Applied Acoustics 215 (2023) 109728

Contents lists available at ScienceDirect

Applied Acoustics

journal homepage: www.elsevier.com/locate/apacoust

Check for

Mandarin Chinese translation of the ISO-12913 soundscape attributes to i
investigate the mechanism of soundscape perception in urban open spaces

Min Li *°, Rumei Han “°, Hui Xie ¢¢, Ruining Zhang “*, Haochen Guo *", Yuan Zhang ",
Jian Kang &**

2 School of Architecture and Urban Planning, Shenyang Jianzhu University, 25 Hunnan Middle Road, Shenyang, 110168, China

® Liaoning Provincial Key Laboratory of Eco-Building Physics Technology and Evaluation, 25 Hunnan Middle Road, Shenyang, 110168, China

¢ School of Science, Shenyang Jianzhu University, 25 Hunnan Middle Road, Shenyang, 110168, China

d Faculty of Architecture and Urban Planning, Chongqging University, 174 Shazhengjie, Chongqing, 400044, China

¢ Key Laboratory of New Technology for Construction of Cities in Mountain Area, 174 Shazhengjie, Chongqing, 400044, China

f Liaoning Provincial Key Laboratory of Reginal Architecture and Human Settlements Science of Cold Area, 25 Hunnan Middle Road, Shenyang, 110168, China
& UCL Institute for Environmental Design and Engineering, The Bartlett, University College London, 14 Upper Woburn PL, London, WC1H ONN, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: This study is part of a global collaboration to translate the soundscape attributes proposed in ISO/TS 12913-

Soundscape perception 2:2018, which aims to standardise soundscape research globally. Cross-referencing results from two independent

Eleasaf";'"ess expert panels produced a set of eight soundscape attributes that were subsequently experimentally verified,
ventfulness

forming a reliable questionnaire for soundscape characterisation in Mandarin Chinese. Employing the as-
developed questionnaire, ex situ auditory-only soundscape perception experiments were carried out with 27
soundscape recordings from urban open spaces in the United Kingdom. The soundscape perception scale was used
to evaluate participants’ experiences, which were then projected into two dimensions of soundscape perception,
pleasantness and eventfulness, following protocols from ISO 12913-3:2019. Physical and psychoacoustic
parameters, as well as the characteristics of the sound sources, were extracted from the recordings. These
parameters were used together to describe the soundscape characteristics of the recordings. Principal component
analysis revealed that, when individuals are exposed to urban open spaces, the salient sound source becomes the
foreground focus of attention, informing them to perceive the soundscape. Beyond this, perception stimulation
is further based on the acoustic characteristics of the soundscape. Regression analysis investigated factors for
pleasantness and eventfulness. For pleasantness, the overall So; had a significant negative effect while birdsong
was beneficial. With regard to eventfulness, mechanical sound had a detrimental impact, while the number of
salient sound source types and the overall F5, had a positive impact. Furthermore, this study founds that certain
types of sound sources make the sound more recognisable as a foreground sound, thereby stimulating perception,
while others may be ignored as background sounds but still contribute to the perception through their acoustic
characteristics.

Soundscape attributes translation
Perception mechanism

1. Introduction acteristics, while soundscape emphasises a perceptual structure centred

on individuals, and both are influenced by the context [2]. A person’s

There is growing interest in research on the ability of urban open
spaces to enhance visitors’ experience and promote general public
health while ensuring equal access for urban residents. Soundscape
is defined as the “acoustic environment as perceived or experienced
and/or understood by a person or people, in context” [1]. An acoustic
environment is described by the sounds in it and their physical char-

perceived soundscape is based on their observation of the surround-
ing acoustic environment, and the subjective feedback generated by
this observation is influenced by their psychological and physiological
state [3]. In such a complex perceptual structure, sounds noticed by an
individual can convey information such as the function of the place and
are regarded as auditory evidence of the surrounding environment [4].
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Extensive research has been conducted on the feelings that the
soundscape of urban open spaces can impart onto individuals, in which
dimensions these feelings cluster and what factors affect these dimen-
sions. In a circular model proposed by Axelsson et al., soundscape has
two perceptual dimensions, with pleasantness on the X axis and event-
fulness on the Y axis [5]. ISO/TS 12913 formally adopted this model,
defined pleasantness and eventfulness [6], and then gave their calcu-
lation methods from the eight soundscape attributes, namely pleasant,
calm, unevent ful, monotonous, annoying, chaotic, eventful, and vibrant
[71.

Additionally, a pressing issue impeding the global acceptance of this
model and thereby the standardisation of soundscape perception stud-
ies is the accurate translation of the eight soundscape attributes into
various languages. In response to this, an international collaboration
was launched, the “Soundscape Attribute Translation Project” (SATP)”,
which brought together soundscape researchers from all over the world
fluent in 19 languages [8,9]. Accordingly, as the Mandarin Chinese lan-
guage working group of the project, this work would start with the
aim of producing a verified translation for the benefit of the Mandairn
Chinese soundscape research community, before proceeding to a more
detailed perception study with the translated tool.

1.1. Soundscape and auditory streams

With the development of cities, the auditory environment in urban
open spaces is becoming increasingly complex and non-directing. The
sounds that individuals notice are not solely determined by the compo-
sition of the auditory environment, but are also influenced by factors
such as their attention, current activity, expectations, and prior knowl-
edge of sounds [2]. Hearing is a complex process that involves multiple
levels of attention and higher-level cognitive functions [10,5]. Gestalt
psychologists believe that there are certain organisational rules for per-
ception. Initially, this rule of perceptual organisation was used to ex-
plain visual phenomena, but it has gradually been shown to play a role
in the auditory field as well [11]. They argue that when people listen to
complex sounds, they use physical cues from the environment to group
the sounds into multiple auditory streams. These auditory streams can
be categorised into attention stream and non-attention stream, and this
phenomenon is called the “foreground-background phenomenon” [12].
In non-directing environments, where individuals are immersed in mul-
tiple sounds, their physical and psychological systems selectively focus
on specific sounds [2,13]. These sounds become the main source of
stimulation in soundscape perception and possess certain soundscape
traits. The formation of an auditory stream restricts the individual’s
attention, which, conversely, also influences the formation of the au-
ditory stream. At the same time, this bidirectional influence process
between sound and attention is also influenced by physical environ-
mental cues [14].

For the intricate and diverse soundscapes of urban open spaces,
might there be certain traits that can be named, characterised, or quan-
tified which serve as cues for triggering soundscape perceptions? Iden-
tification of such traits could help elucidate why people focus their
auditory attention on particular elements within the complex compo-
sition of soundscapes in urban open spaces, leading to the “foreground-
background” phenomenon of soundscapes. Additionally, it is vital to
identify appropriate and concise multivariate acoustic indices that en-
compass the complex acoustic factors influencing soundscape percep-
tion [15]. Potential acoustic parameters are often interrelated and con-
vey overlapping information [16]. For example, the degree to which a
certain sound is perceived, in addition to its inherent characteristics, is
also influenced by the presence and characteristics of other sounds due
to auditory masking [17]. The overall acoustic characteristics of the
environment, depicted by physical acoustic parameters and psychoa-
coustic parameters, are predominantly determined by the compositional
relationships and characteristics of the sound sources [18]. By making
use of standardised measurement tools and experiments, finding a suit-
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able suite of indices to characterise the acoustic factors affecting urban
open space soundscape perception is an effective approach to sound-
scape assessment, prediction, and optimisation [19].

1.2. Sound sources and their influence on soundscape perception

Sound sources and the information they contain play a crucial role
in the perception of the soundscape [20]. In studies of soundscape per-
ception in urban open spaces, when researchers add related questions
about sound source identification to the questionnaire, the participants’
perception evaluation results may become more regular because they
have considered the information contained in the sound sources [21].
Sound sources are usually classified as negative, positive, or neutral ac-
cording to the emotional experience they bring to people. For example,
natural sounds such as birdsong [22-24] and water sounds [25,26,17]
are considered positive components of the soundscape. On the contrary,
mechanical sounds such as traffic sounds [23,27-29] and construction
sounds [30] are usually considered negative sounds. The sounds of peo-
ple talking and children playing are generally positive components of
pleasantness [24] but neutral in terms of acoustic comfort [31]. The
same type of sound may also have different degrees of positive or nega-
tive impact on people, which may be due to differences in the acoustic
performance of particular sound sources. For example, among water
sounds, splashing water can be more pleasant than purling water due
to its higher loudness [17]. Among different types of construction ma-
chinery on a construction site, although electric drills and jackhammers
have similar levels of loudness, the sounds of electric drills could be
more annoying due to their higher sharpness, making it more unbear-
able [30].

In addition to the type attribute of the sound source, its pres-
ence characteristics also have a non-negligible impact on people’s per-
ception. The saliencies of sound sources [32,33] and temporal exis-
tence [33-35] are usually considered, and are measured primarily by
the assessment of the researcher [32] or by questionnaires [33,35].
Some researchers have also paid attention to the influence of the dis-
tance between individuals and sound sources [33]. It is worth not-
ing that the parameters that characterise the presence characteristics
of sound sources usually come from the subjective judgements of re-
searchers or participants, and people tend to misunderstand the mean-
ings of different features when making such judgements. For example,
subjective judgements such as sound source saliency are likely to be in-
fluenced by the duration of the sound or the proximity of the listener
to the sound source. In their questionnaire, Lavandier et al. asked rele-
vant questions about the three aforementioned presence characteristics
and explained the meaning of each characteristic. With this prompting,
the independence of the participants’ evaluation of the presence char-
acteristics of different sound sources was ensured [33].

Furthermore, the physical acoustic properties of the environment
are important objective factors in perception. In the early days, the
sound pressure level was the central parameter for evaluating the ur-
ban acoustic environment [36]. L., was commonly used to evaluate
the acoustic environment of urban streets [37]. Its 95t percentile ex-
ceedance level Lo; was interpreted as the background sound pressure
level, which has also been shown to be an important parameter to mea-
sure the quality of the acoustic environment of urban open spaces [38].
However, as research advanced and the acoustic environment became
increasingly complex with urban development, the use of sound pres-
sure level alone is not sufficient to fully describe the impact of urban
acoustic environments on residents [39]. Therefore, researchers tried to
incorporate additional psychoacoustic parameters into soundscape per-
ception models.

Psychoacoustic parameters were originally developed to describe
steady-state sounds and are often used to evaluate the sound quality
of a specific sound source. For the complex and dynamic sounds in ur-
ban areas, whether psychoacoustic parameters can adequately describe
and predict soundscape perception has become a new research focus.
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Raimbault et al. used these parameters, such as sharpness and rough-
ness, to describe the most typical sounds in cities [40]. It was found that
both human activity sounds and birdsong have a high degree of fluc-
tuation. At similar loudness, birdsong is easier to identify from urban
sounds due to its higher sharpness. Traffic sounds, water sounds, and
wind sounds usually have similar degrees of fluctuation. These findings
imply that while it is difficult to identify sounds in cities using a single
psychoacoustic parameter, it could be achieved using a combination
of different psychoacoustic parameters, including fluctuation strength,
loudness, and sharpness [41]. Hong et al. observed that a radial ba-
sis function (RBF) model trained on ambient sounds that were louder
and had higher sharpness could more consistently predict people’s per-
ception results [42]. Some studies have also attempted to describe the
acoustic characteristics of the environment using percentile exceedance
levels of psychoacoustic parameters. It was found that the traffic sound
of a street with faster vehicles has a higher 95% percentile exceedance
level of sharpness (Sgs5) [43] than a slower one and that the sound of
people talking will increase the 50t percentile exceedance level of fluc-
tuation strength (Fs,) of the overall environment. This shows that the
time-domain percentile exceedance levels of psychoacoustic parameters
can more accurately describe the fluctuating urban acoustic environ-
ment.

1.3. Perceptual dimensions of the soundscape

Since the publication of ISO/TS 12913-2:2018, researchers used this
model to explore the influencing factors of these two important per-
ceptual dimensions. Some researchers have also tried to establish a
soundscape perception model targeting these two dimensions, with the
aim of finding a set of soundscape description indices suitable for urban
open spaces, which could be used to predict soundscape perception. For
example, some researchers have established a vibrancy descriptor pre-
diction model based on aural and visual parameters, which showed a
statistically significant correlation [44] with eventfulness. There were
also studies based on a series of acoustic indices suitable for describing
forest soundscapes (such as the Acoustic Complexity Index ACI, etc.) to
predict pleasantness and eventfulness while considering temporal vari-
ations [45].

Regarding the effect of various sound events on the two dimensions
of soundscape perception, natural sounds such as water sound [26,17]
and birdsong [46-48] have been shown to have a significant positive
impact on pleasantness, whereas birdsong [46] and human activity
sound [5] have a greater correlation with eventfulness. Researchers also
found that sound sources in different scenes may have different effects
on people’s perception. On streets, traffic sounds can promote eventful-
ness [49,50], while in residential areas, the dominant impact of traffic
sounds is the reduction in pleasantness [17]. This shows that the func-
tion of the setting can allow the same sound event to have different
effects on the perception of the soundscape.

In most of the studies where soundscape perception models were
constructed, physical acoustic parameters and psychoacoustic param-
eters were widely used [51]. To enhance the predictive ability of the
model and explore more comprehensive factors affecting soundscape
perception, dynamic temporal parameters of sound sources [33], over-
all perception parameters of the acoustic environment from subjective
evaluation (such as the overall loudness of the environment) [35],
visual information [52], contextual information [32], individual infor-
mation [49] and more other factors were introduced into the models
as variables. In the context of constructing a perception model for the
soundscape at the auditory level, it is also worth exploring factors more
comprehensively and incorporating them into the perception model.

1.4. Aim and structure of this work

In this study, we hope to achieve the following aims:
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1. Translate the soundscape attributes into Mandarin Chinese.

2. Identify the traits of the soundscape that stimulate feelings of pleas-
antness and eventfulness.

3. Identify the factors that affect the extent of these feelings.

Herein, we present this conglomerate study where first, the sound-
scape attributes were translated to Mandarin Chinese and verified,
achieving aim 1. Next, an ex situ experiment was conducted in which
participants were given the opportunity to perceive, experience, and
evaluate binaural soundscape recordings from urban open spaces. From
the recordings, the physical and psychoacoustic parameters, their per-
centile exceedance levels, and parameters about sound sources were
extracted. These parameters were taken for principal component analy-
sis to achieve aim 2. Subsequently, in Section 3.3, with pleasantness and
eventfulness as the main dimensions of soundscape perception, poten-
tial influencing factors related to soundscape perception were identified
based on correlation and regression analysis to achieve aim 3.

2. Methods
2.1. Translation of the eight soundscape attributes

As the soundscape perception scale involved asking about the sub-
jects’ experience on the eight soundscape attributes in ISO/TS 12913-
2:2018 [6], translation of the eight attributes would entail the transla-
tion of the scale. Two expert panels constituted by bilingual researchers
with more than five years of experience in soundscape research were
set up at two separate institutions (Shenyang Jianzhu University and
Chongqing University). First, each panel conducted focus group discus-
sions to form a set of potential candidates by considering the parallelism
with the corresponding English terms. Following this, the results of the
two panels were cross-compared and discussed to create a final set, en-
suring broad applicability and accuracy.

To verify the efficacy of the translation, a listening experiment was
conducted. Following auditory exposure, participants were asked to
evaluate the eight attributes. The results of these tests were used to per-
form an internal consistency test. Then, the eight attributes were further
simplified to two perceptual dimensions of pleasantness and eventful-
ness using the method given in ISO 12913-3 [7].

2.2. Soundscape recordings

The stimuli for the experiment were provided by collaborators at
University College London and consisted of 27 binaural recordings
recorded in London during summer and autumn 2019 [53]. Each piece
of recording lasted 30 seconds and sounds like traffic sounds, construc-
tion sounds, high-pressure water spraying, streams, birdsong, conversa-
tions, footsteps, children playing, street performances, etc. can be iden-
tified from them. These recordings included typical sounds that may
appear in most urban open spaces, representing a variety of different
acoustic environments. Sounds from the recordings were categorised as
human sounds (conversations, footsteps, and sounds from human ac-
tivities), bird sounds, music sounds (performing music), water sounds
(streams, fountains, irrigation sounds), and mechanical sounds (traffic
sounds, construction sounds).

2.3. Participants

In total, 68 participants were recruited from Shenyang Jianzhu Uni-
versity, and passed three preliminary screening criteria: (1) staff and
students aged 18-55 (2) no hearing impairment (3) no other significant
health problems. Participants were administered the 21-item Weinstein
Noise Sensitivity Scale prior to the experiment. The basic demographic
information and noise sensitivity data for the participants are shown in
Table 1. All procedures complied with relevant ethical regulations and
were approved by the Ethics Committee at the School of Architecture
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Table 1
The sample demographic characteristics.

Demographic characteristics ~ N(%)

N=68
Gender
Female 30(44.1)
Male 38(55.9)
Age
20-29 46(67.6)
30-39 8(11.8)
40 - 49 14(20.6)
Identity
Student 46(67.7)
Staff 22(32.3)
Noise sensitivity
20-29 2(2.9)
30-39 7(10.3)
40 - 49 35(51.5)
50 - 59 24(35.3)

and Urban Planning, Shenyang Jianzhu University (No. 20200901). In-
formed consent was obtained from all participants.

2.4. Experimental design

The experiment was carried out in a semi-anechoic chamber, as
shown in Fig. 1. A within-subjects design was adopted. A Lenovo 310
laptop was used for controlling the playback of the recordings. An
external sound card (Headphone Console 6S) was used with a head-
phone output (Sennheiser HD650). An iPad was provided to fill out the
scale. To recreate the acoustic environment in the soundscape record-
ings, a multimeter (FLUKE15B+ Digital) and a calibration signal (1 kHz
sinusoidal signal SPL 94 dB recording) were used for calibration. In ad-
dition, during the experiment, we used a sound level meter (Optimus
cr:160) to monitor the background noise of the semi-anechoic chamber,
which was around 15.5 dB(A), low enough to ensure that the experi-
ment was not disturbed.

Before starting the actual experiment, a practice was offered to ev-
ery participant. The recording for the practice was not among the 27
soundscape recordings used in the formal experiment. At the beginning
of an experiment, the main instructor randomly assigned the 27 sound-
scape recordings to a participant, and the participants listened to the
recording and made evaluations. There was at least a 30 seconds gap
between consecutive recordings, and each participant was able to re-
listen to any recording at their discretion. All questions on the scale
were phrased as suggested by ISO 12913-2 [6]: “To what extent do you
agree or disagree with the following statements describing the acoustic
environment at the moment?”. Participants toggled a slider on a scale
from 0 (“strongly disagree”) to 100 (“strongly agree”) to indicate their
rating, with a default position of 50 (neutral) when no rating was given.

2.5. Data extraction and initial processing

Here, parameters of two classes were extracted to characterise the
soundscape recordings. Acoustic parameters which include physical and
psychoacoustic parameters were calculated using established methods,
while sound source characteristics parameters were extracted by sub-
jective evaluation by researchers.

Referring to the guideline for extracting acoustic parameters of bin-
aural audio in ISO 12913-3 [7], this study calculated the following
acoustic parameters: (1) The physical acoustic parameter Lpeq (dB(A))
and its percentile exceedance levels (Ls, Lgs). (2) Psychoacoustic pa-
rameters: loudness N (sone), sharpness S (acum), fluctuation strength
F (vacil), roughness R (asper) and their percentile exceedance levels
Ns, Ngs, S5, Sos, Rig, Rsg, Fi9, Fs5o. These parameters were calculated
by the BK Connect software. Loudness was calculated according to the
method in ISO 532-1 [54]. Sharpness values were calculated according
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Table 2
All parameters extracted from the soundscape recordings and the perception
scales. a.u. stands for arbitrary unit.

Parameter Symbol Unit
Pleasantness ISO-P a.u.
Eventfulness ISO-E a.u.
SPL, A-weighted Laegs Ls Los, dB(A)
Loudness N, N5, Ngs sone
Sharpness S, S5, Sos acum
Roughness Ri0, Rso asper
Fluctuation strength Fio, Fso vacil
Saliency of bird sounds Sgs a.u.
Saliency of water sounds Sws a.u.
Saliency of human sounds Sus a.u.
Saliency of music sounds Swus a.u.
Saliency of mechanical sounds Sus a.u.

to the method in DIN 45692 [55]. Roughness and fluctuation strength
values were calculated according to the method developed by Zwicker
and Aurés [16].

Some parameters for the characteristics of the sound sources were
extracted with a jury test, similar to that used by Hong et al. [32]. They
include the saliencies of the five sound source types (bird sounds, wa-
ter sounds, human sounds, music sounds, and mechanical sounds), the
number of types of sound sources present, and the number of types
of salient sound sources. The jury members included four graduate
students (2 of each gender). Each member was asked to answer the
following questions about the five types of sound sources: “Please rate
the saliencies of the five sound sources based on the audio you hear”.
The answer options were set on a scale of 0-3 (0 = do not hear at all,
1 = hear a little but not dominant, 2 = dominates moderately, 3 =
dominates completely). A consistency test was carried out on the eval-
uation results of the four jury members. The results showed that the
Kendall’s coefficient of concordance W of the evaluation results of hu-
man voice, birdsong and music sound was greater than 0.8, which were
0.886 (p=0.000<0.01), 0.806 (p = 0.000 < 0.01), and 0.891 (p =
0.000 < 0.01), respectively. The W values of mechanical sound and
water sound were 0.784 (p = 0.000 < 0.01) and 0.738 (p = 0.000
< 0.01), respectively. This showed that the evaluation results of the
four jury members were consistent. Then the mean value of the evalu-
ation results of the four jury members was calculated to represent the
saliency of each sound source type. All the parameters extracted so far
are summarised in Table 2.

3. Results
3.1. Translation of soundscape attributes

The eight attributes and their Mandairn Chinese translations are
summarised in Table 3. Due to the inherent difficulty in expressing
precise meanings arising from cultural variations, certain soundscape
attributes were conveyed using multiple Mandarin Chinese adjectives,
such as Portuguese [56], Bahasa Melayu [57], Spanish and French [58].

The intra-class consistency of the translation results were confirmed
in two steps. The first step involved evaluating the translations for bias
by examining the corresponding relationships of the descriptors. The av-
erage scores of the eight attributes for each of the 68 participants were
calculated. Subsequently, an ICC (intraclass correlation coefficient) con-
sistency test was conducted on each pair of attribute descriptors, after
reversing the signs of the negative attributes (a, ch, m, u). The results,
presented in Table 4, revealed that all pairs exhibited ICC values greater
than 0.9, indicating a very high level of consistency. These findings sug-
gest that the translations successfully preserved the original semantic
matching relationship of the eight soundscape attributes.
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(b)

‘ Ethical review notification ’ 27 soundscape recordings

I I

| Fill in the WNSS ‘ |:> ’ 68 participant ‘

I I

‘ Evaluation exercise ‘

Evaluate after each recordings

)

Real time Acoustic monitoring

Al: Laptop (Lenovo 310)

A2: External sound card (Headphone Console 6S)
B: Headphone (Sennheiser HD650)

C: iPad with evaluation system

Fig. 1. (a) Experimental scene and equipment (written consent acquired from identifiable person for publication). (b) Experimental process.

Table 3
The eight attributes tested in the scale for soundscape perception and their Man-
darin Chinese translation (in which the scale in the experiment was presented).

Attributes Translation in Mandarin Chinese
Pleasant (p) b}

Chaotic (ch) I i) 1) /TR L 1T

Vibrant (v) AT 1) /A7 35 S

Uneventful (u) PR JG AT I /M LA 1 /TG A8 K
Calm (ca) SPET)

Annoying (a) ILPNVSUUNIHPS vt dib)

GINE R/ L) /5] BT/ Sl BT )
g ) /TR / 8 Z R

Eventful (e)
Monotonous (m)

In the second step, the accuracy of the individual participants’ un-
derstanding of the translated attributes was assessed. Using the same
method, the evaluation scores of the 68 participants for the 27 audio
recordings were subjected to an ICC intra-group consistency test. After
eliminating four sets of missing values, the final sample size was N =
1832. The results, shown in Table 4, indicated that the ICC value for the
p / a pair exceeded 0.6, while the ICC values for the other three pairs
of attributes closely approached 0.6. These findings demonstrate a high
level of consistency, suggesting that the Mandarin Chinese translation
maintained the original attribute correspondences in terms of individ-
ual participants’ understanding.

Soundscape pleasantness (ISO-P, Equation (1)) and eventfulness
(ISO-E, Equation (2)) were then calculated [7].

(€Y
2

ISO-P=(p—-a)+ cos%(ca— ch)+cos%(u —m)
ISO-E=(e—u)+ cos%(eh —ca)+ cos%(u —m)

where p, a, ca, ch, v, m, e, and u represent the ratings given for the
attributes pleasant, annoying, calm, chaotic, vibrant, monotonous, eventful,
and uneventful, respectively.

After standardisation [59], ISO-P and ISO-E were plotted in a scatter
plot to observe their distribution (Fig. 2). Looking at either dimension
individually, ISO-P and ISO-E both present a normal distribution. ISO-P
almost spanned the entire space (95% CI = -1.0 - 0.9). Despite hav-
ing a peak close to 0, it is skewed more to the negative. On the other
hand, ISO-E has a narrower distribution (95% CI = -0.5 - 0.9) with a
peak around 0.25. Overall, the soundscape perception appeared to have
relatively high eventfulness.

Looking at the two dimensions together, the majority of samples
have relatively high ISO-E and are distributed in the 15 and 2" quad-
rants (with high and low ISO-P respectively). Among these, the overall
ISO-E of the samples in the 2" quadrant was significantly lower than

LN J
INNBSRNS A

-0.50

% * . °
. . r
-0.75
. .
Location ID o \
m, ® Sample 7 ca,
oo Mo L eSample 71 e
-1.00 -075 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
1SO-P

Fig. 2. Soundscapy scatterplots of the eight soundscape attributes onto the cir-
cumplex model.

that of the samples in the 15t quadrant. The 3" quadrant contains sam-
ples with low ISO-P and ISO-E. The 4% quadrant also has low ISO-E, but
high ISO-P. The very low number of samples in this quadrant means it
is difficult for a soundscape with low eventfulness to have a high pleas-
antness, at least for the 27 soundscapes used for this study.

3.2. Traits that stimulate soundscape perception

3.2.1. Traits from sound sources

To explore the soundscape features that play a decisive role in the
stage of people’s perception, principal component analysis was carried
out to classify the soundscape recordings using ISO-P and ISO-E values
from the 68 participants as the descriptors, respectively, yielding two
sets of results (Table 5). Varimax rotation was applied to extract orthog-
onal factors. For ISO-P, The Kaiser-Mayer-Olkin (KMO) measure of sam-
pling adequacy was 0.646 > 0.6, and Bartlett’s test of sphericity was
also significant (2 =749.97, and p < 0.001), which indicated that the
data set was appropriate for principal component analysis (PCA). Eight
components with eigenvalues greater than 1 were obtained. For ISO-E,
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Table 4
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Intraclass correlation efficient (ICC) analysis for the eight attributes.

Mean of participants’ evaluations

Participants’ evaluations

N =27) (N = 1832)
Average measures (95% CI) P Single measures (95% CI) P
p-a .975 (.944 - .988) .000 .730 (.708 - .751) .000
ca-ch .961 (.914 - .982) .000 .589 (.559 - .618) .000
v-m 971 (.936 - .987) .000 .601 (.571 - .630) .000
e-u .974 (.944 - .988) .000 .594 (.563 - .623) .000
Table 5
Clustering with Principal Component Analysis and the mean saliencies of the five sound source types.
Dimension Z;;i?;:d ©6) Recordings Sps Sws Sus Srtus Sus
ISO-P total 68.52
cluster 1 12.91 E12b, W01, HRO1, CT301, E11b - - - - 3.0
cluster 2 11.09 E09, CG04, E10, EO5, W23a, RPJO1 0.9 0.8 2.5 0.3 0.9
cluster 3 9.79 KTO01, EO1b, W15, W16 0.3 0.1 0.8 - 1.8
cluster 4 8.75 CGO1, LS06, CG07 - - 2.3 2.0 0.4
cluster 5 8.71 EP0O1b, W22, N1 2.0 0.4 0.9 0.1 1.6
cluster 6 5.88 0S01d, W1la, OSO1c 0.1 - 2.5 1.1 2.2
cluster 7 5.79 E02, W06 - 2.0 - - 1.0
cluster 8 5.60 W09 - - - - 3.0
ISO-E total 65.07
cluster 1 16.47 E12b, E11b, W01, CT301, E0O1b, W09, HRO1 - 0.1 - - 2.8
cluster 2 12.79 W23a, E09,CG04, E05, W1la 0.7 0.3 2.4 0.3 1.3
cluster 3 11.10 N1, EPO1b, RPJO1, W06, LS06 1.5 0.6 1.1 0.6 1.2
cluster 4 9.25 KTO01, W16, W15 0.3 0.9 - 2.0
cluster 5 8.86 0S01d, CG01, 0S01c, CGO7 0.1 - 2.3 1.6 1.1
cluster 6 6.60 W22, E02, E10 0.2 1.8 1.8 0.1 0.9

KMO (KMO = 0.707 > 0.6) and Bartlett’s test of sphericity (y? = 890.97,
p < 0.001) were again both significant. Six components with eigenval-
ues greater than 1.0 were extracted. These results are shown in Table 5.

Table 5 reveals that the PCA conducted using ISO-P or ISO-E scores
yielded different clustering results. This discrepancy indicates that the
participants made their judgements about the attributes related to the
two dimensions based on different criteria. Specifically, the traits that
triggered attention and shaped perceptions varied.

By examining the sound sources present in each recording, we iden-
tified that the soundscapes within each cluster exhibited similar salient
sound source types (Table 5), which could also be called the salient
sound source label. This suggests that when participants evaluated traits
of the soundscape, the information pertaining to the type of sound
source contained cues that triggered attention and subsequently influ-
enced perception.

An analysis of these salient sound source types highlights the preva-
lence and significant presence of mechanical and human sounds in
all recordings. People’s activities in urban open spaces created human
sounds, including conversations, footsteps, and laughter, and mechani-
cal sounds such as traffic and construction noises. Music sounds, while
also associated with human activities, form a distinct category due to
the specific nature of their performance. Birdsongs, although relatively
uncommon, represent a rare element of the natural soundscape in urban
open spaces but are easily discernible. Water sounds can be attributed
to both rain and water features such as fountains, and in some record-
ings, they can be challenging to differentiate from mechanical sounds.

It is worth noting that in the clustering according to both dimen-
sions, there is a phenomenon where different clusters share the same
set of salient sound source types (clusters 1 and 8 according to ISO-
P, as well as clusters 2 and 5 according to ISO-E). This implies that
there might be the existence of additional cues that influence attention
and perception beyond those accounted for by the salient sound source

types.

3.2.2. Traits from acoustic characteristics

To further explore the traits that stimulated perception, cluster anal-
ysis was conducted according to ISO-P and ISO-E to yield the mean
value and coefficient of variation (CV) of the acoustic parameters of
the soundscape recordings in each cluster. These were contrasted with
those of all soundscape recordings, as shown in Fig. 3 and Fig. 4. The
parameters included in this analysis were those related to SPL (L., Ls,
Lgs), loudness (N, N5, Ngs), sharpness (S, Ss, So5), roughness (R;y, Rsg),
and fluctuation strength (F;, F5p).

For the typical soundscape of all 27 urban open spaces, among the
acoustic parameters mentioned above, except for Sgs, R;9, and R5o(CV
< 0.2), all displayed a certain degree of variation (CV > 0.2). It can
be seen that for urban open spaces, the complex sound source com-
position makes the acoustic parameters behave rather differently. On
the contrary, for the clusters obtained according to ISO-P and ISO-E,
they displayed considerable convergence. That is to say, soundscapes
that had similarities in perception also showed relative similar physical
acoustic and psychoacoustic characteristics.

Upon further inspection, it can be seen that for the clusters accord-
ing to ISO-P, clusters 1 and 8, which exhibited the same salient sound
sources, showed significant differences in the parameters for SPL, loud-
ness, and fluctuation strength. Similarly, for clusters 2 and 5 according
to ISO-E, which also exhibited the same salient sound sources, signif-
icant differences in the parameters for SPL, loudness, and fluctuation
strength could also be seen. Hence, even when the salient sound sources
remain unchanged, variations in the sound energy and temporal fea-
tures can elicit differences in the soundscape perception.

Meanwhile, in clusters with different salient sound sources, similar
acoustic characteristics can be found. For example, for clusters 2, 3 and
6 according to ISO-E, all acoustic parameters were relatively similar.
They belonged to different clusters due to human sounds were mixed
with different sounds (Table 5). This further proved that the dominant
sound acted as important cues in soundscape perception.
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Fig. 3. The mean and CV of the acoustic parameters of the soundscape recordings in each cluster according to ISO-P. C1(5) means cluster 1, which contains five

soundscape recordings. All refers to all 27 soundscape recordings.
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Fig. 4. The mean and CV of the acoustic parameters of the soundscape recordings in each cluster according to ISO-E. C1(7) means cluster 1, which contains seven

soundscape recordings. All refers to all 27 soundscape recordings.

3.3. Modelling the multi-factor mechanism of soundscape perception

3.3.1. Factors for soundscape perception

To identify which soundscape factors were associated with the per-
ception of pleasantness and eventfulness, we performed a Pearson cor-
relation analysis (Table 6). Except for the basic parameters set out in Ta-
ble 2, two additional parameters from secondary calculations (N5/Ngs
and Ls-Lgs)were included. N5/Ngs was suggested as potentially useful
by 1SO-12913-3 [7], and Ljs-Lgs characterise the degree of variability
of SPL, which was also shown to be related to soundscape percep-
tion [60-62].

As shown in Table 6, for the acoustic parameters, ISO-P was nega-
tively correlated with Ly, Ls, Lgs, N, N5, Nos, and Sgs. Among these
parameters, the highest correlation could be seen for the two represent-
ing background sound level, Lgs (r = - 0.645, p = 0.000) and Ngs (r
= -0.630, p = 0.000). While for ISO-E, only positive factors were ob-
served, including Ls-Los (r = 0.625, p = 0.000), F;, (r = 0.697, p =
0.000), and F5, (r = 0.776, p = 0.000), which all characterised tem-
poral variations of sounds.

ISO-P and ISO-E showed correlations of varing degrees with the
saliencies of various sounds. Both showed significant negative corre-
lation with the negative sound S5, with the former having a higher
correlation coefficient (r = - 0.693, p = 0.000 and r = - 0.444, p =
0.020). ISO-P was significantly positively correlated with all positive
sound sources, with the strongest correlation with Sgg (r = 0.549, p =
0.005) and similar correlations with Sy (r = 0.475, p = 0.012) and
Sys (r = 0.471, p = 0.013). Among positive sounds, ISO-E was posi-
tively correlated with Sy (r = 0.626, p = 0.000) and Sy, (r = 0.623,
p = 0.001).

The uncorrelated results shown by Sy, may be due to the diversity
of water sounds in the soundscape recording. From these recordings,
the water sounds heard by the participants were not completely from
nature, but might also include the sound of high-pressure water spray,
fountain, and irrigation. These sounds could bring different feelings and
were not always pleasant to the participants.

Table 6

Pearson’s correlation results between the two perception dimensions and the
parameters for sound characteristics. ** and * indicate correlation is significant
at the 0.01 level and 0.05 level (2-tailed), respectively.

ISO-P ISO-E
SPL Lyeq -.586** (.001) 134 (.507)
Ls -.521%* (.005) 214 (.283)
Lgs -.645%* (.000) .016 (.937)
Ls-Los .335 (.088) .625%* (.000)
Loudness N -.590** (.001) -.016 (.935)
N5 -.573%* (.002) .006 (.978)
Nos -.630%* (.000) -.098 (.628)
N5/Ngs .140 (.486) .357 (.068)
Sharpness S -.261 (.189) -.104 (.605)
Ss -.158 (.430) .013 (.947)
Sos -.555%* (.003) -.312 (.113)
Roughness Rjp .023 (.908) 337 (.086)
Rsy -.048 (.814) 173 (.387)
Fluctuation Fyo 116 (.566) .697%* (.000)
strength Fso .241 (.225) 776** (.000)
Sgs .549** (.005) .101 (.659)
Sws .195 (.330) 112 (.557)
Sus 475% (.012) 626 (.000)
Shus A471% (.013) .623%* (.001)
Sus .693* (.000) -.444* (.020)

3.3.2. Influencing mechanism of soundscape perception

As shown in Table 7, this section established two regression models
to explore the concurrent influence of multiple factors on soundscape
perception. Through stepwise regression, the significant factors ob-
tained from the correlation analysis were input into the corresponding
models for ISO-P and ISO-E. Since there was strong collinearity between
the SPL-related parameters and the loudness-related parameters, one of
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Regression models for the two perceptual dimensions ISO-P and ISO-E with step-
wise regression with input independent variables identified from prior correlation

analyses.
Dependent ¥nput Output Adjusted
. independent dependent p P 2 F

variable ) . R
variable variable
Lases Ls, Lo, Sos Sus -.540 .000

1S0-P PP Sps 432 .000 .775 30.778
HS> OBS: SMus» OMS g -341  .002

Ls-Lgs 361 .008

ISO-E §5 L9s5’ E “’jsF”’ s -354  .003 .737 25.242

HS> OMus> “MS Fso 495 .001

them was to be selected to be included in the model. While the correla-
tions between the two sets of parameters and ISO-P were both generally
significant, ISO-E was significantly correlated with Ls-Los but not with
any loudness-related parameters. Therefore, the SPL-related parameters
were chosen to be included in the regression model so that richer infor-
mation could be considered.

For ISO-P, Laeq, Ls, Los, Sos, Shs> Sps> Smus> and Sys were taken as
the input independent variables with stepwise regression. It was found
that Sy (f = -0.540, p = 0.000 < 0.05) had a negative effect of the
largest magnitude, followed by Sgg (f = 0.432, p = 0.000 < 0.05) and
Sg5 (B = -0.341, p = 0.002 < 0.05). The three factors jointly explained
77.5% of ISO-P (F = 30.778, p = 0.000 < 0.05).

For ISO-E, Ls-Lgs, F19, Fs5p, Sus, Syus, and Sy were taken as the
input independent variables with stepwise regression. Among them, the
most influential one was Fgy (f = 0.495, p = 0.001 < 0.05), followed
by Sys (8 = -0.354, p = 0.003 < 0.05) and Ls-Lys (f = 0.361, p =
0.008 < 0.05), which jointly explained 73.7% of ISO-E (F = 25.242, p
= 0.000 < 0.05).

Inspecting the results of the two regression models, it was found that
soundscape perception was affected by both sound source characteris-
tics and acoustic parameters. The perception of both pleasantness and
eventfulness was subject to the significant negative influence of neg-
ative sound sources. In particular, Sys could significantly negatively
impact the perception of ISO-P. On the other hand, the positive sound
source of bird sound had significant positive impact on the perception
of pleasantness.

The percentile exceedance values of psychoacoustic parameters ap-
peared in both models. So; negatively impacted ISO-P. Both Lg-Lgs,
which represented the variability of sound energy, and Fs,, which rep-
resented temporal characteristics, would stimulate people’s perception
of eventfulness.

4. Discussion

4.1. Translation of the soundscape attributes in support of soundscape
research in Mandarin Chinese

Through a rigorous translation process, this study ensured the se-
mantic consistency of the Mandarin Chinese version of the soundscape
perception scale with the original version. Results from the ICC test
confirmed that the Mandarin Chinese translation of the attributes main-
tained the original matching. The soundscape dimensions of ISO-P and
ISO-E calculated from the attributes showed reasonable results of sound-
scape perception, as visualised by Soundscapy (Section 3.1). The Man-
darin Chinese version of the scale can be used to measure the perceptual
attributes of the soundscape by native Mandarin Chinese respondents,
forming a measure of both dimensions. Using the measures obtained
from this scale as parameters, subsequent principal component analysis
(Section 3.2) and multiple regression analysis (Section 3.3) produced
good data results, supporting more soundscape research in Mandarin
Chinese cultural contexts in the future.

Based on the translation results, each of the eight perceptual at-
tributes required two or more words to accurately express the semantic
information of the English attributes, except for pleasant and calm. This
finding was consistent with the translations in other languages such as
Portuguese [56], Bahasa Melayu [57], Spanish and French [58], etc.,
within our international collaboration. This may be due to the lexical
complexity inherent in cross-cultural translations. However, this also
suggests that it might be possible to find a more culturally appropriate
semantic equivalent with a bottom up approach, where native Man-
darin Chinese respondents are asked for their perceptual descriptions
of familiar soundscapes around them. This approach may yield differ-
ent results not only because the descriptions of soundscape perceptions
come from the natural use of native language, but also because the per-
ceived objects are urban open space soundscapes in a Mandarin Chinese
cultural context, which could be significantly different from those in
other countries. However, this approach may also create another unin-
tended risk that the dimensions of open space soundscape perception in
a Mandarin Chinese socio-cultural context differ from those in ISO/TS
12913-2:2018 [6], which suggests the potential for further investiga-
tion.

4.2. The soundscape traits that stimulate soundscape perception

In this study, we extracted clusters from the 27 soundscape record-
ings according to ISO-P and ISO-E by principal component analysis and
found that the most definitive commonality of the recordings within
each cluster was the salient sound source types they contained, centred
on the two main types of human and mechanical sounds, which were
among the most salient sound sources in cities. This agrees with the
“foreground-background” phenomenon proposed by Gestalt psycholo-
gists. This result means that in urban open spaces, all sounds initially
exist as the background, while the soundscape trait of salient sound
source type removes people’s non-directing attention and stimulates
feelings of pleasantness and eventfulness. This perceptual interaction
is based on the individual’s prior knowledge and expectations to judge
whether the current acoustic environment is harmonious and meets the
individual’s expectations. Subsequently, rich auditory mapping is gener-
ated in people’s brains through the participation of auditory organs and
subsequent perceptual processing [63]. These rich mappings require the
input from the acoustic characteristics of the soundscape. In different
environments with the same or similar salient sound source type, the
difference in the acoustic performance (such as SPL-, loudness-, and
fluctuation strength-related parameters) will lead to different percep-
tion results. This is probably why some recordings were not classified
as the same component even though they had the same sound source

type.
4.3. Multiple influencing factors of soundscape perception
According to the results of correlation analysis and the regression

models, in typical urban open spaces represented by the 27 sound-
scape recordings, soundscape perception demonstrated strong correla-
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tion with sound source information. For both pleasantness and event-
fulness, the acoustic parameters and the presence characteristics of the
sound source have shown a certain influence. Both of these two factors
come from the information released by the sound source, and both are
physical cues provided by the sound source when people perceive it.
The synergistic application of these two physical cues can construct the
characteristics and changes of the acoustic environment in the form of
objective parameters as completely as possible within a period of time.

The presence characteristics of sound sources obtained by people’s
subjective identification can describe the content of the auditory envi-
ronment and the saliency of different sound sources, which can allow
researchers to understand the participants’ attention. It is worth noting
that mechanical sound has a negative impact on both dimensions. The
mechanical sounds in this study cover the sound of traffic and construc-
tion machinery, which makes it rich in acoustic performance, and this
negative effect is likely to come from their higher sharpness or loud-
ness [30]. The sound of birdsong can enhance people’s pleasure, which
agrees with previous research [64].

Acoustic parameters represent the special acoustic performance of a
certain type of sound source in the combined environment and reflect
the energy and frequency of the acoustic environment. The Sg5, which
describes the high-frequency components of the sound, is included in
the pleasantness model. It represents the level of sharpness in the stable
state of the environment. On the other hand, L;-Los, which represents
the temporal variability, is included in the model for ISO-E. Such vari-
ations in the sound energy are usually triggered by high-SPL sound
events, which attracts people’s attention and can enhance people’s sense
of eventfulness. The Fs, parameter in the eventfulness model indicates
the median level of fluctuation for a period of time, and represents the
acoustic performance of traffic sounds and human footsteps. Compared
with other urban sounds, these types of sounds have a more obvious
fluctuation pattern [41,42] and can enhance people’s sense of eventful-
ness. This is consistent with previous research which found that traffic
sounds [49,64] and human sounds [17] will enhance people’s sense
of eventfulness. In addition, the sound pressure level and loudness of
the environment were found to have a strong correlation with people’s
pleasantness, which is consistent with previous research [34,65]. How-
ever, in subsequent regression studies, no parameter related to sound
pressure level or loudness appeared in the perception model of pleas-
antness. This reemphasises the current paradigm shift from controlling
noise to focusing on content in urban open spaces.

The percentile exceedance level of one psychoacoustic parameter
was found to be in either model, respectively. Psychoacoustic parame-
ters represent the acoustic performance of certain events that can cause
changes in perception. In a previous study [33] that modelled percep-
tion for different venues, traffic sound appeared in the perception model
of urban streets in the form of loudness parameter and was interpreted
as a part of the street. In contrast, in the perception model of urban
parks, traffic sounds were interpreted as “events” that affect pleasant-
ness, appearing in the model in the form of sound source parameters.
This means that when traffic sound occurs in the street, people under-
stand it as background sound, while in a more pleasant place such as
a park it is understood as an event, or a foreground sound. This result
further explains the significance of the acoustic parameters that appear
in the two perceptual models in this study.

For all the recordings in this study, Sg5 Avg = 1.21 acum, Std Dev
= 0.22 acum. The sound of mild wind, a small number of people (foot-
steps, small conversations) or a small number of slow-moving vehicles
could cause the acoustic environment to have such a low sharpness
value. When the number of people increase, the traffic is more busy,
the speed of vehicles is higher, or there are fountains or other high-
pressure water sounds in the venue, the Sy level would increase. This
is also consistent with a previous work about using So; to characterise
places [42]. Therefore, in the pleasantness model, So; explains natu-
ral sounds such as wind and water in urban open spaces, or whispers
of crowds, footsteps and calm traffic sounds, which are easily over-
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looked as background sounds. When the traffic sound in the environ-
ment presents a sound state that cannot be ignored, or the annoying
sound of construction machinery appears in the environment, it will
become a sound source event that affects people’s sense of pleasantness
and eventfulness, corresponding to the saliency of mechanical sounds
that appears in both models.

The 27 soundscape recordings in this study contain typical sounds
in most cities. The scenes include parks, green spaces, squares, streets,
etc. The overall L., has an average of 56.93 dB(A), Std Dev = 11.85
dB(A). Although construction sounds, signal sounds, and cars passing at
high speed can make the sound pressure level of the city fluctuate and
attract attention, affecting perception, in most of the time, the attention-
grabbing foreground sounds can still play a positive role in perception
as much as possible through human intervention. In environments with
high sound pressure levels, the sound pressure level or loudness is an
important factor affecting the pleasantness. In relatively calm places
with fewer sound events, all sounds can be considered as background
sounds, but due to certain information released by the sound sources,
some sounds will become circumstantial foreground sounds and pretext
perception. The improvement of their content can directly improve peo-
ple’s experience. At the same time, although the background sound is
often not the focus of people’s attention, it still takes effect together with
the foreground sounds with its acoustic characteristics. Thus, it is also
possible to bring certain positive contributions with background sounds
by fine-tuning certain acoustic parameters. The negative effect of Sg5 on
ISO-P suggests that reducing the sharpness of background sound can im-
prove soundscape pleasantness. For example, depending on the spatial
function and landscape characteristics, adding soft background music
or appropriate masking sound could reduce the sharpness of the back-
ground sound and thus improve the pleasantness. Correspondingly, in
the model for ISO-E, the positive effect of Ls-Lo; suggests that reduc-
ing the SPL of the background sound facilitates the foreground sound
to be perceived and improves the perception of surrounding auditory
information.

5. Concluding remarks

In summary, this study first translated the soundscape attributes in
ISO/TS 12913-2:2018 to Mandarin Chinese, which were subsequently
verified, thereby creating a reliable questionnaire for Mandarin Chinese
soundscape researchers to investigate soundscape perception. Using the
questionnaire developed, the relationship between soundscape charac-
teristics and the people’s perception experience was examined with an
ex situ soundscape perception experiment. Principal component analysis
identified the soundscape traits that stimulate the feelings of pleasant-
ness and eventfulness, the two dimensions of soundscape perception.
Subsequent regression analysis identified various soundscape charac-
teristics that affected the extent of the perception of pleasantness and
eventfulness.

The soundscape recordings used in this study were all recorded in
London, United Kingdom. Due to differences in socio-economic, cul-
tural, and living habit differences, these soundscapes will inevitably be
somewhat different from those native to Mandarin Chinese-speaking re-
gions [66]. Such differences could cause deviations in the evaluation of
the soundscape attributes. Nevertheless, this research provides valuable
insight into the perception mechanism in general, and future research
could follow up to investigate the potentially varying mechanisms in
country-specific socio-cultural settings.

Furthermore, a vital prerequisite for the translation work is that
the attributes in the ISO specification apply to all countries involved.
However, this may not be entirely accurate due to the country-specific
contextual and individual characteristics that could alter the outcome
of perception [66]. Therefore, to create an even more accurate set
of soundscape attributes for the Chinese context, a bottom-up study
could be conducted where the original experiment by Axelsson et al. is
replicated in the Chinese language and setting. Comparing the findings
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between this and the present translated version could yield valuable
insights.
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