci�c about the exhibition,
even though some speci�cs of the exhibition of “Zelle 2” were discussed.

5.1.1 The Case of Zelle

Located in the region of Southern Denmark in the city of Kolding, next to the
old castle, is a reminder of the Nazi occupation of Denmark from 1943 to 1945.
The building, “Staldgården”, was used by Gestapo as their regional headquarters,
and inside the building is located an “untouched” preserved prison cell used to
imprison freedom �ghters between interrogation. The Exhibition “Zelle 2” (the 2
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Figure 5.2: Images of the three rooms of the exhibition, yellow is where video is projected. The
pictures are from the material supplied by the museum, and can be found in the appendix I.1. Left=
inside the cell, as seen from the door (before the glass wall); Middle: The entrance looking towards
the cell; Right= from the doorway to the corridor, looking towards the cell.

is pronounced as the German “Zwei”), is an addition to the exhibition “1943 —
Gestapo kommer”.

The “Zelle 2” exhibition consists of 3 rooms, as can be seen in 5.2. The rooms are
the entrance, a corridor and “Zelle 2”. The entrance and the corridor are completely
bare. The walls of the prison cell are made of big stones, and the only light in the
room comes from a small slice in the opposite wall, that gives associations to the
arrow holes of medieval castles. On both the left and the right side of the cell,
wall-to-wall wooden platforms are raised, these were used as the prisoners' beds
and chairs. On all the walls, prisoners have scratched initials and messages during
their imprisonment 5.3. A glass wall is constructed inside the cell to contain the
guests and preserve the artifact of the room. Above most of this glass containment,
a wooden platform is built. On top of this, the multimedia is installed. In the hall
and the entrance leading to the cell, speakers have been attached in different places
on ceilings and walls, some hidden, some not.

The museum has designed 3 different narratives to create an immersive expe-
rience, to convey the story of the cell, its inhabitants and the fates connected to
it. The narratives are presented through a multimedia installation that combines
projections of video and images on the walls of the 3 rooms, with music, sound
effects and lighting of the historical artifacts inside the cell. In addition to the nar-
ratives, the museum offers a guided tour of the exhibition with an employee of the
museum. In this case, some projections are made in all rooms, creating a mood,
but without sound. Sounds move from one speaker to another, and the sound
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Figure 5.3: Top: Left=View from the corridor; Right= Projection on writing on the Cell Wall; Bottom:
Left= Visitor inside the cell behind a glass wall; Right= 1 of 2, Sleeping platforms inside the cell

design of the narrations was made to enhance spatial immersion. The narrator's
voice moves to the scene where the guests are supposed to be, at that speci�c point
in the story. The speci�cs of the narratives, are used to analyse the mood of the
exhibition as part of the analysis of the Soundscape Approach 6.1.

5.1.2 The Case: The “Silence” of a Multimedia Exhibition

A consequence of the experience culture for museums is, as mentioned in 3.4, how
multimedia installation have changed the soundscape of the museum experience.
Both the sounds of the videos, audio, and active guests, have made the museum
into spaces where silence is no longer given. When introducing sound, it is im-
possible for the sound not to distract some people, no matter how well the sound
design is crafted [49]. A positive aspect of the many active sound sources is that
they mask the noise from the ventilation components of the multimedia devices.
The equipment used in the multimedia installation of “Zelle 2” is no exception in
bringing unwanted sounds into the museum. Because of these sounds, the silence
of the prison cell has been transformed into a soundscape of multimedia devices.
These sounds are unintentional, and in the context of the exhibition narrative they
are unwanted, unsupporting, and undesirable. The noise from these devices is par-
ticularly notable during the guided tour, as no other sounds are presented in this
context. The curators have intentionally left the corridor and the entrance stripped
of furniture, posters and other objects. The artifact is the cell, and acoustic panels
installed on the walls of the cell would destroy the untouched historical artifact.
To investigate how to support the authenticity and narrative of the cell, without
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interfering with the artifact, implementing the analysis part of ENC is undertaken.

Figure 5.4: Exhibition area and multimedia installation. Top-right corner = original installation plan,
supplied by the museum; Bottom-left corner = multimedia installation on top of the viewing area
inside Zelle 2; Middle and Right = Rooms and multimedia as noted when visiting the museum
(Drawn in Home Sweet 3D).





Part 6

Implementation Part 1: Analysis

Following the methodology of Environmental Noise Conversion, the soundscape
of Zelle 2 will be analysed using three different approaches. This aims to estab-
lish a holistic perspective of the soundscape that can inform solutions to the noise
problem of the exhibition. As the noise is mostly present in the guided tour, this
is used as the primary subject of physical measurement. To understand how noise
conversion can enhance the exhibition's narrative, the noise characteristics must
�rst be analyzed. After establishing the acoustic environment, the context is anal-
ysed. First, by using the material supplied by the museum to clarify the mood
and general narrative of the exhibition. This is to provide insights into what the
conversions should strive towards. Secondly, the subjective aspects of the noise are
assessed in a controlled environment using HEARSEPTION. The found informa-
tion is then used to explore what and how to convert the soundscape, by de�ning
design requirements in the third and �nal section of the analysis.

6.1 Analysis: The Engineering Approach

6.1.1 Locating Sound Sources

The �rst step of implementing ISO 12913 is to identify sound sources according to
the taxonomy 4.3, as well as de�ning foreground and background sounds. Thir-
teen sound sources, or potential sound sources, were located, and the complete
list can be seen in appendix E, and the location of the sound sources are shown in
�gure 5.4. No sounds from outside the exhibition were observed during the mea-
surements. This could be due to the measurements being conducted on a Monday,
where the museum was closed to visitors and noise from other exhibitions. The
Sound sources of the 3 rooms differed slightly, and a simpli�ed description of them
can be found in 6.1. In the entrance and in the corridor, the projector located in the
entrance created a broadband foreground sound. Inside the cell, the PA ampli�er

45



46 Part 6. Implementation Part 1: Analysis

created a foreground sound with a notable tonal component. All other sounds
appeared as background sounds.

Exhibition room Sound sources of exhibition room
Entrance The fan of projector (NEC PA803U)
Zelle 2 Hum with noticeable tonality from PA Ampli�er (Monacor

PA-9125); Speakers (2xAudac VEX011A and 3xDIY built
into the platform-ceiling); Hum from 5xSpotlights; The
fans of the two projectors (Epson EB-L53U)

Corridor a mixture of the soundscape of the two other rooms, but
with the projector from the entrance as the foreground
sound.

Table 6.1: Simpli�ed description of sound sources. For the complete list, see E

6.1.2 Narrowing the Scope: Rooms

While the experience of all three rooms are part of the experience of the exhibition,
it was decided to narrow the analysis to cell. The argument for this is, that to
research how to implement the methodology of ENC, does not require the repli-
cated measurements in all rooms, as these measurements would follow the same
methodology without bringing new insights to the research question.

6.1.3 The Acoustic Environment of Zelle 2, and Measurement Positions

Figure 6.1: 3D drawing of the exhibition rooms, and plan drawing of the viewing area

To understand the behaviour of soundwaves in the rooms, it is important to
understand the physical setting that is the rooms. Then RT60 and the general
SPL of the soundscape are useful methods to do this. Before this, understanding
the general size and shape of the rooms was conducted, and a 3D model of the
exhibition space was made to visualize these aspects 6.1. The built viewing area
of the cell has some implications on the acoustics of the room. As the purpose of
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the thesis is to convert the soundscape (as it is heard) it was decided to measure
the room from the possible listening position of visitors. In the viewing area, all
visitors are surrounded by walls, some of them by a roof of 2 meters and others
with one of 3.45 meters. The distance to the walls varies depending on the position,
and it must be concluded that the sounds heard from these 3 therefore must vary.
Three different listening positions were identi�ed, that should cover the differences
of positioning. These can be seen in 6.2.

Measuring Equipment

To allow correct measurements, a Class-1 Sound meter, Svantek 971 calibrated at
1kHz was borrowed from a team of professional acousticians. A secondary record-
ing device, a Zoom H4n Pro, was used to record the soundscape of the exhibition.
The microphones were positioned 160 cm above ground. As H4n Pro records us-
ing two cardioids shaped microphones, these were positioned at 120 degrees to
record as wide soundscape as possible (240 degrees). The stereo track, when used
for analysis, was downmixed to mono following standardized recommendations
[169]. The microphones were positioned at about 45 degree angle upwards, aiming
at the centre of the room. An overview of the measurements can be seen in �gure
6.2.

The recordings were conducted in the early spring of Denmark, the 10th of
March 2025, between 10:30-13:00. The temperature outside began at 5.3 degrees
Celsius, and moved to 11.2. Inside the exhibition, it changed from approximately
15-18 degrees Celsius. The humidity began at 73.8% and ended at 54.9. There was
no rain, and no clouds. and the wind was between 3.0-4.2 m/s [33].

RT60, and Resonant Frequencies of the Exhibition

To measure the RT60 of the rooms, impulses were made using the Interrupted
Noise Method, by bursting balloons. Before recording anything, the multimedia
installation was turned off, as these would interfere with the measurement. The
impulses were recorded both with the Zoom Recorder and the Svantek 971 device.
13 balloons and the Svantek device were borrowed from 103aps, to conduct this
speci�c measurement. It was decided to conduct recording of impulses from the
three found listening positions in the viewing room. The impulses would be of 2
impulses for each position. In this way, there would be the required 6 recordings
with a Class-1 Measurement Device. As the WAV �les recorded with the Svantek
device, only work with the dedicated SvanPc+ Software[156], the impulses were
simultaneous recorded with the Zoom Recorder. This was to supply WAV �les,
that could at a later time be used to create an impulse response reverb of the cell if
this would be needed. When returning the recording devices, and changing data
from the devices to a computer, it was noticed that the Svantek 971 had not been



48 Part 6. Implementation Part 1: Analysis

Figure 6.2: Measurement overview
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set up correctly. As a consequence, it had not recorded anything when used in
the RT60 mode. It was considered to redo the entire recording, but due to both
the logistics and cost, it was decided that the Zoom recording would be suf�cient.
Therefore, the recordings from the Zoom recorder were used instead, which had
recorded the impulses from position 1 and 2.

When recording from the listening positions, it was not possible to comply with
the requirement of 1m to all closest surface. This was due to the viewing area in
some places only being 83cmwide, with 2 m between the �oor and “roof”.

The recording of the impulses were imported into the REW - Room EQ Wizard
Software [98]. This software calculates all the parameters of the impulse following
ISO 3382. The data of the 1/3 octave band measurements of RT30 was then used
to calculate RT60 according to the standard, using Microsoft Excel. The results
can be seen in 6.3. In the frequency areas of 50-1600Hz a relatively similar decay
of 2.3 seconds was detected. The frequencies of 2kHz and above slowly decline
to the last measured frequency of 10kHz at 0.61 seconds. The exception to the
similarity in the low frequency components were the 1/3 octave band of 100Hz,
with a decay of 3.34 seconds. This could indicate one of the resonant frequencies
of the room. To get an approximation of the resonant frequency of the room, the
software "amroc-THE Room Mode Calculator" [91], by Andreas Melcher was used.
In this browser-based software, the dimensions of the room were inserted, along
with the general RT60 of 2.35 were added. But the software appeared to work
better for traditional treated rooms, and did not supply any usable information.
This was decided as it indicated 23 resonant frequencies from 33-367Hz, with an
additional 50 less resonant, but still dominating frequencies.

To calculate an overall RT60 for the room, the standard uses the average of the
bands from 400Hz to 1250Hz. This gave a result of a RT60 of 2.35 seconds. This
is a long reverberation time for a small room. For comparison, a classroom in
Denmark is by law required to have an average of the bands between 125hz-4kHz
of 0.6 seconds, to allow comprehension (Zelle 2 has 2.23) [118]. In general, the
longer the reverberation time, the more dif�cult it is to comprehend speech.

6.1.4 SPL, LAF and Loudness

To better understand the acoustic environment and soundscape, measurements of
SPL, LAF and loudness are required by ISO 12913. The measurements made in
this thesis used the Svantek Sound Meter and the dedicated SvanPC++ software.
Measurements were made of SPL in different weightings in 1/3 octave bands. The
graph presented as �gure 6.4, shows the summed results from the SvanPC++ soft-
ware [155] of the SPL measurement as presented in of “Zelle 2”, in position 1.

The 1/3 octave bands show the measured Z-weighted SPL. Z-weighting shows
the SPL as it is present in the room, and not as it is perceived by listeners. The
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Figure 6.3: Combined measurements of RT60 of Zelle 2, in 1/3 octave bands in seconds

Figure 6.4: SPL of the soundscape of Zelle 2, from listening position 1, as show in 1/3 octave bands
in SvanPC++
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Room LAeq in dB LCeq in dB LAmin in
dB

LAmax in
dB

Length in
sec.

Zelle 2, 1 43.0 53.7 39.1 57.4 19
Zelle 2, 2 46.7 70.0 40.0 68.6 24
Zelle 2, 3 47.7 60.1 39.0 57.3 3

Table 6.2: SPL of Exhibition

orange dotted lines in the graph show the Equal loudness contour grid 6.4. That
is, they do not show the measured loudness, but they indicate how the different
octave bands are perceived. The graph shows the measurement with a y-axis of
0dB to 100dB, the x-axis represents the 1/3 octave bands in a bar chart, from 8hz-
20kHz. What is needed to comply with the ISO standard is the C and A-weighted
overall measurements of the acoustic environment. These are shown together with
the A-weighted min and max values in table 6.2. All the graphs from SvanPC++
can be seen in appendix G. Some mistakes were made during the recording, as the
time of the measurements are fairly short. All of them are under a minute.

Investigating the data, the measurement of position 2 in the cell, has a much
higher LCeq than the two other measurements, as is also seen in the LAmax. The
reason could be the recording of a sound not present in the other two measure-
ments. For the purpose of investigating the differences of the listening positions,
some general aspects can be found. A LAeq from 43.0 in the �rst position, where
there is no platform, does make sense, when considering the behaviour of sound
waves. That the LAeq is loudest in position 3 also makes sense, as this is com-
pletely encapsulated by walls and the platform ceiling, and is positioned directly
beneath the ampli�er. The LAmin also shows that the soundscape is consistent
without pauses of silence.

When investigating the Weighted 1/3 octave bands, it is shown that sound
is present in all the bands, which is a characteristic of broadband noises. That
the mid and low frequencies are louder correlates with how the behaviour of the
RT60 graph 6.3. That the low frequencies are more present also explains why
the C-weighting is generally higher than the A-weighting. The spectrum of the
soundscape is investigated further in 6.1.5.

A Fatal Problem with the Analysis of Loudness and LAF

It was not possible to get the correct analysis of either loudness and LAF. The
reason was inexperienced use of the Svantek 913 Sound Meter. When the measure-
ments were conducted, it was made without thoroughly understanding how the
sound meter worked, and it was thus not set up correctly. Firstly, as mentioned, the
RT60 measurements were not stored as they should have been. The same was true
for the LAF values. It was expected that the meter would record all the relevant
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