Applied Acoustics 221 (2024) 109991

Contents lists available at ScienceDirect

Applied Acoustics

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

ELSEVIER

Check for

Influence of virtual audio system on psychological restoration effects of e
soundscapes: Investigating water sounds of a Chinese classical garden

Xian Shi’, Zhenyu Guo ! Yuezhe Zhao "

State Key Laboratory of Subtropical Building and Urban Science, School of Architecture, South China University of Technology, No. 381, Wushan Rd, Guangzhou
510641, China

ARTICLE INFO ABSTRACT

Keywords: Various sound recording and reproduction methods were utilized to create virtual replicas of soundscapes and

Soundsca?e ) restoration effects of soundscapes were examined in studies. The reproduction quality of different virtual audio

ESY;‘?°1°$‘°31 restoration effect systems may impact the restoration effect of soundscapes. However, only a limited number of studies have
mpDisonics

conducted experiments to explore these influences. In this study, five water sounds from a traditional Chinese
garden were recorded and reproduced using the monaural, binaural, and first-order Ambisonics technologies.
The study evaluated the psychological restorative effects of both virtual and real-world soundscapes through the
perceived restorativeness soundscape scale. Furthermore, the perceived realism and spaciousness of the virtual
soundscapes were subjectively compared. The findings confirmed the relationship between fidelity and the
restorative effects of virtual soundscapes. Binaural recording and playback using a dummy head and headphones
proved to be the most authentic method for recreating restorative sound environments. Ambisonics also yielded
relatively consistent rating scores compared to real-world cases, whereas the monaural scheme posed a risk of

Sound recording
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deteriorating the restoration effect of soundscapes.

1. Introduction

The growing incidence of social stress and emotional problems has
drawn attention to the relationship between the natural environment
and its potential for psychological restoration. The environments that
aid in restoring attention resources or releasing stress are commonly
termed “restorative environments”. Two theories of the psychological
restoration effect, attention restoration theory (ART) [1] and stress re-
covery theory (SRT) [2], are widely accepted. The ART posits that
limited attention resources play a crucial role in restorative experiences;
the SRT asserts that the stress alleviation effect is driven by our initial
preference toward specific environments (e.g., the natural environment)
[3]. The ART advocates that the recovery environments can be charac-
terized by four dimensions [1]: (a) fascination, where the environment
encompasses engrossing elements that need no cognitive effort; (b)
being-away, signifying environments should be capable of drawing in-
dividuals from their daily stress; (c) compatibility, emphasizing consis-
tency between individuals’ inclination and environment characteristics;
(d) and extent, suggesting the environment should be rich enough and
coherent to constitute a whole other world.
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Recent research shows that not only visual but also auditory ele-
ments of the natural environment contribute to a positive restoration
effect (see a review of Ratcliffe [4]). Recovery effects of audio-visual
soundscape presentations vary significantly from those of visual-only
presentations [5]. Hence, the potential importance of soundscape in
psychological well-being was emphasized.

Based on ART, Payne developed and evaluated the perceived
restorativeness soundscape scale (PRSS) [6], a tool prevalently
employed to assess the psychological restoration of specific soundscapes
through subjective experiments. Payne and Guastavino (2018) further
explored the validation and limitations of the PRSS by examining how
participants responded to the questionnaire [7]. Both studies showed the
PRSS could differentiate between soundscapes. However, influences of
other information, especially visual information, cannot be separated
when using the PRSS. While the PRSS was initially developed in English,
it has been translated into other languages and used in birdsound
soundscape evaluation [8], in park soundscape evaluation [9], and in
urban soundscape perception of children (PRSS was revised in this
study) [10]. Moreover, recent research adopted PRSS to evaluate sound
restoration under virtual audio-visual environments [11,12]. The

Received 28 November 2023; Received in revised form 29 February 2024; Accepted 21 March 2024

0003-682X/© 2024 Elsevier Ltd. All rights reserved.


mailto:arzhyzh@scut.edu.cn
www.sciencedirect.com/science/journal/0003682X
https://www.elsevier.com/locate/apacoust
https://doi.org/10.1016/j.apacoust.2024.109991
https://doi.org/10.1016/j.apacoust.2024.109991
https://doi.org/10.1016/j.apacoust.2024.109991
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apacoust.2024.109991&domain=pdf

X. Shi et al.

outcomes of these studies also advocate the ability of PRSS to distinguish
between different soundscapes. Moreover, the restorative effect of
soundscapes has been validated not just through psychological re-
sponses but also through physiological indices. For example, Li and Kang
compared ten physiological indices and subjective assessments with
PRSS by exposing the participants to four typical soundscapes (bird
sound, ocean, street, and traffic) [13]. Their study revealed a high cor-
relation between the physiological and subjective results of PRSS.

Although conducting in situ experiments directly [14] is presumed to
yield more credible results, numerous studies chose to reproduce
soundscapes in the laboratory due to the complexity of experiment
design or the limitation of physiological monitoring devices, such as
electroencephalograph [13] and electrocardiograms [15].

Both Binaural recording and Ambisonics are frequently employed in
soundscape research. ISO 12913-2 recommends binaural recording
more strongly since a more standard usage processing and thorough
evaluation have been established for binaural technologies [16].
Binaural signals recorded with a dummy head mimic the physical pro-
cedure by which the human ear receives sound directly. In other words,
it incorporates the interference of the torso and pinnae on acoustics,
known as head-related transfer functions (HRTFs). This approach allows
for a faithful restoration of soundscapes. Nevertheless, binaural
recording devices, such as the dummy head, are neither compact nor
cost-effective enough for outdoor soundscape recording. Achieving free
dynamic rotation of the head in a virtual sound environment can be
challenging, and studies frequently reported poor sound externalization
and front-back confusion with earphone-based playback due to the
mismatch of HRTFs [17,18]. In comparison, first-order Ambisonics
(FOA) combined with multi-loudspeakers array preserve spatial infor-
mation of soundscapes and allows free head movement under virtual
sound environment. However, its spatial resolution is much lower than
that of binaural recordings due to the inherent limitations in the order of
Ambisonics [19]. Some studies also choose stereo or monaural recording
techniques, which are more affordable and feasible, especially for field
recording. The stereo recording could also restore limited spatial in-
formation when an appropriate loudspeaker system was used. However,
when stereo stimuli are transmitted to earphones, the influences of the
head-relative transfer functions will be bypassed [20], resulting in
inevitable distortions of timbre and spaciousness.

Existing studies have emphasized the significance of high-fidelity
virtual reality vision for the psychosocial restoration effect [5]. More-
over, previous studies also found that fidelity could considerably impact
specific aspects of soundscape perception. Xu and Kang found that
binaural recording substantially influenced the realism, reverberance,
and directivity of soundscape compared with monaural recording [21].
The soundscape perception would vary with different acoustic rendering
methods even when the same recordings were used [22,23]. Although
the evaluated perception dimension in these studies could differ from
those in the soundscape restoration effect, it shows that soundscape
restoration is also influenced by individuals’ prior experience [24],
which is in line with soundscape perception. Besides, ART mentions that
the restoration environment should connect subjects to a larger world
(extent attribution of ART). These features of psychological restoration
suggest that the environment should conform to the real-world experi-
ence, which stresses the importance of soundscape fidelity.

It is also hypothesized that the methods employed for sound
recording and reproduction can also impact the psychological restora-
tion effect of the reproduced soundscape. Although various audio
recording and reproduction technologies have been used in restoration-
related research [25], the importance of soundscape fidelity has not
drawn adequate attention. For instance, some studies either omitted
reporting their utilized technologies or mixed stimuli from online da-
tabases without specifying the design of virtual audio reproduction.

Among studies of soundscape restoration, stereo recording was a
prevalent choice due to the prevalence of dual-channel microphones in
modern field recorders. These soundscapes were captured via stereo
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recording and mixed subsequently. Nonetheless, only a few studies
utilized a stereo loudspeaker system to reproduce the stimuli [6,26]; the
majority preferred audio playback through earphones [10,20,26,27]. As
aforementioned, this method neglects the interference caused by the
pinna and torso, resulting in a degradation of fidelity. Binaural repro-
duction is another widely embraced practice. Certain studies acquired
binaural signals through binaural recording [13,28], while others used
stimuli from open databases [29]. More recently, a few studies have also
adopted multi-channel recording, which enables flexible and fidelity
reproduction. In some studies, First Order Ambisonics (FOA) recordings
were captured and subsequently downmixed for earphone reproduction
[5,30]. Notably, sound studies integrated a head tracking system to
facilitate free head rotation during binaural playback, which further
enhanced the immersive of reproduction [22,23,30].

Diverse virtual audio technologies have been employed to construct
virtual restoration soundscapes. However, only a limited number of
studies have assessed the comparability of experimental results obtained
from virtual soundscapes with those from in situ tests. The necessity of
utilizing complex and high-cost virtual audio systems in psychological
restoration investigations remains uncertain, especially considering that
many studies have employed relatively simple facilities due to recording
challenges in diverse and intricate outdoor environments. Explicit
findings regarding perceptual differences between virtual and real-
world soundscapes could inform the design of subsequent experiments
in the field of soundscape restoration research.

The present study aims to investigate the ecological validity of
different virtual audio systems concerning their impact on the psycho-
logical restoration effect. The hypothesis is that the psychological
restoration of soundscapes will be affected by the fidelity of reproduced
stimuli. We conducted a comparative analysis involving three sound
recording and reproduction methods: binaural recordings with ear-
phone playback (referred to as binaural in later contents), monaural
recordings with earphone playback (referred to as monaural in later
contents), and FOA recordings with loudspeaker array playback
(referred to as Ambisonics in later contents), in contrast to in situ
listening. Both binaural and FOA recording were used as a high-fidelity
method in relevant research. For comparison, monaural reproduction is
chosen due to its lack of spatial information, particularly the absence of
interference from pinnae and torso filters.

This study chose the water sounds of the Chinese classical garden as
the potential restorative soundscape and conducted experiments based
on water sounds. Water sound, birdsong, and wind were commonly
considered potential restorative soundscapes [31,32]. Specifically,
water sounds are deemed an essential element of soundscape and are
utilized to mitigate noise annoyance as masking stimuli [33,34]. In our
preliminary investigation, water sound is one of the major natural sound
sources of urban public parks and gardens.

2. Methods

In this work, the psychological restoration of soundscapes was
evaluated subjectively using the PRSS under the real and virtual
soundscapes. The in situ listening experiment was conducted initially,
during which the soundscapes were recorded using various equipment.
Finally, the same participants assessed the psychological restoration
effect under virtually reproduced soundscapes within a semi-anechoic
chamber (3.5 dBA background noise level) of the South China Univer-
sity of Technology.

2.1. Study area and stimuli

Chinese classical gardens contain plenty of soundscape designs,
especially water elements like fountains, springs, and waterfalls [35].
Qinghui Garden, one of the four most renowned classical gardens in
southern China, served as the study area in the present study. Five
typical water sounds within Qinghui Garden (refer to Fig. 1) were
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Fig. 1. (a) Top view of the Qinghui Garden, the red dots and blue triangle mark the locations of five water sounds and entrance of the garden. (b)-(f) Five typical
water sounds of Qinghui garden. The pictures present the sceneries seen by the participants in the experiment. (g) The picture of soundscape recording in water

sound B.

reckoned as a potential restorative soundscape. The first location fea-
tures flowing water created by two water pools with a minor height
variation. The second water sound is a fountain with a low flow rate. The
third location, Fenglaifeng waterfall, has a drop of about eight meters,
which induces a louder sound. Unlike Fenglaifeng waterfall, Jiushishan
waterfall, comprised of multiple small waterfalls situated on an artificial
hill, exhibits a relatively smaller drop. The last location features a large
fountain with a higher flow rate compared to water sound B.

The sound levels (5-min A-weighted equivalent sound levels) were
recorded using a calibrated dummy head (HEAD acoustics HMS III). The
detailed recording procedure was introduced in the following Section
2.3.1. The water sound C Fenglaifeng waterfall has the highest sound
levels: 72.4 and 73.0 dBA for the left and right ears, respectively. The
water sounds D and E also have a relatively high sound level with 68.6
(66.6) dBA and 69.5 (68.7) dBA for the left (right) ear, respectively. As
expected, water sounds A and B have lower sound levels, with 66.6
(65.6) dBA and 66.8 (68.3) dBA for the left (right) ear, respectively.

Fig. 2 illustrates the long-time average spectral (LTAS) of five water
sounds recorded using a monaural microphone (Briiel & Kjar type
4189). The water sound is relatively stable with time. The deviations
between unweighted equivalent levels and levels surpassing 10 % of the
time Leq — Ly for five water soundscapes were —1.3, —2.0, —0.5, —1.4,
and —2.3 dB, respectively. Each spectrum was normalized with its
maximum value to achieve a more intuitive comparison. Because water
sounds exhibit characteristics resembling random signals, Fig. 2 also
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Fig. 2. Normalized long-time average spectral (LTAS) of five typical water
sounds. Each LTAS was scaled with its maximum value. The black and gray
dashed lines represent the theoretical spectral envelopes of white and pink
noise, respectively.

displays the theoretical spectra of white and pink noise. The spectrum
envelops of water sound was closer to pink noise. It can be found that the
water sound C has higher energy levels in frequencies above 4 kHz. In
contrast, another waterfall (water sound D) lacks substantial high-
frequency energy like water sound C but displays a noticeable comb
filter spectrum structure. It is likely to be formed from the multiple
coherent waterfall sound sources, which is a typical structure in the
Chinese classical garden. Two fountain water sounds, B and E, have
energy concentrations at approximately 2 kHz and 2.5 kHz, respectively.
Regarding water sound A, there is a relatively greater distribution of
energy in the low-to-middle frequency range below 2 kHz.

2.2. Participants

A total of 22 participants (12 males and 10 females) aged from 23 to
42 years (average age = 26.4, standard deviation = 5.6) were recruited
for the in situ listening experiment. All the participants were recruited
by advertising on campus and filtered with the criteria of hearing illness
history and self-reported recent stress level. No instances of self-reported
hearing impairment or medical treatment history were documented. The
majority of participants were college students who had recently
completed extended periods of study, potentially resulting in elevated
stress levels. Fifteen of them were visiting the garden for the first time,
and none of the participants had previous exposure to any soundscape or
restoration experiments.

In the laboratory experiment, 21 out of the initial 22 participants
participated, and 19 of them successfully completed the experiment. The
participants were informed of the experimental procedures and granted
their informed consent. All participants were remunerated for their
time.

2.3. Experimental procedure

2.3.1. In situ experiment

The in situ experiment was implemented on a weekday in March
2022 to alleviate the potential distractions of other tourists. Twenty-two
participants were divided into five groups: three groups consisting of
four participants each, and the other two groups included five partici-
pants each. These five groups of participants sequentially underwent the
same experiment procedure. Each group took about one hour to com-
plete the experiment.

The experiment procedure is depicted in Fig. 3(a). Each group of
participants received training first, which included an explanation of the
concepts of soundscape and restorative effect, as well as an overview of
the experimental procedure (there are five soundscapes, and they need
to address questionnaires after perception). The meaning of the ques-
tionnaire was explained to the participants, and they were instructed to
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(a) In-situ experiment
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The procedure of soundscape restoratation perception
- Stress induction Recovery | Recording
Training 5 min 5 min x 5 Leaving about 1 h
A
»
e Acoustic training * Recording participant info « Perceiving soundscape (3 min)
« Informing procedure |« Filling stress questionnaire |« Filling the PRSS (2 min)
« Inducing stress
« Filling stress questionnaire | <€*"Repeat in five water sound ===
( ................................................ Repeat by ﬁVe groups of participants (about 1 hour) ................................. )
(b) Reproduction experiment
Stress induction Recovery Recovery
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soundscape (3 min)
« Filling the PRSS and
reality/spaciousness
questionnaire (2 min)
B 3 reproduction ....... >
method random
B G 5 water sound in the same order of in-situ experiment=**=**** >

Fig. 3. Procedures of the in situ and reproduction experiment.

focus on the sound environment during the experiment.

Before the formal recovery experiment, the basic personal informa-
tion and psychological stress level were gathered through a self-reported
scale ranging from O (high stress) to 4 (high stress). Following this,
participants underwent a stress induction phase to ensure a high stress
level and attentional fatigue. During this phase, participants sat before
the entrance of the Qinghui garden (they could not see the test loca-
tions), and they were instructed to imagine a scenario in which they
were attending a critical exam. The prompt is “Please imagine the
following scene: In the past few months, you have been working hard to
prepare for the important examination today. However, in the past
week, you have been troubled by many trivial matters and homework, so
you feel anxious. Now, the exam is about to start, you find it difficult to
concentrate, and you feel stressed” (translated from Chinese). After that,
they were required to solve 8 randomly selected puzzles in 5 min [36].
Finally, the stress levels of participants were collected again using the
same self-reported scale to evaluate the effectiveness of stress reduction.

During the recovery phase, a guide led participants to each location
of soundscape. The guide also recorded the time of perception and
instructed the participant to address the PRSS in their personal terminal.
Except these, the guide would not disturb the procedure of perception.
Participants listened to water sounds for 3 min and filled the PRSS after
perception immediately [see Fig. 4(a)]. Each group visited five water
sound locations in a randomized sequence balanced with a 5 x 5 Latin
square matrix. Note that the relative order was not balanced due to the

(a) In situ experiment

o g

(b) Laboratory experiment

odd number of groups. The questionnaire comprises four aspects,
totaling 14 questions, which assess fascination, being-away, compati-
bility, and extent. Each aspect consists of three to four questions (see
Appendix). A total of 110 (5 water sounds x 22 participants) completed
PRSS were obtained in the in situ experiment.

After the entire soundscape restoration perception experiment was
finished, the five soundscapes were recorded one by one by three types
of systems. In each soundscape location, the recording devices were set
up and recorded for about 5 min. Binaural, monaural, and A-format
signals were simultaneously recorded using the dummy head and
monaural microphone described in Section 2.1 and the FOA microphone
(Sennheiser AMBEO VR), respectively. The dummy head and the FOA
microphone were horizontally oriented toward the water sound sources.
The dummy head had been pre-calibrated, enabling the logging of sound
levels for the water sounds. For vision information, a digital camera
(Sony a6000) was used to capture video (1080p resolution) simulta-
neously with the audio recording. All the audio recording devices are
directly oriented to the sound source in the horizontal plane. The video
recording device was oriented to sound source in both azimuth and
elevation [(See Fig. 1 (g)]. Note that there exists a small position
disparity among all devices, given all devices were placed at the same
height simultaneously. To ensure uniform exposure time to the acoustic
environment, all 15 audio and 5 video recordings were cut into 3-min
edited files for the subsequent virtual reproduction experiment.

(c) Locations of loudspeakers

20°, 0°

180°, -30°

Fig. 4. Photographs of the in situ (a) and laboratory (b) experiments. (c) The spatial distribution of the loudspeakers for Ambisonics reproduction. The coordinate of
each loudspeaker position is marked as (0, ¢), where 0 and ¢ denote azimuth and elevation, respectively.
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2.3.2. Reproduction experiment

The 3-min edited signals were pre-processed for reproduction first. In
the experiment, the videos were presented synchronously with a regular
27-inch monitor positioned in front of the participants. For acoustic
stimuli, binaural and monaural signals were played through earphones
(Sennheiser HD 500) with dichotic (different stimuli in two ears) and
diotic (same stimulus in two ears) mechanisms, respectively. The fre-
quency responses of earphones were equalized with a digital equalizer
(HEAD acoustic PEQ V). In terms of Ambisonics reproduction, the out-
puts of L loudspeakersy = [y;, ---,yz|” are the linear combination of four-
channel recording signals x = [xFLU7xFRD,xBRD,xBRU]T from the Ambi-
sonics microphone. The symbols FLU (front-left-up), FRD (front-right-
down), BRD (back-right-down), and BRU (back-right-up) indicate the
direction of each microphone. The recorded A-format signals were first
converted to full 3-D normalization (N3D) [37] Ambisonics signals with
a transformation matrix T, as depicted below:

1111
1|3 3 -3 -3
Tajz|-3 3 3 =3

3 -3 -3 3

T (€Y

Subsequently, N3D Ambisonics signals were decoded using the
mode-matched decode matrix D with max-rg optimization coefficients to
minimize the energy spread [38]. Thereinto, the Py and N denote the nth
Legendre polynomial and the order of Ambisonics (in this work N = 1),
respectively. Twelve loudspeakers (Genelec 8010A, frequency range
from 67 to 25 kHz) of the entire array [see Fig. 4(c) for the actual po-
sitions] were utilized to reconstruct the sound field. The loudspeakers
were positioned in three concentric rings and arranged in a pattern
approximating a regular dodecahedron. Only a small part of the entire
array was exploited due to evidence suggesting that excessive loud-
speakers for a given order could introduce additional spectral distortion
[39]. To summarize, the complete Ambisonics signal processing of
Ambisonics can be described as follows:

y=DTx @
D = pinv(Y)diag(ao,ar,ar,ay)
wherein the pinv and diag denote the pseudo-inverse calculation and
diagonal matrix. The Y = [y;,y,, ---,¥,] is composed of all the spherical
harmonic up to the first components of the loudspeaker at the spatial
position Q, i.e., y, = [¥Y3(Qu), Y1, (1), -, Y2(Q)]".

The sound levels of reproduced binaural stimuli were measured with
the dummy head and adjusted to match the levels recorded in the in situ
experiment. For monaural reproduction, the average recorded sound
levels for both ears were used as the target reproduction levels. For
loudspeaker-based Ambisonics reproduction, sound levels were moni-
tored using a dummy head positioned at the array’s center and adjusted
to match the levels recorded during the in situ experiment. Note that the
loudspeaker used in the Ambisonics system has a relatively flat fre-
quency response above around 70 Hz. Hence, the very low frequency
contents of the soundscape cannot be presented.

The entire reproduction experiment was conducted during the same
weekend as the in situ experiment. Fig. 3(b) depicts the procedure of the
experiment, which is similar to the in situ experiment. Before the
listening test, participants took stress induction outlined in Section
2.3.1. Stress levels were not assessed via questionnaires on this occasion,
as the validity of the stress induction had been determined during the in
situ experiment. Next, each participant perceived reproduced water
sound soundscapes and answered the PRSS accordingly [refer to Fig. 4
(b)]. Two additional questions for rating reality and spaciousness were
attached in the PRSS (see Appendix). Spaciousness emphasizes the sense
of direction of the sound, while reality assesses how close the virtual
soundscapes are to their actual counterparts. Participants were
instructed to rate the score based on these definitions to prevent
confusion. For each of the five locations of water sounds, the three types
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of reproduced methods were perceived and rated in a random sequence.
The five water sounds were tested in the same order as the in situ
experiment for each participant.

3. Results

The results of these 19 participants who completed both experiments
(11 males and 8 females, aged from 23 to 42 years with an average of
26.6 and a standard deviation of 5.7) were included in the primary
statistical analysis. The following statistical analyses were conducted
with GraphPad Prism 9 if there is no extra explanation.

3.1. Validity of stress induction

Before the formal in situ experiment, participants underwent stress
induction to elevate their stress levels above the norm. The validity of
the stress induction was verified by comparing the results of two stress
value questionaries administered before and after stress induction in the
in situ experiment (see Fig. 5). Participants reported their stress levels on
a five-level scale ranging from one (large stress) to five (minor stress).
Nineteen participants who finished both in situ and laboratory experi-
ments were incorporated in the statistics analysis.

Both reported stress levels before and after the stress induction phase
did not conform to a normal distribution according to the Ander-
son-Darling normality test. Therefore, two sets of scores were compared
using the Wilcoxon signed-rank test. The analysis reveals that stress
values significantly decreased (indicating a higher stress level) at the
0.05 significance level after participants underwent stress induction (p
= 0.028). Throughout the subsequent analyses, a result is deemed sta-
tistically significant at the level of 0.05.

3.2. Comparison of restoration effects

3.2.1. Overview

The PRSS comprises four dimensions of questions: fascination, being-
away, compatibility, and extent. The responses (rated on a seven-level
Likert scale, with one representing negative attitudes and seven repre-
senting positive attitudes) to multiple questions within each perception
dimension were averaged first, inducing a total of 1520 [5 water sound
x 4 stimuli types (in situ and three reproduced stimuli) x 4 PRSS di-
mensions x 19 participants] final ratings.

Four dimensions of PRSS were analyzed separately. The rating scores
of each condition conformed to a normal distribution according to the
Anderson-Darling test. For each of the four dimensions, a two-way
(water sound and stimuli type) repeated-measures analysis of variance
(rmANOVA) was performed on the scores. The Geisser-Greenhouse
correction was applied to correct the violation of the sphericity
assumption. Table. 1 summarizes the statistical results of the rmANOVA,
wherein the partial eta-squared ;13 represents the effect size. The results

Stress value
Large stress <« - - - - > Small stress
T

Fig. 5. The recorded stress values before and after the stress induction phase.
The asterisk * indicates a significant difference at the level of 0.05.
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Table 1

Summary of the rm ANOVA results.

Factor Fascination Being- Compatibility Extent
away
Stimuli F F(2.06, F(1.75, F(1.91, 34.36) F(1.80,
type 37.13) = 31.50) = =6.612 32.45) =
9.057 7.507 9.845
(ST) p < 0.001%** 0.003** 0.004** <0.001***
;73 0.275 0.258 0.268 0.321
Water F F(2.97, F(2.84, F(2.65, 47.73) F(2.68,
sound 53.44) = 51.10) = =5.714 48.17) =
3.916 3.397 2.966
(WS) p 0.014* 0.027* 0.003** 0.047*
;113 0.183 0.187 0.329 0.140
STxWS F F(5.91, F(5.78, F(5.61, F(5.90,
106.30) = 104.10) = 101.00) = 106.20) =
2.307 2.702 2.919 2.565
p 0.040* 0.019* 0.0133** 0.024*
;713 0.114 0.131 0.140 0.125

The asterisks *, **, and *** represent a significant level of 0.05, 0.01, and 0.001,

respectively.

indicate significant main effects of both stimuli type and water sound on
rating scores for all four dimensions. Notably, the stimuli type accounted
for a larger effect size than water sound, except for the compatibility
dimension. A significant interaction effect between stimuli type and
water sound was observed across all four dimensions of restoration.

3.2.2. Influences of the virtual audio system

Given the observed interaction effect, a more in-depth examination
of simple effects becomes essential. Tukey multiple comparisons were
implemented on each water sound. Fig. 6 presents average rating scores
of the PRSS across participants under all conditions, and the significant
differences between scores of virtual audio systems were marked.

(a) Fascination

(d) Being-away

Applied Acoustics 221 (2024) 109991

For sound water A, the binaural system yielded results most similar
to the in situ results. Monaural system scored significantly lower than
binaural system for all four dimensions (p = 0.002, 0.003, 0.008, and
0.003, respectively). However, all three virtual audio systems showed no
significant differences between in situ and virtual reproduced stimuli.
The scores of loudspeaker-based Ambisonics were lower than binaural
system for the compatibility dimension (p = 0.017).

In terms of sound water B, a noticeable disparity between scores of
the binaural system and in situ stimuli was identified. It shows that
binaural system achieved higher scores compared to in situ stimuli (see
Fig. 6), especially for the extent dimension, where the differences were
significant (p = 0.031). In contrast, the Ambisonics was nearest to the in
situ case. Monaural system got significantly worse scores than binaural
system for all dimensions (p = 0.042, 0.007, 0.019, and 0.008, respec-
tively); Ambisonics system also scored significantly lower than binaural
system for the compatibility dimension (p = 0.019).

It appears that virtual reproduced stimuli elicited relatively weaker
restorative effects compared to the in situ conditions for water sound C.
All three types of reproduced stimuli obtained lower scores than in situ
stimuli, particularly monaural stimuli, which have significant differ-
ences for all dimensions (p = 0.009, 0.020, 0.032, and 0.042, respec-
tively). The monaural stimuli scores were also significantly lower than
those of binaural stimuli for the extent dimension (p = 0.049). As for
Ambisonics, its scores were lower than its in situ counterparts for the
fascination and being-away dimensions (p 0.024 and 0.034,
respectively).

A deterioration of the restoration effect with all the virtual audio
system was also observed for another waterfall (water sound D).
Monaural system scored significantly lower than in situ for the fasci-
nation (p = 0.019), the be-away (p = 0.023), and the extent dimensions
(p = 0.003). The Ambisonics encountered significantly worse ratings for
the extent dimension than in situ scenes (p = 0.001). Binaural system
stimuli outperformed monaural system for the extent dimension (p =
0.027).

In terms of water sound E, the results revealed that the scores of all

Che ] ] =
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e gl ©
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Water sound

Water sound

Fig. 6. Average rating scores of the PRSS across participants. The markers represent the scores, and black error bars indicate the standard deviations. The significant
differences between virtual audio systems at the level of 0.05 and 0.01 were marked with the * and ** symbols, respectively.
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reproduced stimuli closely resembled those of in situ stimuli, especially
for binaural system. No significant difference was found compared with
the in situ and reproduced stimuli.

3.2.3. Restoration effects of different water sounds

To discern disparities in restoration effects among the five water
sounds, we employed identical post-multiple comparisons for each type
of stimulus.

Participants gave similar scores for the five water sounds in the in
situ experiment. No significant difference was observed among the five
water sounds across all dimensions. However, it shows for fascination
and being-away restoration, and water sound E has the lowest mean
score while water sound A has the highest mean score, with a difference
of 0.53 and 0.41, respectively. For compatibility, water sound A ob-
tained the highest scores while scores of other four water sounds were
close. For extent, water sound A and D have similar high scores, with a
deviation of 0.49 and 0.51 compared to the lowest scores obtained by
water sound B.

In the reproduction experiment, things go the other way, where
participants show apparent preferences for specific water sounds. For
monaural system, the water sound C (Jiushishan waterfall) was rated
worse by participants. Significantly lower scores were attributed to
water sound C when compared to water sound B in the fascination (p =
0.034) dimension and to water sound A Flowing water (p = 0.034) and B
Small fountain (p = 0.034) in the compatibility dimension. Participants
tended to give sound water A and B higher ratings for binaural systems.
Water sound A achieved significantly higher scores than water sound D
(Fenglaifeng waterfall) in the being-away (p = 0.024), compatibility (p
= 0.014), and extent dimension (p = 0.049), as well as water sound C (p
= 0.003) and E Large fountain (p = 0.041) in the compatibility dimen-
sion. Water sound B received higher recovery ratings compared to water
sound C in the fascination (p = 0.026), being-away (p = 0.030), and
compatibility dimensions (p = 0.006) and water sound D in the being-
away (p = 0.006), in the compatibility (p = 0.026), and in the extend
dimensions (p = 0.028). In the case of Ambisonics, water sound C was
rated lower than water sound A (p = 0.017) and B (p = 0.430) for the
extent dimension. These findings are in line with the analysis of the
preceding section, which demonstrated that virtual reproduction
exhibited poorer performance with respect to water sound C.

3.3. Redlity and spaciousness of three virtual audio systems

Rating of reality and spaciousness for virtual water sound were
gathered separately through two additional questions. The across-
participant average scores, along with their corresponding standard
deviations, are illustrated in Fig. 7. It clearly shows that monaural sys-
tem had an inferior quality of reality and spaciousness when compared
to binaural and Ambisonics systems. Binaural system achieved the

(a) Reality

* %

%
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highest rating scores, with Ambisonics scoring closely behind.

The distribution of rating scores did not meet the criteria of the
Anderson-Darling normality test. Hence, the one-way Friedman test was
conducted for each water sound to compare the three types of virtual
audio systems. Monaural system exhibited inferiority to binaural system
in water sound A (p = 0.001), B (p = 0.018), C (p = 0.045), and D (p =
0.045) for the reality dimension, and water sound A (p = 0.005), C (p =
0.045), and D (p = 0.022) for the spaciousness dimension. Besides,
significantly poorer results were observed for monaural system when
compared to Ambisonics in water sound C for the spaciousness dimen-
sion (p = 0.022). In Ambisonics system, no significant differences were
observed compared to binaural system.

3.4. Correlation between the restoration effect and the reality/
spaciousness

The current study hypothesizes that the fidelity of reproduced sound
could influence the restoration effect of soundscapes. Multiple linear
regressions were conducted on all five water sounds and three virtual
stimuli to investigate potential correlations. Within each regression
model, the ratings for the four restoration effect dimensions were
dependent on the scores for reality and spaciousness.

The predicted scores via the regression models versus actual scores of
participants were plotted in Fig. 8. Four regression models, representing
the dimensions of fascination [F(2, 282) = 91.68, p < 0.0001], being-
away [F(2, 282) = 92.72, p < 0.0001], compatibility [F(2, 282) =
91.72, p < 0.0001], and extent dimensions [F(2, 282) = 239.7, p <
0.0001], were found to be statistically significant. Particularly, the
regression model for the extent dimension had the highest R-squared
value of 0.63, indicating that the extent dimension can be predicted
more reliably with the scores of reality and spaciousness.

Comparing the two predictors, reality and spaciousness, it becomes
evident that reality exerts a more significant influence on recovery rat-
ing scores than spaciousness. The regression coefficients for reality
ranged from 0.43 to 0.60 across the four regression models, significantly
surpassing the values for spaciousness, which ranged from 0.07 to 0.14.
Reality significantly contributed to the dimensions of fascination [F(1,
282) = 40.98, p < 0.0001], being-away [F(1, 282) = 47.81, p <
0.0001], compatibility [F(1, 282) = 43.76, p < 0.0001] and extent [F(1,
282) =149.3, p < 0.0001]. On the contrary, spaciousness only exerted a
significant influence on fascination [F(1, 282) = 5.647, p = 0.018] and
the compatibility [F(1, 282) = 4.572, p = 0.0334].

4. Discussion
4.1. Correlations between reality/spaciousness and restoration effects

Generally, the higher the fidelity of the soundscape virtual sound

(b) Spaciousness

*
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Water sound

Fig. 7. Averaging rating scores of the reality (a) and spaciousness (b) across participants. The markers represent the scores, while the error bars indicate the standard

deviations. The * an

** symbols indicate significant differences at the level of 0.05 and 0.01, respectively.
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(b) Being-away
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Fig. 8. Predicted scores using multiple linear regression as a function of actual recorded scores. The dependent variable y indicates scores of the fascination (a), the
being-away (b), the compatibility (c), and the extent (d), and the independent variables x; and x, denote scores of the reality and the spaciousness, respectively.

system can reproduce, the higher the rating of reality and spaciousness
the system will obtain. In this study, binaural and Ambisonics systems
had a higher rating of reality and spaciousness compared with the
monaural system. Hong compared direction (similar to spaciousness in
this study) and realism (similar to reality in this study) ratings under
soundscapes reproduced by static binaural, head-tracked binaural, and
loudspeaker-based FOA, and they found loudspeaker-based and head-
tracked binaural FOA superior to static FOA [22]. Xu and Kang also
found a significantly higher rating on directionality and realism when
comparing binaural and monaural reproduction [21].

The results of this study further demonstrate a significant correlation
between reality and all four dimensions of the restoration effect. In
contrast, the potential intrinsic connection between spaciousness and
the restoration effect was more delicate. Therefore, current results do
not underline the importance of the spatial distribution of elements in
soundscapes. Previous studies have proved a significant correlation
between the realism of virtual soundscapes and overall soundscape
perception [21], but the restoration rating was not investigated in their
study. These findings further suggest that future research on the
soundscape psychological recovery effects should focus on the realistic
reconstruction of virtual soundscapes.

The dependence of reality and spaciousness on the extent dimension
were pronounced than on the other dimensions. The extent attribute of
ART requires that the environment should be rich and coherent enough
to constitute an entirely different world for individuals [1]. Concerning
virtual audio display, the extent attribute intrinsically highlights the
immersion of the virtual sound environment. In other words, the virtual

soundscape must attain a level of realism that immerses listeners in a
virtual sound world and ultimately enhances the restorative effect. In
this study, monaural stimuli were reproduced diotically, which was
expected to result in a limited sense of externalization and realism. This
may explain why monaural stimuli achieved the lowest scores in terms
of the recovery effect.

4.2. Different virtual audio systems

In this study, we investigated three virtual audio systems: binaural,
monaural, and FOA systems. For nearly all water sounds and across all
dimensions of the restoration effect, monaural system scores exhibited
noticeable discrepancies compared to in situ cases. The study of Xu and
Kang suggested that there is no significant difference between the
binaural and monaural systems when considering the overall impres-
sion, acoustic comfort, pleasantness, annoyance, and eventfulness as-
pects of soundscape perception [21]. Nonetheless, our findings suggest
that monaural system can bring nonnegligible deterioration to the psy-
chological restoration effect of soundscapes, in contrast to the aspects of
soundscape perception mentioned above. Monaural system with
earphones cannot remain space distribution information of sound
sources and circumvents the interference of head and pinnae on spectral,
hence degrading the reality of virtual reproduced soundscape. The re-
sults imply the importance of the reality for the restoration effect, as
mentioned in Section 4.1.

In general, binaural system obtained superior restoration effect
scores and was closely analogous to in situ outcomes, compared to the
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other two virtual audio systems. Binaural recording and system can
provide the highest space quality despite its limitations on usage and
limitations [40]. Nevertheless, disparities persist between the scores of
binaural system and in situ conditions, highlighting the constraints of
current virtual environments.

The study of Guastavino compared the ecological validity of stereo
and Ambisonics in soundscape perception [41]. This study extends the
verification of the ecological validity of Ambisonics system for the
restoration effect of soundscapes in comparison to monaural and
binaural system. The spatial resolution of Ambisonics is constrained by
its order (the number of microphones and loudspeakers limits order),
resulting in inferior spatial precision compared to binaural system. Be-
sides, FOA encounters the problem of spatial aliasing inducing spectral
distortion in the high-frequency range [42]. However, significant dif-
ferences between FOA and binaural system were only observed in a few
instances, albeit the scores of FOA being slightly lower than those of
binaural system for both restoration effect and reality/spaciousness
rating. Given the versatile applicability of the Ambisonics, allowing for
interactive virtual soundscapes, it is advisable to employ a spherical
microphone to promote the Ambisonics order. This is assumed to further
enhance the realism and psychological restoration effect of virtual
soundscapes.

All three virtual audio systems, particularly monaural and FOA vir-
tual stimuli, failed to consistently achieve recovery scores comparable to
in situ conditions for waterfalls C and D. Sound contents-related varia-
tions of reproduction performance were also found in previous studies
[22,23]. One of the possible reasons is that waterfalls contain more
energy in the higher frequency range and have a larger loudness, which
costs more attention resources. Previous laboratory experiments also
suggested that listeners may not prefer waterfalls. Cai found that wa-
terfalls have the weakest annoyance alleviation effect on noise [33].
Jeon suggested that participants preferred water sounds such as
“stream” and “waves of lake” over waterfalls [43]. Several other labo-
ratory experiments also suggested that waterfalls were less acoustic
relaxation [44-46]. Interestingly, significantly lower recovery effect
scores for waterfalls were not observed in the in situ experiment con-
ducted in this study. The participants were likely to focus their attention
on the sound in the laboratory experiment more than they did in the in
situ scenes, since the experiment focused on rebuilding the sound
environment of soundscapes. Further experiments may be necessary to
delve deeper into the multimodal perception of the restoration effect.
While the restoration effect may be affected by non-acoustic factors, this
study advocates that the acoustic restoration effect differences of
different types of water sound should be considered in the design of the
garden. It may be advisable to avoid or scale down the large waterfalls of
artificial hills, which are essential elements of Chinese classical garden
construction, in areas designed for relaxation.

5. Limitations of the study

The number of participants is relatively small. Increasing numbers of
participants could reduce the variation of rating scores and induce sta-
tistically significant in cases where the deviation is considerably large, e.
g., a significant difference between Ambisonics and monaural systems at
both four restoration dimensions and reality/spaciousness. However, for
each soundscape location, the number of participants in this study ful-
filled the estimated minimum requirement (17 participants, calculated
with G*power 3.1).

Another essential limitation is that the PRSS used in this study was
translated into English, and the validity of the translated questionnaire
needs to be further investigated. During the experiment, the meaning of
the questionnaire was interpreted by participants carefully. Although
Cronbach’s o of the overall result for fascination, being-away, compat-
ibility, and extent were 0.89, 0.87, 0.86, and 0.80, respectively, which is
relatively high, comprehensive research on Chinese PRSS validation is
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needed.

The present study compared restoration ratings under sound fields
reproduced by monaural, binaural, and FOA methods. By using a more
complicated recording and reproduction array, higher-order Ambisonics
is promised to enhance the immersion of the virtual sound field. How-
ever, the technology was not involved and evaluated in the current
study. Future work plans to evaluate the higher-order Ambisonics
recording and reproduction in soundscape reproduction.

In terms of visual presentation, a regular monitor rather than a
panorama video system was utilized in the experiment, thereby limiting
the realism of the visual information. Although the current experiment
primarily focuses on comparing the perception of acoustic restoration,
higher fidelity visual information may further promote the ecological
validity of the experiments.

6. Conclusions

This study focused on evaluating and comparing the psychological
restoration effects of five water soundscapes from a Chinese classical
garden, utilizing binaural, monaural, and FOA virtual audio systems, in
comparison to their real-world counterparts.

Binaural system maximally retains the restorative effects of water
sound, whereas monaural system may be unsuitable for replicating
virtual soundscapes for recovery effect research. FOA also obtained
comparable fidelity of the recovery effect with real soundscapes. How-
ever, it is worth noting that all virtual waterfalls exhibited an inferior
restoration effect compared to both other virtual water sounds and their
real counterparts. Ratings for reality and spaciousness are correlated
with the restorative effect of virtual soundscapes, particularly in relation
to the extent dimension of the recovery effect. In contrast to the spatial
orientation of elements within virtual soundscapes, overall reality may
play a more significant role in influencing the restorative effect of these
virtual environments.

The results of the experiments affirm our hypothesis that the fidelity
of reproduced soundscapes affects the psychological restoration effects.
Hence, the importance of high-fidelity virtual acoustic environment was
emphasized for studies of the restoration effect of soundscapes.
Furthermore, the variation of psychological restoration effect in
different water sounds should also be taken into account when designing
gardens.
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Appendix. Contents of questionnaires
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The questionnaire was presented to all participants in Chinese. The questionnaire was derived from the PRSS. Both English and Chinese versions
were presented.

For the in situ and laboratory experiments, disagree (1) to agree (7)

(Fascination)
1. I find this sonic environment appealing

(ISR (&) FERERSIA

2. My attention is drawn to many of the interesting sounds here

X (L&) FERERREELE T RHNFST O

3.1 am interested in exploring the sounds here
BREHKEERRZM (&) BFE

4. I am engrossed by this sonic environment
HNBEXM (&) FE

(Being-away)

5. This is a different sonic environment to what I usually hear

XAEFRFHRERLESES

6. When I hear these sounds, I can escape from the annoying things

YT (L) FERBIERE T RLE NS

7. When I hear these sounds, I feel free from work, routine, and responsibilities

YIRTBXT (L) EFRBRIEATUMES, TEMBEF R TR

8.1 don’t have to concentrate on hearing the sounds.
BRBRISLWEIERXT (L) FF
(Compatibility)

9. This sonic environment fits with my personal preferences

X (&) EENFERNTASER
10. I rapidly get used to hearing these sounds
REERRISIBRXM (L) BFE

11. Hearing these sounds hinders what I would want to do in this place

WEIXM (L) EEHR T RBEXMEE
(Extent)
12. All the sounds I'm hearing belong here.
RTENEERTXE

13. I think the sounds here are in harmony with the current place

FiINAXM (L&) BEERERSX DA RME

14. The sounds make me feel like in a vast environment

X (L&) BEEILRREXEHIFERE

For the laboratory experiments only, disagree (1) to agree (7)

(Reality)

15. I feel the reproduced sounds are very real
RREXM (L) EENBIRESL

(Spaciousness)

16. I feel these sounds have a strong sense of direction

RRBEXM (L&) FERARBNAER
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