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Abstract
This work reviews the literature of 46 peer-reviewed papers and presents the current status on the use of psychoacoustic indicators
in soundscape studies. The selection of papers for a systematic review followed the PRISMA method. Afterwards, descriptive
analysis and principal component analysis (PCA) were realised. For the PCA, the following parameters extracted from the papers
were analysed: psychoacoustic indicator, hypothesis, statistical units, data collection method and major findings for each inves-
tigated psychoacoustic indicator. The results show an overview of the use of psychoacoustic indicators, through main hypothesis
and findings for each psychoacoustic indicator i.e. the importance of statistical units, such as percentiles, to investigate the
hypothesis related to the description of auditory descriptors and perceptual attributes. Another important finding is that many
papers lack the specification of computation methods limiting the comparability of study results and impeding the meta-analyses.
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Introduction—Soundscape Research
and Psychoacoustics

Soundscape studies become more and more popular as envi-
ronmental noise assessment and noise control increasingly
adopt the listeners’ perspective with their perceptions, the im-
perative of the soundscape concept [1]. For example, the cur-
rent noise and soundscape action plan from the Welsh gov-
ernment demands to reduce environmental inequalities by
targeting interventions to help those most seriously affected
while protecting existing soundscapes that support health and
well-being [2]. For those differentiations, improved character-
isation of environmental noise is performed by considering

acoustical quantities, which intend to mimic human auditory
sensations [3]. Consequently, the ISO/TS 12913-2 (2018) [4],
dealing with soundscape data collection aspects, proposes to
measure and report acoustic and psychoacoustic indicators to
describe the acoustic environment as the sound from all sound
sources modified by the environment and auditory sensations
evoked by the sound. The ISO 12913-1 (2014) [5] defines that
auditory sensations are influenced by masking, spectral con-
tents, temporal patterns and spatial distribution of the sound
sources, which the discipline of psychoacoustics can investi-
gate. These developments led to increased attention to psy-
choacoustics and its multiple parameters in the realm of
soundscape research.

The topic psychoacoustics belongs to the field psychophys-
ics, which investigates systemically how acoustic information
is processed by auditory functions [6]. Psychophysics started
to be studied in the early nineteenth century when the first
perceptual experiments related to the physical world took
place to understand the human senses, including hearing [7].
The origin of psychophysics worked with the notion of solely
bottom-up signal processing; however, more recent research
assumes a combination of bottom-up and top-down processes
involved in human perception [8]. Research groups world-
wide made significant contributions to the quantitative corre-
lation of acoustic stimuli and auditory sensations in the twen-
tieth century. The paradigm of psychoacoustics is to
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determine functional relationships between acoustic proper-
ties and auditory sensation phenomena. As human signal pro-
cessing is rather complex spectral content, temporal envelopes
and periodicities are considered for establishing links between
acoustic signals and evoked auditory sensations [9–11]. At the
end of the twentieth century with new audio techniques and
signal processing capabilities available, the topic psycho-
acoustic gained additional importance [12] and psychoacous-
tic parameters characterising specific auditory sensations were
increasingly used in the context of preference and valence.
Zeitler et al. [13] started to distinguish different concepts
about sound quality and sound character. According to
Sköld et al. [14], sound character is related to auditory sensa-
tions and can be understood ‘a parametric representation
of sound’. This concept is the basis of psychoacoustics
and the description of its indicators, allowing the con-
nection of the physical and perceptual world through
parameters such as loudness, sharpness, roughness, to-
nality and fluctuation strength [15].

The application of psychoacoustic magnitudes to the anal-
ysis of the urban sound environment has been less common
[3]. In particular, the application of psychoacoustic magni-
tudes to the perception and assessment of urban sound was
mostly limited to laboratory studies in the past. However, over
the last 10 years, a progressive increase regarding psycho-
acoustics in all kinds of soundscape studies is observed. In
particular, starting from 2015, potentially buoyed by the pub-
lication of the ISO 12913-1 (2014) [5] introducing the para-
digm shift from focusing on the physical exposure to human
perception, psychoacoustic aspects were more prominently
considered in soundscape studies. This trend seems to contin-
ue. However, although increasingly relationships between
psychoacoustic properties of acoustic environments and hu-
man perception and assessment of those environments are
studied, results seem far from being conclusive and
generalisable. Although it is clear that the same sound does
not create the same response in all individuals due to the
probabilistic nature of perception and the context-
dependency of sound assessment, sound with its properties
elicits auditory sensations related to a certain extent to apprais-
al [16]. Based on a systematic literature review considering
studies investigating soundscapes through psychoacoustics, it
is intended to recognise common findings and contradictions.

In the field of classical psychophysics based on a bottom-
up concept, the link between magnitudes of stimuli and the
sensations caused by them is determined and described by
mathematical relationships. In the context of psychoacoustics,
the connection between acoustic stimuli and auditory sensa-
tions is considered in particular. The established psychoacous-
tic parameters cover a broad range of basic auditory sensa-
tions. Loudness is considered to be the most important psy-
choacoustic quantity describing the perception of volume in
detail. Loudness models can be divided into two types [17]:

prediction of the perception of loudness (psychoacoustical
models) and prediction of physiological response to changes
(physiological models). This work focuses on psychoacoustic
loudness models, which are implemented into international
standards for stationary (DIN 45631, ANSI S3.4-2007, ISO
532 B, ISO 532-2) [18–21] and time-variant sounds (DIN
45631/A1, ISO 532-1) [22, 23]. According to Zwicker [24],
the loudness is either computed by means of specific loudness
patterns based on the concept of critical bandwidths similar to
third-octave bands or, according to Glasberg and Moore [25],
using an ERB scale using the concept of equivalent rectangu-
lar bandwidths. The psychoacoustic parameter sharpness de-
scribed the timbre of sounds with special emphasis on high-
frequency noise components. The spectral envelope of a
sound is responsible for the sensation of sharpness, whereas
the fine spectral structure is relatively unimportant in sharp-
ness, according to Fastl and Zwicker [26]. There are three
acknowledged models for the calculation of sharpness avail-
able, which exhibit either no loudness dependency (DIN
45692, Bismarck model) [27, 28] or a certain loudness depen-
dency influencing the impression of sharpness (Aures model)
[29]. The psychoacoustics parameters fluctuation strength and
roughness model the perception of modulations and adapt to
the algorithm, developed by Fastl and Zwicker [26]. A max-
imum of fluctuation strength is obtained at a modulation fre-
quency of 4Hz instead of 70Hz modulation frequency for a
maximum of roughness [30]. The roughness (hearing model)
is a model developed by Sottek [31], which intends to simu-
late the signal processing of human hearing and judges the
roughness of a signal like the human hearing system. The
principal calculation methods for tonality are tone-to-noise
ratio (TNR), prominence ratio (PR) and spectral flatness mea-
sure (SFM)[6], where the prominence of tones within a signal
i s quant i f i ed . Tone- to -no ise ra t io (TNR) was
standardised in the ISO 7729 (2010) [32], which mea-
sures the level of a tone compared to the level of the
noise wi thin the surrounding frequency band.
Prominence ratio (PR) considers the perceived tonality
by means of the critical band’s power which contains a
prominent tonal component and is compared with the
mean power of adjacent critical bands [33]. Moreover,
further methods for computing a psychoacoustic tonality
are currently proposed [34]. Spectral flatness measure
(SFM) was developed by Johnston [35]. It is the ratio
of the geometric mean Gm to the arithmetic mean Am of
the power spectral of the signal in dB [35].

This work aims to explore the applicability of established
psychoacoustic indicators in soundscape studies through a
systematic review of peer-reviewed publications over
the last 10 years. Additionally, it will highlight the ma-
jor findings for each psychoacoustic indicator and in-
tends to indicate further steps for the proper use of
psychoacoustic indicators as soundscape descriptors.
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Methods and Materials

Data Collection Method—PRISMA

For this study, a broad literature research was realised through
search engines like Google Scholar, SCOPUS, Taylor and
Francis, Springer, Elsevier, ResearchGate, Academia,
journals from the European Acoustic Association and
Acoustical Society of America. The work focused on 46
peer-reviewed journal papers published over the last 10 years,
which matched the keywords ‘psychoacoustic’ and
‘soundscape’.

It adopted the PRISMA diagram flow as a systemic meth-
odology of data collection [36]. A total amount of identified
papers with the keywords ‘psychoacoustic and soundscape’
revealed 5300 works. After revisions, 64 articles were added,
and the total amount of verified works was 5364. An amount
of 2336 was identified as duplicates, and they were removed
from the amount of 5364, 3038 remained. From this amount,
2998 screen works were excluded due to the requirement of
collecting data of journal peer-reviewed work only, which
indicated empirical work. Some of the screen works were
theoretical, and to be able to consider data collection objec-
tives, only experimental work was selected. After this selec-
tion, a total of 40 papers followed the requirements of data
collection; even so, one paper was excluded because it was
presenting data on merely ‘environmental noise’ and not any
perception of sound i.e. ‘soundscape’. Additionally, seven
papers were added, which fulfilled the aim of the investiga-
tion. At the end of the data collection of this systematic re-
view, this work is presenting 46 peer-reviewed journal papers,
which are showing practical works about soundscape com-
bined with psychoacoustic parameters (Fig. 1).

Data Analysis Structure

This investigation is divided into two parts, (1) an overview
description of the investigated studies and (2) a verification of
output patterns for each psychoacoustic indicator in sound-
scape studies.

The first part of the result section shows where the studies
occurred (coverage-location), sample size, investigated hy-
pothesis, adopted acoustic and psychoacoustic indicators, ap-
plied statistical units of the indicators, the calculation method
of the psychoacoustic parameters and data collection method,
which is summarised in Annex Table 2, including the refer-
ence (author/year). A descriptive analysis of the mentioned
data above and other parameters like empirical data collection
method (questions and answers format), classified stimuli,
sound recording and reproduction is shown in the “3.1
Descriptive Analysis” section.

For the determination of output patterns regarding selected
psychoacoustic parameters in soundscape studies, the

following parameters were considered: psychoacoustic indi-
cator, hypothesis, statistical units, data collection method and
major findings for each investigated psychoacoustic indicator.
The observation of patterns was possible through a Principal
Component Analysis which is shown in the “Multivariate
Analysis” section chapter 3.2.

Post-processing

Some parameters could be classified into multiple classifications
options. To facilitate the data organisation, the adoption of a post-
processing classification was necessary, and, in some cases,
existing taxonomy methods were used. The following parame-
ters were post-processed: hypothesis of the investigated studies
(classification), major findings of each psychoacoustic parameter
(classification) and adopted stimuli (taxonomy methods).

As classification of the hypothesis, it was observed a tendency
of concentration of answers on the following classes: ‘model
construction’ (empirical models, perceptual, acoustic and psy-
choacoustic modelling, geometrical, multivariate model with
acoustic properties, sound quality and preferences), ‘perceptual
attributes’ (perceptual attributes and properties, preferences and
behaviours such as pleasantness/unpleasantness, eventfulness,
annoyance, vibrancy, comfort, background and foreground, dis-
ruptive, supportive, calming characteristics), ‘relationship be-
tween parameters’ (objective data—physical environment and
design; subjective data—perceptual, cognition and personality
traits; economical and methodological), ‘soundscape characteri-
sation’ (subjective—perceptual, preferences, quality, individual,
cognition; objective—physical, spatial, temporal; dimensional;
economic; context), ‘properties’ (objective—physical, spectral,
temporal, acoustic, psychoacoustic, spatial; subjective—physio-
logical, psychological, perceptual, behavioural), ‘experiments’
(listening tests and acoustic virtual reality), ‘dimensions’ (impor-
tance of a soundscape in an environment, preventive soundscape
in adverse health environments, conservation of iconic
soundscapes, influencing factors of special soundscapes), ‘de-
sign’ (ways to design soundscapes, tools for design, design for
economic and environmental benefit, practices of specific loca-
tions) and new ‘methodology’ (spectral features of the sonic
environment, automatic soundscape affect). The answers were
classified in some cases in multiple classes, according to their
characteristics.

Themajor findings of loudness, sharpness, roughness, fluc-
tuation strength and tonality were also classified and divided
into the following classes: ‘explanation of auditory descrip-
tors’ (sound quality: pleasantness/unpleasantness, eventful-
ness, valence, annoyance, arousal, arousal, acceptance, satis-
faction, tranquillity, harmony; preference; visual aspects; var-
iability; priciness; individuality), ‘percentiles’ (statistical
scores describing the distribution of (psychoacoustic) values),
‘correlation with physical descriptors’ (acoustic and psycho-
acoustic parameters, geometrical shape, position, height),
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‘psychoacoustic quantities for sounds’, ‘behaviours’ (overall
human responses, listener distractions) and ‘quantity of sound
sources’.

Two taxonomy methods for the classification of sound
sources were applied regarding the adopted stimuli in each
study. The first taxonomy considered was developed by
Brown et al. [83] and improved as a taxonomy option de-
scribed in the ISO 12913-2 [4]. Moreover, the taxonomy
method for the classification of sound sources proposed by
Schafer [84] was considered.

Results

Descriptive Analysis

The investigated studies shown in Annex Table 2 collected
data in 44 different locations in five continents. Most of the
studies were performed in Europe (58%) and Asia (30.4%),
whereas only a few studies took place in North America,

South America and Oceania. The sample size of participants
within the investigated studies shows a significant variation
from 7 to 10,000 persons.

Regarding the hypothesis classification of each investigat-
ed study, it was observed that the soundscape studies focused
on soundscape characterisation (21.0%), relationships (audi-
tory perception, physical, health effects, prices) (17.1%), ex-
periments (15.2%), properties (14.3%), perceptual attributes
(12.4%), model construction (10.5%), dimensions and design
(3.8% each) and methodology (1.9%).

From a sample of 178 observations, which could simultaneous-
ly report acoustic and psychoacoustic indicators, only 21.9% used
acoustic indicators. A percentile1 value X of a certain parameter is
the value that is reached or exceeded in X%of the measuring time

1 Please note that the interpretation of percentile values in psychoacoustics is
inconsistent with the common definition and use of percentile values in statis-
tics, which interpret percentile values as those values that reach or go below the
value within the data set. However, the different use of percentile values in the
described way is very common and established in psychoacoustics and the
authors follow this notion in this paper.

Fig. 1 PRISMA flow-diagram
for soundscape studies and use of
psychoacoustic parameters meta-
analysis
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interval [42, 51] i.e. the P50 corresponds to the median of the
psychoacoustic indicator, P10 corresponds the value which is
exceeded in 10% of the time, representing events with the greatest
magnitudes over time and P90 represents the background magni-
tudes at least reached in 90%of themeasuring time. The difference
between 10th and 90th percentiles embody the variability of sound
magnitudes over time [51].

Loudness was adopted in 23% of the studies, followed by
sharpness (21.9%), roughness (16.3%), fluctuation strength
(14%) and tonality (2.8%). From 115 observations which
could use more than one statistical unit, 36.5% are using av-
erages as a single representative values, followed by P5 (14%)
[38, 39••, 41, 50, 52, 54, 55, 61, 62, 65, 66•, 68, 72, 75, 81,
82], P10 (13%) [38, 39, 41, 42, 44, 46, 51, 61, 65, 67, 68, 70,
72, 77, 82], P50 (9.6%) [38, 39, 41, 42, 44, 61, 65, 72, 77, 81,
82], P95 [38, 39, 41, 55, 61, 65, 72, 75, 81, 82], P10–P90 (8.7%
each) [42, 51, 70], P90 (7.8%) [38, 39, 41, 44, 65, 68, 70, 77,
82] and P1 and P99 (1% each [82]).

The most used loudness calculation method (N=31) was
the Zwicker method (55%), which was not further specified.
Derivations of the Zwicker model represent together 45%,
including the ISO 532 B, DIN 45631/A1, ISO 532-1 and
Chalupper and Fastl. For the calculation of sharpness
(N=17), the Aures computation method had 47% and DIN
45692 presented 35% of adoption; Fastl and Zwicker and
Chalupper and Fastl were adopted in 18% of the cases.
Roughness (N=7) was calculated according to Sottek in 71%
of the observations, as well as Daniel andWeber in 29% of the
cases. For the parameter of fluctuation strength (N=4) a com-
putation according to Sottek was used in 100% of the obser-
vations. Tonality was only considered in 5 studies, and the
adopted calculation methods were performed according to
Zwicker, DIN 45681 and Terhardt and Aures. Surprisingly,
a significant number of studies did not specify the calculation
methods of the psychoacoustic indicators correctly. A quarter
of all considered studies did not specify the used methods and
standards for the computation of the respective parameters.

Regarding data collection methods, 36.2% of the reviewed
studies used listening tests or virtual reality experiments.
22.4% adopted questionnaires or surveys, 12.1% soundwalks,
10.3% interviews, 12.1% acoustic measurements each and
one paper worked with a focus group.

The evaluated items shown in Annex Table 2 also investi-
gated how the data collection regarding soundscape percep-
tion, adopted stimuli, sound collection, equipment for record-
ing and reproduction, and major findings for each psycho-
acoustic parameter are represented.

Studies that investigated soundscapes using questions used
different scaling formats: verbal scale (22.6%), rating scale
(16.1%), semantic differential (14.5%), open-ended and socio-
demographic questions (11.3% each), visual analogue (9.7%),
staple scale (6.5%), self-assessment manikin, attribute matching,
multiple-choice, rank order and dichotomous answers (1.6%

each). A systematic overview of frequently used empirical
methods in soundscape can be found in Engel et al. [85].

As explained in the “Post-processing” section, two taxon-
omy methods for sound sources (stimuli) classification were
adopted. Using the first taxonomymethod, the following clas-
sification of stimuli was observed: ‘nature’ (17.9%), ‘social/
communal’ (16.6%), ‘voice and instrument’ and ‘human
movement’ (15.9% each), ‘motorized transport’ (14.5%),
‘electro-mechanical’ (11%), ‘domesticated animals’ (5.5%)
and ‘others’ (2.8%). For the taxonomy method, according to
Schafer (1977), the stimuli were classified in the first level as
follows: ‘natural sounds’ and ‘sounds and society’ (22.1%
each), ‘human sounds’ (21.4%), ‘mechanical sounds’ (15%)
and ‘sounds as indicators’ (12.9%).

Regarding the collection of sound, most studies used out-
door sound recordings (57.8%) that were not performed dur-
ing soundwalks. In 20% of the papers, indoor sound record-
ings were realised. Only 13.3% of sounds were collected dur-
ing soundwalks, and in 8.9% of the cases, sounds from
existing databases were used. In most cases, the sounds were
recorded with binaural measurement systems (42.4%), stand-
alone recording devices with an integrated microphone
(16.9%), sound level metres (15.3%), stereo microphones
(11.9%), ambisonics (6.8%), 360° cameras (3.4%), cameras
and a triaxial acceleration sensor for vibration measurements
(1.7% each). The playback during the listening test was most-
ly realised via headphones (38.5%), Oculus and loudspeakers
(7.7% each) and GoPro VR Player (3.8%).

Concerning the major findings drawn from the soundscape
investigations, they were separated according to each psycho-
acoustic parameter. The major findings could belong to more
than one category in each study. For loudness in 46 cases, major
findings based on the parameter loudness were obtained, follow-
ed by sharpness (30), roughness (19) and fluctuation strength
(20). According to the classification of major findings adopted
during the post-processing of the raw data, the explanation of
auditory descriptors was the most observed major finding for
loudness (50%), sharpness (52%), roughness (53.3%) and fluc-
tuation strength (56.3%). The second most reported finding was
related to (1) quantities of psychoacoustic parameters, as ob-
served in loudness (13%), sharpness (20%), roughness (20%)
and fluctuation strength (18.2%); (2) correlation with other phys-
ical descriptors, observed in roughness (26.7%), loudness
(15.2%), fluctuation strength (18.8%) and sharpness (12%).
Related to tonality, there was only three observations of major
findings, which were classified with 33.3% in correlation with
physical descriptors, quantities of tonality for sound sources and
quantities of sound sources.

Multivariate Analysis

Before conducting a complete principal component analysis,
the following assumptions were accepted: variables with
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continuous level (which was the number of observations of
each variable) as observed in Ma et al. [77], linear relationship
between variables, sample adequacy through Kaiser-Meyer-
Olkin (KMO) test, suitability for data reduction and no signif-
icant outliers. The observation of the assumption’s attendance
occurred with the following indicators: loudness, sharpness,
roughness and fluctuation strength. For the indicator tonality,
it was not possible to follow the assumptions due to the small
sample size.

The components extracted for each psychoacoustic indica-
tor are shown in Table 1. Each relevant component loading
with values over the cut-off 0.5 is highlighted in grey, indicat-
ing the major loadings of each component. Additionally, to
confirm the quantity of extracted components, a parallel anal-
ysis was conducted through a parallel analysis engine [86],
which calculates eigenvalues from randomly generated corre-
lationmatrices. These are comparedwith the eigenvalues from
each conducted PCA. Suppose the PCA eigenvalues are larger
than the corresponding random eigenvalues. In that case, these
should be retained in the analysis [87] (cut-off indicated in
dark grey at the ‘eigenvalues’ and ‘randomly simulated eigen-
values’ lines).

Seven components were extracted in the loudness PCA,
representing 82.6% of the sum of the squared component
loadings. Bartlett’s test of sphericity, which tests the overall
significance of all the correlations within the correlation ma-
trix, was significant (χ2 (105) = 241.175, p<0.001), indicating
that it was appropriate to use the PCA model on this set of
data. The Kaiser-Meyer-Olkin measure of sampling adequacy
suggested that the relationships amongst variables were high
(KMO = 0.47); thus, it was acceptable to proceed with the
analysis. The parallel analysis indicated that the first two com-
ponents (1L and 2L) are relevant, which cumulated 36.8% of
the eigenvalues in the components.

As observed in Table 1, the first component for loudness
(1L) is composed of percentiles P5, P10, P50, P90 and P95 with
positive loadings. The second component (2L) shows a com-
bination of the hypothesis experiment with positive loadings
and data collection through listening tests or AVR with posi-
tive loadings and objective measurements with negative
loadings.

In the sharpness PCA, six components were extracted with
the representation of 74.1% of the component’s loadings.
Bartlett’s test of sphericity was significant (χ2 (120) =
254.841, p<0.001) and KMO = 0.465, which was acceptable
to proceed with the analysis. All six components are relevant
according to the parallel analysis results.

As indicated in Table 1, the first component for sharpness
(1S) is composed of positive loadings of percentiles (P5, P10,
P50, P90 and P95). The second component (2S) presents pos-
itive component loadings for hypothesis (experiments) and
data collection method (focus group and listening tests/
AVR). Negative loadings are observed for the data collection

(objective evaluations). The third component (3S) is showing
a combination of hypothesis with positive loadings (design)
and data collection (soundwalks). In the fourth component
(4S), positive loadings of percentiles (P10–P90) are combined
with negative loadings of the hypothesis (methodology) and
positive loadings of data collection (focus group). The fifth
component (5S) shows negative loadings for the hypothesis
(experiments) and positive loadings for data collection (inter-
views). In the sixth component (6S), there are negative load-
ings for major findings regarding sharpness (quantities of
sharpness for the sound sources).

The roughness PCA results presented seven components
which represent 79.1% of the extracted components.
Bartlett’s test of sphericity was significant (χ2 (153) =
256.71, p<0.001) and KMO = 0.438, which was acceptable
to proceed with the analysis. Only the first two components
are relevant according to the parallel analysis. The first two
components are cumulating 37.9% of the eigenvalues in the
components.

The first component of roughness (1R) contains great rep-
resentation with percentiles (P5, P10, P50, P90 and P95) with
positive loadings and major findings explaining auditory de-
scriptors with negative loadings. The second component (2R)
is composed mainly of positive loadings of hypothesis (per-
ceptual attribute and experiments), data collection (listening
tests/acoustic virtual reality) and negative loadings of objec-
tive evaluations.

In the fluctuation strength PCA results, the extraction of
five components represented 77.2% of the loadings extraction.
Bartlett’s test of sphericity was significant (χ2 (55) = 72.483,
p<0.001) and KMO = 0.473, which was acceptable to proceed
with the analysis. As in the sharpness PCA, all components
are relevant according to the parallel analysis.

The first component of fluctuation strength (1FS) shows
positive loadings for percentiles (P10 and P90) and data col-
lection (interviews). The second component (2FS) explains
the component with positive loadings through hypothesis (ex-
periments), data collection (listening tests/AVR). The third
component (3FS) shows positive loadings of hypothesis
(characterisation and dimensions). Regarding the fourth com-
ponent (4FS), it shows positive loadings of percentiles (P10–
P90) and negative loadings of major findings regarding fluc-
tuation strength (correlations physical descriptors). The fifth
component (5FS) shows positive loadings of hypothesis (per-
ceptual attributes) and data collection (questionnaire/survey).

Discussion

As observed in Annex Table 2, a few studies adopted all
psychoacoustic parameters as objective descriptors [56•, 66•,
67, 74••, 75]. Some publications seem to be of particular im-
portance due to a comprehensive data collection and rich
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databases for soundscape analysis reflecting on psychoacous-
tics [39••, 40••, 56•, 59, 61••, 66•]. Regarding the highlighted
works, there are excellent examples of studies that researched
soundscape quality modelling through artificial neural net-
works using 254 interviews [39••]; relationship between air
quality and soundscape perception using 30 soundwalks
[74••]; characterisation of geometrical profile and soundscape
perception using 16 different listening tests [61••]; verification
of perceptual attributes in sound preferences of Buddhist tem-
ples using 685 interviews [40••] and improvement of sound-
scape quality through experiments using 68 listening tests
[59••]. Works that were characterised as of importance inves-
tigated indoor soundscapes [40, 41] and outdoor soundscapes
[66•]. Cik et al. [66•] focused on objective measures of sound
and vibration generated by trams in Graz, Austria, aiming to
characterise and verify relationships and measures of this kind
of sound source in urban environments. The other work
that dealt with indoor soundscapes conducted 70 listen-
ing tests to confirm the importance of rolling noise of
chairs in office environments [56•].

As mentioned in the introduction, the ISO 12913-2 [4]
proposed psychoacoustic indicators as objective descriptors.
The most used psychoacoustic indicator is Loudenss, follow-
ed by sharpness, roughness, fluctuation strength and tonality.
Lionello et al. [88] also showed in their work that Loudness
was the most applied indicator in soundscape model develop-
ment. Still, as observed on the present work, detailed informa-
tion is missing to guide the comprehensive use of these indi-
cators in soundscape investigations (e.g. statistical units and
psychoacoustic calculation methods). Indirectly, the lack of
this kind of content can be observed in the hypothesis adop-
tion in the investigations, through works that opted on the
characterisation (21.0%), relationships (17.1%) and model
construction (10.5%) which can also be reinforced by the
work of Lionello et al. [88] that indicated a vast variety of
adopted approaches for the development of soundscape
models. Other hypotheses such as verification of dimensions,
design and methodology, which the sum was 9.5%, are de-
pending on well-specified conditions that could include prop-
er statistical units and psychoacoustic calculation methods.
Regarding the statistical units, it was observed that some stud-
ies used beside averages, percentiles and variability between
percentiles (e.g. P10–P90) [37, 43, 46, 51, 64, 78, 82], but no
study found in the literature review considered the ratio be-
tween percentiles, which could explain dynamics phenomena
according to Genuit and Fiebig [89]. Accordingly, the ISO/TS
12913-3 proposes the quotient of the loudness N5 and N95 as
an indicator of the magnitude of loudness variability [90].

In several cases, a quarter of the studies, the computation
method or used standard, was not specified, limiting the com-
parability of study results.

The stimuli classification showed a greater distribu-
tion of classes in Brown’s et al. [83] taxonomy, which

distributed the reported stimuli in eight classes, while
Schafer’s [84] taxonomy classified in five classes the
same stimuli. Some classes of both taxonomies are sim-
ilar, such as ‘nature – natural sounds’, ‘social/communal
– sounds and society’, ‘voice and instrument, human
movement – human sounds’ and ‘electro-mechanical –
mechanical sounds’. Additional two classes are helping
in the distribution of stimuli in Brown’s taxonomy,
which are ‘domesticated animals’ and ‘others’.

From the PCA, it was possible to observe some com-
mon tendencies regarding the use of psychoacoustic in-
dicators. The first component of the majority of the
PCA’s was composed using P5, P10, P50, P90 and P95

(1L, 1S and 1R) with the exception of the first compo-
nent of the PCA of fluctuation strength (1FS), which is
showing P10 and P90. In the PCA of roughness (1R),
the first component also presented few cases with major
findings (explanation of auditory descriptors). Other
components that involve percentiles are 4S and 4FS,
which are presenting P10–P90. In 4S, they are combined
with few cases investigating a methodology as a hy-
pothesis and through focus group as data collection.
The combination of percentiles differences of 4FS oc-
curred in few cases when the major findings related to
fluctuation strength found a correlation with physical
descriptors. There are some patterns related to common
hypothesis (experiments) and data collection method
(listening test and AVR) in 2L, 2S, 2 FS and 2R. In
2S and 2R, other common data collections were inter-
views and few cases of objective measurements. The
difference between 2S and 2F is that in the component
with sharpness, another highlighted data collection
method is a focus group. In the component with fluctu-
ation strength, it highlighted the hypothesis about per-
ceptual attributes. Few cases investigated experiments as
hypotheses using exclusive interviews as a data collec-
tion method, as shown in 5S. Other important findings
are the investigation of design through soundwalks
shown in 3S; studies investigating simultaneously the
characterisation and dimensions of soundscapes are
shown in 3FS; investigations about perceptual attributes
through questionnaires are shown in 5FS.

Conclusion

This work aimed to explore the applicability of psycho-
acoustic parameters in soundscape studies through a
systematic review of peer-reviewed publications over
the last 10 years. From the systemic review, studies
have made concentrated efforts to characterise sound,
create functional relationships and construct complex
models with the help of psychoacoustic indicators. The
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most used indicator so far was loudness as the human-
perception-based counterpart of the sound pressure level
indicator, followed by sharpness, roughness and fluctu-
ation strength and tonality.

Most of the studies use average values of the magni-
tude of a psychoacoustic parameter over time as a rep-
resentative value of the overall impression concerning
different auditory sensations. A bit more than half of
the studies adopted other statistical units like percentiles
and percentile differences considering cognitive effects
of processing time-variant sensations as suggested in the
ISO 532-1: ‘Due to the fact that the statistical mean of
time-varying loudness leads, in general, to results that
are too low in comparison to the evaluated loudness, the
percentile loudness N5 shall be given when starting the
overall loudness perceived [...]’ [23]. However, it ap-
pears that the potential of adequate statistical quantities
representing overall auditory impressions is not fully
exploited as different kinds of mean values and ratios
of single values were not frequently considered. For
example, Fiebig and Sottek [91] suggested that based
on mean power values of the loudness over time, the
level of prominent events and background can be con-
sidered simultaneously; the weighting of these aspects
depends on the applied exponent [91].

Around one quarter (25%) of the studies did not in-
dicate the calculation method of the psychoacoustic pa-
rameters. There was a vast distribution of the usage of
diverse calculation methods for all indicators limiting
the comparability and meta-analysis of soundscape stud-
ies. Some of them even seem particularly inappropriate
in urban sonic environments, which was the research
context of most investigated publications. This high-
lights the need for improved guidance from experts in
psychoacoustics to soundscape researchers regarding the
best practice in applying psychoacoustic parameters. The
technical specifications ISO/TS 12913-2 and ISO/TS
12913-3 [4, 90] might help overcome those problems
as they provide instructions on how to measure, analyse
and document psychoacoustic quantities in soundscape
studies.

The major findings show in few investigations related
to auditory descriptors an association with percentiles
(P5, P10, P50, P90, P95) in roughness studies, and few
major findings related to correlation with physical de-
scriptors were highlighted using P10–P90 in fluctuation
strength studies. The investigation of few cases related
to methodology was possible through the difference of
percentiles (P10–P90) in sharpness studies. P10 and P90

helped to analyse fluctuation strength in studies that
used interviews as a data collection method. These find-
ings highlight that using different statistical units can
contribute to a broader understanding of the perception

of the sonic environment and lead to further investiga-
tions, including verifying ratios between percentiles as a
simple indicator for parameter variations. As observed
in the descriptive analysis of this work, 36.5% of the
investigated studies used averages of psychoacoustic pa-
rameters as singles values over time. However, this sta-
tistical unit was not highlighted as a significant param-
eter that could inform a trend combined with other de-
scriptors, indicating a significant role in soundscape
studies. Altogether, based on the literature review, a
clear direction concerning needed percentile values cor-
responding to the overall impression of certain auditory
sensations over time in context cannot be recognised so
far, and further work appears justified.

In an overall view, this work indicates few tendencies
for the use of psychoacoustic indicators on soundscape
studies published in the last 10 years, which corre-
sponds to the period where the ISO 12913 started to
be in use. As expected, there is a great distribution of
types of investigations, which adopt different hypothe-
ses, data collection methods, psychoacoustic indicators,
use of different computational methods to obtain the
psychoacoustic indicators and adoption of statistical
units, which will provide common outputs through ma-
jor findings. To obtain precise tendencies, through the
above-mentioned combinations of parameters and
methods, it is required to publish a greater number of
soundscape studies using psychoacoustic indicators in
the following years.

Through the different outcomes, it will be possible to ob-
tain a confirmation of which statistical units and which psy-
choacoustic indicators are properly answering the investigated
hypothesis. Another possibility to obtain more precise out-
comes through a systematic review using PCA as a statistical
method is to focus only on one type of hypothesis, or way of
data collection or expected major finding. In general, principal
component analysis can findmethodological patterns working
well in soundscape studies, corroborating for optimisation of
established standards.
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