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Abstract

Many studies have investigated the effects of water sound on soundscape with an assumption
that target noise coincides with the masker (co-location), while no attention has been paid to
spatial separations between target noise and water sound sources. This study aims to explore
the effects of spatial separations between target noise and water sound on perceived loudness
of target noise (PLN) and overall soundscape quality (OSQ) through laboratory experiments.
Traffic noise (target) and a water sound (masker) were recorded as acoustic stimuli and a
spherical panoramic video recording of a water fountain was also used as visual stimuli. The
audio-visual stimuli were reproduced through a virtual reality head-mounted display and a
multichannel ambisonic loudspeaker setup. The traffic noise and water sound were played
simultaneously at various azimuthal separations and were combined with a panoramic
recording of a water fountain as visual stimulus. Participants assessed the audio-visual stimuli
in terms of PLN and OSQ. The effect of the spatial separation between the traffic noise and
water sound was significant in both PLN and OSQ. Specifically, the PLN increase at 135°
separation was equivalent to an estimated target noise level increment of ~1-2 dB. Similarly,
the OSQ decrease at 135° and 180° separation was equivalent to an estimated target noise
level increase of ~2-5 dB. Since the typical field of view of users in space is less than 135°,
the results suggest that placing water features within a user’s field of view could achieve

better soundscape.

Keywords: Soundscape; Spatial audio; Virtual reality; Ambisonics; Spatial release from

masking; Traffic noise
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1. Introduction

Water features are important elements not only in landscape design but also in the
soundscape design of a public space [1-3]. In addition to visual aesthetic values of water
features in landscape design, water sounds from the water features have been employed
as soundscape design elements to improve noisy environments [4,5]. Over the last decade,
both perceptual and acoustic aspects of water sounds on soundscape have been explored
through in-situ [6,7] or lab-based experiments [8—15]. Past studies have mainly studied
two perceptual aspects of adding water sounds: reducing perceived loudness of a target
noise and enhancing the overall acoustic comfort of the environment. Although water
sounds are technically ineffective at energetically masking low-frequency traffic noise
[16], water sounds have been shown to partially reduce the perceived loudness of target
traffic noise [9,13,17,18]. Moreover, there is clear evidence that introducing water sounds
can potentially improve the overall soundscape quality [10,12,14,19,20]. Not all types of
water sounds, however, can guarantee the enhancement of soundscape quality, due to
individual variations in spectral and temporal features [10,11].

In this context, the effects of acoustical characteristics (e.g., sound level, spectral, and
temporal features) of water sounds on subjective preference have been investigated to
suggest desirable acoustic design factors of water sounds. In previous studies, the effect
of water sound level was usually examined by varying the signal-to-noise ratio (SNR)
between a water sound and a target noise. It has been shown that water sounds with similar
or 3 dB lower sound levels were preferred when combined with a traffic noise [10,12]. In
terms of spectral characteristics, water sounds with more low-frequency contentwere
evaluated as less pleasant [10,11]. It has also been shown that water sounds with high

temporal variability are preferred to steady-state water sounds [10,11,19].
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However, the aforementioned studies on the influence of water sounds inherently
assume that the target noise source and water sounds were collocated or emitting from
the same axial direction in space, which is difficult to realize in actual soundscape
applications. This would take into account the physical constraints in terms of sound
source placement in a functional three-dimensional space.

The effect of non-collocation of the target and masker is well-established in the field
of speech intelligibility research. In general, speech intelligibility improves with
increasing spatial separation between the masker and target speech [21-23]. This
phenomenon is known as spatial release from masking (SRM), which is usually quantified
by taking the difference between the speech reception thresholds of the collocated and
separated conditions [21,24]. It has been reported that for speech separation, SRM can
occur up to 12 dB in adults depending on the separating conditions [25-27]. In other
words, the same speech intelligibility levels can be achieved even when the target levels
were 12 dB lower in the spatially separated case (compared to the collocated case).

Inferring from the SRM phenomenon in speech intelligibility, it is plausible that spatial
separation between a target noise and a water sound may affect soundscape perception
and hence assessment. To the best of our knowledge, no study has attempted to explore
the effect of the spatial separation between the target noise and the water feature on
soundscape assessment, which is imperative to better predict the influence of water
sounds on soundscape when designing water features in urban public spaces.

Therefore, this study examines the efficacy of introducing a water fountain sound at
different spatial orientations in the azimuthal plane and to quantify SRM in soundscape
assessment through a laboratory experiment. Two widely employed soundscape

descriptors (perceived loudness of the target noise and soundscape quality) are evaluated
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in this study [28]. Specifically, two research questions are addressed: Does spatial
separation between the water sound and the target noise affect (1) the judged perceived
loudness of the target noise or (2) the subjective evaluation of overall soundscape quality?
The results of the experiments associated with the first and second research questions are

analysed and discussed in Sections 3 and 4, respectively.

2. Method
2.1 Stimuli

An audio-visual recording of a water fountain was conducted 4 m away from a fountain
in the Nanyang Technological University (NTU) campus in clear weather. The fountain
was composed of jets and a basin. A spherical panoramic camera (Garmin VIRB 360
Action Camera, USA) and 4-channel first-order ambisonic (FOA) microphone
(Sennheiser AMBEO VR 3D Microphone, Germany) were used to capture the
omnidirectional audio-visual recordings of the water fountain. The audio-visual capturing
system was mounted on a tripod at a height of 1.5 m from the ground, as shown in Figure
1. The video of the fountain was recorded in 4K 30-FPS resolution with a bit-rate of 80
Mbps and post-processed for white balance and exposure compensations (Adobe
Premiere Pro CC 2019). The FOA recordings were converted to the B-format AmbiX with
the AMBEO A-B converter. The audio-visual recordings of the water fountain were
conducted at two situations when the fountain was turned on and off. The 10-s A-weighted
equivalent sound pressure level (SPL) when the fountain was turned on (Laeg,10s) at a
distance of 4 m was 67.4 dB.

Due to its pervasiveness, road traffic was selected as the target urban noise [29]. Road

traffic sound was recorded at a distance of 40 m from an expressway (2 X 4 lanes) using
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the same FOA microphone. For the laboratory experiment, 10-s audio samples of the
water fountain and traffic sounds were excerpted from the audio recordings. As the visual
stimuli, two 10-s spherical video samples of the water fountain were excerpted from the video

recordings, one when the fountain was turned on and one when the fountain was turned off.

3

Garmin VIRB 360 Sennheiser AMBEO VR Microphone

L)
1 A

Zoom F4 Field Recorder S : e\ . GRAS Microphone

Figure 1. Measurement setup for the omnidirectional audio-visual recordings of the water

fountain.

The sound pressure level (SPL) of the acoustic stimuli is plotted as a function of 1/3
octave bands from 63 Hz to 8 kHz in Figure 2(a). The road traffic sound exhibits a
relatively constant SPL across all frequencies, whereas the water sound exhibits a roll-off
in SPL below 315 Hz. In terms of temporal variability of the stimuli, the traffic noise
possesses a relatively lower variance in SPL than the water sound as displayed in Figure
2(b). The SPL ranges of the target noise and the fountain sound over time were 4.9 dB

and 9.1 dB, respectively.
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Figure 2. Acoustical characteristics of the 65 dB traffic (—), 62 dB water (—), and 68 dB
water (—) stimuli in: (a) 1/3 octave band spectra, and (b) A-weighted sound pressure level

as a function of time.
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2.2 Subjective evaluation

Perceived loudness of noise (PLN) and overall soundscape quality (OSQ) were
assessed for each stimulus. “Perceived loudness of noise” was defined as the subjectively
judged auditory loudness of the target noise in this study. The PLN for the road traffic
sound was assessed using a fixed-number magnitude estimation method. The target traffic
noise of 65 dB was presented to the participants as a reference, and the PLN for the
reference was assigned the fixed numerical value of “100”.

The participants were instructed to focus on the target traffic noise when evaluating
the combined sounds consisting of the target traffic noise and water sound. Subsequently,
participants were requested to assign a number to each presented stimulus describing the
perceived loudness of the traffic noise relative to the reference (i.e., target traffic noise
alone at 65 dB). For instance, if a participant feels that the PLN of the target traffic sound
in the following stimulus is three times as loud compared to the reference, the participant
would assign it a value of “300”. On the other hand, if it is half as loud, the participant
would assign a value of “50”. Additionally, the overall soundscape quality (OSQ), defined
as overall impression of soundscape of both the target noise and water sound, was
evaluated for each stimulus using an 11-point scale (0: extremely bad and 10: extremely

good).

2.3 Experimental design and settings of VR reproduction
The experiments consisted of two sessions: (1) traffic noise alone and (11) the combined target
traffic and water sounds. In session I, the 10-s traffic noise clips were calibrated to five levels

from 55 to 75 dB (Laeq,10s) in 5 dB steps, which represents a range of traffic noise levels in most

Building and Environment 167 (2020) 106423 pp. 1-10. 8
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urban environments [12,30,31]. It was assumed that the target traffic road was always oriented
in the frontal direction of the participants, so the traffic noises were fixed at 0° azimuth. Each
of the traffic noise alone acoustic stimuli were combined with the omnidirectional visual
stimulus with the fountain turned off. In total, five audio-visual stimuli were created for session
I, and participants were asked to assess the PLN and OSQ of the five traffic noise alone stimuli.

In session II, a within-subject repeated-measure factorial design was employed to
examine the effects of two independent variables, SNR and azimuth separation, between
the target traffic noise and water sound on PLN and OSQ. The target traffic noise was set
at 65 dB. The SNR between the water (signal) and the target traffic (noise) sounds had
two levels (—3 dB and +3 dB) since those SNRs for water sounds were previously found
to be effective [10,12]. In other words, the water fountain sounds were set at 62 dB or 68
dB. Regarding the spatial separation between the traffic and water sounds, the traffic
sound was always projected from the 0° azimuth position and the water fountain sound
was presented at five absolute azimuths: 0° (collocated), 45°, 90°, 135°, or 180°. The
azimuth separation interval was set to 45° by inference from a previous study by Marrone
et al., where the benefit of spatial separation between the target and maskers for most
normal hearing listeners was significant at 45° [32].

For audio-visual congruency, the viewpoint of the fountain in the omnidirectional
video in each stimulus was rotated to the same azimuths (location of traffic noise was
fixed in front at 0° azimuth) as depicted in Figure 3. Since the target traffic and water
fountain sound were asymmetrically separated, two sets of audio-visual stimuli were
created to include both the left- (e.g., —45°) or right-hand (e.g., 45°) side separations. For
the audio-visual stimuli in set 1, the fountain sound and viewpoint were either positioned

at 0°, +45°, —90°, +135°, or 180° azimuth. In set 2, the fountain sound and viewpoint

Building and Environment 167 (2020) 106423 pp. 1-10. 9
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were either position at 0°, —45°, +90°, —135°, or 180° azimuth. In each set, a total of 10

audio-visual stimuli (2 SNRs x 5 azimuth angles) were created and the participants were

instructed to evaluate the PLN and the OSQ of all the audio-visual stimuli.

Back

’ Facing direction (® Target traffic noise)

« ~ Direction of water fountain ( ~ Water sound)

Figure 3. Schematic illustration of the experimental design: (Left) equirectangular panoramic
stills from the spherical videos (Right) azimuth separations between the target traffic noise and

water sounds

The audio-visual stimuli were presented through a twelve-channel loudspeaker system
consisting of double hexagonal arrays and a virtual reality (VR) head-mounted display (HMD)
(Pimax 4K VR, China), as shown in Figure 4. According to previous studies [33,34], a
multichannel loudspeaker system can reproduce more realistic spatial acoustic cues than a
headphone in terms of realism and immersion in soundscape. The B-format FOA tracks were
decoded to the FOA-3D hexagonal array using the Ambisonic Toolkit (ATK) plugin for the
Reaper DAW [35]. All loudspeakers were placed 1-m away from the center position of the

hexagon where the participant was seated. In accordance with the experimental design, the A-

Building and Environment 167 (2020) 106423 pp. 1-10. 10
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weighted equivalent SPL of the 10-s acoustic stimuli were calibrated in an anechoic chamber
using a head and torso simulator (Briel & Kjeer 4128-C, Denmark). The loudspeakers (Genelec
8320A Smart Active Monitor, Finland) were calibrated to a flat frequency response with the

Genelec Loudspeaker Manager 2.0 (GLM) software at the sitting position (center of the double

hexagonal speaker array).

)

=
=
ol

0.54m
K2
2

i

©
X

1.13m

Figure 4. VR experiment setting: (Left) photographs of the audio-visual reproduction system

in an anechoic chamber and (Right) the loudspeaker configuration

2.4 Participants
To achieve 80% statistical power, the required minimum sample size for the within-subject
design was calculated based on a statistical power analysis using G*Power 3.1 [36]. The power

analysis showed that at least 22 participants were required to detect a medium effect of: f =

Building and Environment 167 (2020) 106423 pp. 1-10. 11


https://en.wikipedia.org/wiki/Finland

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

Building and Environment DOI: http:// doi.org./10.1016/j.buildenv.2019.106423

0.3, a = 0.05,and (1 — B) = 0.80. Hence, a total of 23 participants (13 males and 10 females)
were recruited for this study, which was slightly more than the required minimum sample size.
The age distribution of the participants ranged from 20 to 60 years (Mean = 32.4, SD = 12.4).
Most participants were ethnically Chinese (21 Chinese and 2 Malays). Hearing tests were
conducted using an audiometer (Interacoustics AD629, Denmark) before the experiment and
the results showed that all the participants had normal hearing for all the tested frequencies
(0.125,0.5, 1, 2, 3, 4, 6, and 8 kHz). Among the participants, 11 participants evaluated audio-
visual stimuli in set 1 and 12 participants evaluated set 2.

In accordance with ethical procedures, the study was approved by the institutional review
board of NTU (IRB-2017-07-025). The study was approved by the local research ethics
committee and informed written consent was obtained from all the participants after carefully

instructing to them the purpose and procedures used for the experiments.

2.5 Procedure

The audio-visual stimuli were presented to the participants in random order through a VR
HMD and loudspeaker reproduction system. After experiencing each audio-visual stimulus,
the participants took off their VR HMD and evaluated the PLN and OSQ using a questionnaire.
The participants were allowed to replay each stimulus as many times as required. Session |
took approximately 10 min, and session Il lasted approximately 30 min. There was a break

time of approximately 15 min to relieve the boredom and fatigue of the participants [37].

2.6 Data analyses
Two-way repeated-measure (RM) analysis of variance (ANOVA) was conducted to examine

the within-subjects effects of the SNR and azimuthal spatial separation, and interaction

Building and Environment 167 (2020) 106423 pp. 1-10. 12
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between SNR and spatial separation on PLN and OSQ. Normality assumptions of the residuals
of dependent variables (i.e., PLN and OSQ) for each level of independent variables (SNR and
azimuth separation) were examined with Shapiro-Wilk's test. Even though some datasets
violated the normality assumption, we conducted RM ANOVA because it has been revealed
that ANOVA vyields robust and valid results against violation of the normality assumption
[38,39]. Partial eta-squared (n;) values were also reported as a measure of effect size. All
statistical analyses were performed using the statistical software package, IBM SPSS (version

25.0, IBM, USA).

3. Results
3.1 Perceived loudness of traffic noise alone

Based on the subjective responses from session I, the mean magnitude estimation
values of PLN for the traffic noise-alone stimuli were plotted as a function of the A-
weighted equivalent SPL in Figure 5. The PLN of traffic noise increased linearly as the
A-weighted SPL (Lacg,105) of the traffic noise increased, as shown in Figure 5. The mean
magnitude estimation values of PLN for the traffic noises from 55 dB to 75 dB varied
from 56.52 (SD = 8.84) to 156.52 (SD = 13.69), respectively. The prediction model for
PLN of traffic noise-alone was obtained from a simple linear regression analysis as shown
in Eq. (1) where Lacg,10s is the A-weighted SPL of traffic noise. The coefficient of
determination (R?) for the model was 0.92 (p < 0.01).

PLNtraffic = 4.92 Lgeqr0s — 216.43 (1)

Based on the experimental design, the reference traffic noise at 65 dB was chosen for

use as the baseline to examine the effects of water sound on PLN in session II. Hence, the

regression model for PLN can be utilized to quantify the effects of water sound in terms
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of SNR and spatial separation.
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Figure 5. Mean perceived loudness of noise (PLN) scores (©) as a function of A-weighted
sound pressure level. The linear regression function is fitted to the data points (--) and the

error bars indicate 95% confidence intervals.

3.2 Perceived loudness of noise in the combined traffic and water sound cases

Mean values of magnitude estimation across all participants for each acoustic stimulus
were calculated. The mean values of the combined sounds (target traffic noise + water
sound) cases at both SNRs (£3 dB) were plotted as a function of azimuth separation, as
shown in Figure 6.

To examine the masking effect of the water sound, pairwise comparisons using
Bonferroni correction between PLN of the target traffic and the combined sounds were

conducted. The results showed that adding water sound at both SNRs (£3 dB)

Building and Environment 167 (2020) 106423 pp. 1-10. 14
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262  significantly reduced the PLN of the target traffic sound across the five azimuth angles
263 (p < 0.01). This indicates that water sounds at both SNRs (£3 dB) could reduce the

264  perceived loudness of the target traffic sound despite azimuthal separation.

265
110
7T at 65 dB
> 1001 e e
—
=y
S
! 90 e @ ) )
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S @ o
<
£ g0
S8
o}
3
ER
=
=10}
<
2 60,
50
0° 45 ° 90 ° 135° 180 °
Azimuth displacement of water sound (/) from traffic noise (7')
e T+W(-3dBSNR) = T+ W(3dBSNR)
Figure 6. Mean perceived loudness of noise (PLN) as a function of azimuth separations
between the target noise and water sound at SNRs of =3 dB (©) and +3 dB (). The variables
T and W designate the target traffic noise and water sounds, respectively; ‘+’ denotes the
combination of stimuli. The error bars indicate 95% confidence intervals. The PLN of the target
noise at 65 dB from session I, which was fixed at “100”, is plotted for reference (--).
266
267 Next, a two-way RM ANOVA was conducted to investigate the main effects of the

268  azimuth separation, the SNR, and their4 interactions (azimuth separation x SNR) on the
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PLN. The results of the F-tests are summarized in Table 1. The results showed that the
main effects of SNR [F(1,22) = 19.56,p < 0.001,17 = 0.47] and spatial separation
[F(2.75,60.61) = 3.25,p = 0.03,7n; = 0.13] were statistically significant. The SNR of +3
dB (Mean = 88.08, SD = 16.76) exhibited a greater reduction in PLN than the SNR of —3
dB (Mean = 78.62, SD = 19.73). This is consistent with previous studies that higher SNRs
of water sound to traffic noise yielded greater benefits regarding the reduction of PLN
[9,18].

The mean PLN values seemed to increase as the azimuth separation between the target
noise and the water sound became larger. Post-hoc tests for PLN in azimuth separation
showed that there were no statistical differences in PLN among different azimuth angles
except between 0° and 135°. A statistically significant difference in PLN was found
between the collocated condition at 0° (Mean = 78.91, SD = 18.85) and 135° spatially
separated condition (Mean = 87.24, SD = 18.01) at 0.05 significance level. No significant
interaction between SNR and azimuth separation was found [F(2.29,50.36) = 1.41,p =
0.25,17 = 0.06].

Table 1. Summary of RM ANOVA results for the perceived loudness of noise (PLN)

Factors df; df, F p na

SNR 1.00 22.00 19.56 <0.001 0.47
Azimuth? 2.75 60.61 3.25 0.03 0.13
SNR * Azimuth @ 2.29 50.36 141 0.25 0.06

& Assumption of sphericity was violated and Greenhouse—Geisser correction was applied.

To quantify the effects of the water sound on reducing the PLN of the target traffic
noise, an inference method was adopted from a previous study [9]. Using the magnitude

estimation scores of PLN in session II, an equivalent target traffic noise level, SPLgg pry»

Building and Environment 167 (2020) 106423 pp. 1-10. 16
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can be estimated from Eq. (1) and expressed as

PLN¢yqrsic(6,SNR) + 216.43
4.92 ’

SPLest,PLN(H» SNR) = (2)

where PLNirq55ic (6, SNR) refers to the mean magnitude estimation score from session II

at the respective azimuthal separation, 8, and SNR of the stimulus in session II.

Hence, the equivalent SPL reduction effect in terms of PLN of the combined stimuli
in session I, SPLy¢gyct pn, 18 determined by taking the difference between the reference
level (65 dB) and the estimated level using Eq. (2) to give

SPLreduCt,PLN(Br SNR) = 65 — SPLest,PLN(B' SNR). (3)

For clarity, Eq. (3) can be visualized by plotting the mean values of PLN from session
IT onto Figure 5, as illustrated in Figure 7. For instance, when the SNR was —3 dB, the
estimated SPL;qqyc Of the target noise by adding water sound ranged from 2.92 dB (180°)
to 3.71 dB (0°), as shown in Figure 7(a). However, a larger reduction effect was attained
when the SNR was +3 dB, ranging from 3.69 dB (135°) to 6.28 dB (0°) as shown in Figure
7(b).

To prevent confusion with spatial release from masking in speech intelligibility studies,
the effect of spatial release is quantified in dB for PLN as, SRMp;y. The SRMp;y is
defined here as the difference in the estimated equivalent SPL reduction of the target
traffic noise between the collocated (i.e., SPL,s(0°, SNR)), and the non-collocated cases
(i.e., SPL.s(6,SNR),0 # 0°), given by

SRMpn(68,SNR) = SPLreduct,PLN(OO’SNR) - SPLreduct,PLN(Q’SNR): (4)
where 8 # 0°. The SRMp;5(0,SNR) is computed for all the subjective responses at both
SNRs as a function of 8. For clarity, the mean SRMp; (6, SNR) values for all 6 and SNR

are summarized in Table 2. When the SNR was at —3 dB, the mean SRMp; were similar
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308 across the four azimuths showing SRMp, (6, —3) = 0.7 dB. However, when the SNR was
309 at+3 dB, the SRMp;n(0,+3) at 8 = 135° (Mean = 2.59 dB, SD =3.11 dB) and 6 = 180°
310 (Mean =2.53, SD =4.56 dB) were greater than those at 8 = 45° (Mean = 0.86 dB, SD =
311 3.90 dB) and 8 = 90° (Mean = 1.15 dB, SD = 4.28 dB).
312
Table 2. Mean spatial release from masking for perceived loudness of noise (SRMp;y, dB) as
a function of azimuth separations between the target noise and water sound at SNRs of —3 dB
and +3 dB. The numbers in parentheses represent standard deviations.
Azimuth separation
SNR (dB) Total
45° 90° 135° 180°
-3 0.72 0.60 0.79 0.80 0.73
(3.00) (3.52) (4.17) (3.02) (3.41)
+3 0.86 1.15 2.59 2.53 1.78
(3.90) (4.28) (3.11) (4.46) (3.98)
313
314
200{ (a)
180
4160 .
= :
S 140
°
2120 -
= S
£ 100 e
5 80 o ¥
-c L _ -
*E 601 o.--"""
&
s 40
20
0
55 57 59 61 63 65 67 69 71 73 75
A-weighted equivalent sound pressure level [dB]
oT o T+W(45° )y T+W(135°
e T+W(0°)a T+Wg90°;>k T+W§180°§
Building and Environment 167 (2020) 106423 pp. 1-10. 18




315

316

317

318

319

320

Building and Environment DOI: http:// doi.org./10.1016/j.buildenv.2019.106423

20071 (b)
180

—_ —_ —_
[\ B [®))
[e) ] [e)
\\
\
\
\\
\
\
\
o

Magnitude Estimation of PLN
VOB o ® o
o O o O e

©
\
\
\
\
\
©
\
\
\
\
\
\
\\
\
s># O

()

55 57 59 6l 63 65 67 69 71 73 75
A-weighted equivalent sound pressure level [dB]

ST won TIwo0=)T 7wl is0e)
Figure 7. Mean magnitude estimation of perceived loudness of noise (PLN) as a function of
A-weighted equivalent sound pressure level of traffic noise. The variables T and W indicate
the target traffic noise and water acoustic stimuli, respectively; ‘+’ denotes the combination
of stimuli. The PLN traffic-alone cases (©) and its respective linear regression (--) from
session | is plotted for reference. The PLN of 65 dB target traffic noise combined with water
sound (T+W) is plotted at an (a) SNR of —3 dB and (b) SNR of +3 dB at azimuth separations
of 0° (m), 45° (9), 90° (A), 135° (V), and 180° () from session II. The numbers in

parentheses denote azimuth separations between the target noise and water sound.

3.3 Overall soundscape quality in traffic noise alone cases

Similar to the PLN in Section 3.1, the mean values of OSQ from session I for the 6
traffic sound stimuli were plotted as a function of the A-weighted equivalent SPL in Figure
8. In contrast to the PLN, the OSQ rating score decreased as the A-weighted SPL of the

traffic noises increased, as shown in Figure 8. The mean OSQ scores for the traffic noise
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cases at 55 dB, 65 dB, and 75 dB were 5.48 (SD = 1.08), 4.04 (SD = 0.98), and 2.61 (SD
= 1.20), respectively. The prediction model for OSQ was also drawn from a simple linear
regression analysis given by
0SQraffic = —0.14 Lyeg,10s + 13.27, (5)

where the model explained 47% of the total variance of OSQ (p < 0.01).

The OSQ values for the traffic noise at the reference of 65 dB were used as the baseline
to examine the effects of water sound on OSQ in the next section. In addition, the
regression models for OSQ of the target traffic noise were used in a similar fashion to

Section 3.2 to quantify the effects of water sound in terms of SNR and spatial separation.
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Figure 8. Mean overall soundscape quality (OSQ) score (©) as a function of A-weighted
sound pressure level. The linear regression function is fitted to the data points (--) and the

error bars indicate 95% confidence intervals.

3.4 Overall soundscape quality in combined-sound cases

Mean rating scores of OSQ with the two SNRs are plotted as a function of azimuth separations,
as shown in Figure 9. Pairwise comparisons for the mean OSQ scores between the target traffic
noise-alone and the combined sound cases were conducted to examine the effect of water sound
on enhancing the overall soundscape quality. The results showed that the mean OSQ scores for
all the combined sounds were significantly higher than that for the target noise (p < 0.05). This
demonstrates that introducing water sounds to the target noise could significantly increase
soundscape quality across all the spatial azimuthal separations.

Regarding the azimuth separation, the mean OSQ scores were the highest when the target
traffic noise and water sound were co-located (0°) at +3 dB SNR (Mean = 6.09, SD = 1.44),
while the lowest OSQ score was observed when the water sound was located at 135° in azimuth
at +3 dB SNR (Mean =5.26, SD = 1.35).

A two-way RM ANOVA was performed to examine effects of SNR and azimuth separation
(main effects and interactions) on the OSQ score. In contrast to the PLN, there were no
significant mean differences in OSQ between SNRs of —3 dB (Mean = 5.54, SD = 1.32) and
+3 dB (Mean = 5.65, SD = 1.46) [F(1.0,22.0) = 0.82,p = 0.38,n§, = 0.04], as shown in
Table 3. This supports findings from previous studies that a higher SPL of water sound over
target noise might not result in higher soundscape quality [10,12]. Meanwhile, the main effect

of azimuth separation was statistically significant [F(4.0,88.0) = 6.78,p < 0.001,13 =

0.24]. The post-hoc tests showed that the mean OSQ scores at 135° (Mean = 5.33, SD = 1.38)
Building and Environment 167 (2020) 106423 pp. 1-10. 21
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351 and 180° (Mean = 5.41, SD = 1.43) were significantly lower than that at 0° (Mean = 5.89, SD
352  =1.40) at 0.05 significance level. No significant interaction effects between SNR and azimuth

353  separation were found [F(4.0,88.0) = 0.89,p = 0.47,1; = 0.04]
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Figure 9. Mean rating scores of overall soundscape quality (OSQ) as a function of azimuth
separations between the target noise and water sound at an SNR of -3 dB (©') and +3 dB
(). The variables T and W designate the target traffic noise and water sounds, respectively;
‘+’ denotes the combination of stimuli. The error bars indicate 95% confidence intervals.
The mean OSQ of the target noise at 65 dB (4.04) from session | is plotted for reference
(--).
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Table 3. Summary of RM ANOVA results for the overall soundscape quality (OSQ)

Factors dfs dfz F p yF

SNR 1.0 22.0 0.82 0.38 0.04
Azimuth 4.0 88.0 6.78 <0.001 0.24
SNR * Azimuth 4.0 88.0 0.89 0.47 0.04

Based on the inference method adopted in Section 3.2, an equivalent traffic noise level,
SPLest 059, can be derived from the linear regression in Eq. (5 ) to give

13.27 — 0SQrasic(6, SNR)

0.14 ’ (8)

SPL@St,OSQ (6, SNR) =

where 0S5Qqrqfric (0, SNR) refers to the mean OSQ scores at the respective azimuthal
separation and SNR of the stimulus in session II.

The equivalent SPL reduction effect of the target noise in terms of the OSQ scores of
the combined stimuli in session II, SPLyeqyct0sq, 18 determined by taking the difference
between the reference level (65 dB) and the estimated SPL from Eq. ( 6 ) to give

SPLreduct,OSQ (6,SNR) = 65 — SPLest,OSQ- (7)

To visualize Egs. (6) and ( 7 ), the mean OSQ scores for both the traffic noise-alone sounds
and combined sounds (the target traffic noise at 65 dB + the water sounds) by varying SNR
and azimuth separation are plotted as a function of A-weighted SPL, as shown in Figure 10.
The red dashed line represents the linear regression line derived from OSQ scores of session |

as described by Eq. (5).
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As depicted in Figure 10, there were no significant mean differences between SNRs of -3 dB
and +3 dB regarding estimated SPL reduction of traffic noise. When the water sound was co-
located with the target noise, enhancement in OSQ was equal to a reduction of 14.36 dB at +3
dB SNR. Meanwhile, the minimum SPL reduction was 8.53 dB when the water sound with
SNR of +3 dB was separated at 135°. Regarding the OSQ, adding the fountain sound source
had the same effect as reducing the A-weighted SPL of the target noise by approximately 11
dB on average, which would be a substantial reduction that might be difficult to achieve using
traditional noise control approaches. These results imply that introducing water sounds has
more benefits on enhancing the overall acoustic quality of the place than on reducing perceived

loudness of the target noise.
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Figure 10. Mean overall soundscape quality (OSQ) as a function of A-weighted equivalent
sound pressure level of traffic noise. The variables T and W indicate the target traffic noise
and water acoustic stimuli, respectively; ‘+’ denotes the combination of stimuli. The OSQ
traffic-alone cases (©) and its respective linear regression (--) from session | is plotted for
reference. The OSQ of 65 dB target traffic noise combined with water sound (T+W) is plotted
at an SNR of (a) —3 dB and (b) +3 dB at azimuth separations of 0° (@), 45° (©), 90° (&),
135° (), and 180° (>¢) from session Il. The numbers in parentheses denote azimuth
separations between the target noise and water sound.

382

383 The spatial release from masking effect is quantified in terms of the OSQ as a function of

384  azimuth and SNR, SRMys,(6,SNR). It is defined as the difference in the estimated SPL
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reduction of the target traffic noise between the collocated (i.e., SPL.gt 0s50(0°, SNR)) and
spatially separated cases (i.e., SPLst 059 (6, SNR), 6 # 0°), given by

SRMpsq (6,SNR) = SPLreduct,OSQ(OO’SNR) - SPLreduct,OSQ(H’SNR)r (8)
where 8 # 0°.

For clarity, the SRMy5o (68, SNR) values are summarized for all 8 and SNR in Table 4.
Overall, the SRM in terms of OSQ increased as the separation increased. The SRM at +3 dB
SNR, SRMy5 (8, +3), was relatively greater than that at =3 dB SNR, SRM5, (8, —3). When
the SNR was —3 dB, the SRMg, (0, —3) was approximately 2 dB between 90° and 180°
(90° < 6 < 180°). Substantial increments in SRMs4 (6, +3) were found at 8 = 135° (Mean
=5.83dB,SD=4.14 dB) and 8 = 180° (Mean = 4.29 dB, SD = 5.11 dB) when the SNR was

+3 dB.

Table 4. Mean spatial release from masking for overall soundscape quality (SRMysq, dB)

as a function of azimuth separations between the target noise and water sound at SNRs of

—3 dB and +3 dB. The numbers in parentheses represent standard deviations.

Azimuth separation, 6(°)

SNR (dB) Total
45° 90° 135° 180°
-0.61 1.53 2.15 2.45 1.38
-3
(4.11) (4.00) (4.39) (3.63) (1.92)
1.84 3.37 5.83 4.29 3.83
+3
(4.57) (3.98) (4.14) (5.11) (2.12)
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4. Discussion

In terms of speech recognition, spatial separation between target speech and masker has been
shown to improve speech intelligibility. In the design of soundscapes, however, spatial
separation produces negative effects on soundscape perception due to spatial unmasking of the
target noise. The results of this study revealed that the effects of spatial separation between the
target noise and water fountain were significant on both PLN and OSQ evaluations. The
quantified SRM effect for PLN and OSQ varied up to ~2.6 dB and ~4.0 dB across the azimuthal
separations, respectively. The influence of spatial separation of the water sound from the target
noise on PLN and OSQ with their implication on the soundscape design are discussed in
Sections 4.1 and 4.2, respectively. Additionally, inherent limitations of this study together with

future work are discussed in Section 4.3.

4.1 Effects of spatial separation between the water sound and the target noise on PLN
In terms of the PLN, significant spatial release only occurred when the water sound was
separated by 8 = 135°. In comparison to studies on speech intelligibility, Marrone et al. [32]
revealed that SRM usually occurs from a spatial separation of 15° to the full benefit at 45°.
Srinivasan et al. [40] even showed that SRM for normal hearing listeners occurred at smaller
spatial separations between target and maskers (2° to 6°). This discrepancy suggests that the
judged PLN is less affected by spatial separations between the target and masker than speech
intelligibility. This might be owing to a difference in the quantification method of SRM for
PLN and speech intelligibility. In this study, the SRM effect in terms of PLN of the target noise
was based on the magnitude estimation method — a subjective estimation of loudness. However,

the SRM for speech intelligibility is usually quantified in terms of the speech reception
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threshold (SRT) [21], which could provide more precise differences than the magnitude
estimation method.

It is also worth noting that the small effect of SRM in this study may be attributed to the
dissimilarity between the target noise and water sound. The road traffic and water fountain
stimuli possess different spectra-temporal characteristics. Several studies have proven that
target-masker dissimilarity (e.g., different-sex or non-speech masker) results in smaller SRM
because different spectra-temporal characteristics of signals can be useful for source

segregation [22,41,42].

4.2 Effect of spatial separation between the water sound and the target noise on OSQ

The mean OSQ rating scores were significantly lower for spatially separated conditions at
135°and 180°, as compared to the co-located condition. Interestingly, this result was somewhat
different from PLN in that the SRM was not significant when the water sound was displaced
by 180°. This could be because sound sources presented from behind produce the same
interaural level (ILDs) and time differences (ITDs) [21].

The effect of spatial separation between the target noise and water sound source on OSQ
could be explained by visibility of a sound source. The congruency between acoustic and visual
environments has a significant influence on soundscape [31,43,44]. When the fountain was
located at 135° or 180°, the participants were not able to see the water fountain without head
rotation because the VR HMD used in the experiment had a 110° of a binocular field of view,
which may decrease OSQ scores than those of collocated condition with the target noise. This
corroborates with a previous study [45] that the perceptions of water sounds in terms of their

pleasantness and appropriateness are greatly affected by the visibility of water features. Hence,
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spatial separations from the target noise within a field of view would be effective to enhance

acoustic comfort of the place.

4.3 Limitations and future work

This study adopted a laboratory experiment method, which is a widely used soundscape
evaluation protocol due to its efficacy in exploring the cause-and-effect relationship between
dependent and independent factors under controlled conditions. However, a laboratory
experiment in controlled conditions could be limited in reflecting real-life situations, yielding
relatively lower ecological validity.

Therefore, acoustic recording and reproduction techniques with sufficient spatial acoustic
fidelity are essential to achieve high ecological validity of the results in a laboratory experiment
[33,34,46-48]. In this study, B-format FOA audio recordings were reproduced via the FOA-
3D hexagonal array speaker system, and it has been previously shown that the multichannel
loudspeaker system used in this experiment can reproduce realistic spatial acoustic perceptions
regarding directivity and distinctiveness of individual sound sources in a space to a similar
extent as in-situ conditions [33]. This demonstrates that the VR acoustic reproduction method
used in this study yielded sufficient ecological validity by reproducing sufficient spatial
accuracy. In the future, nevertheless, an in-situ study could be conducted to investigate effects
of SRM on soundscape assessment in real-life scenarios to cross-validate the results of this
study.

It also should be noted that there are several limitations regarding the experimental design.
This study deals with limited scenarios in terms of spatial configurations of target noise and
water sound to investigate the effects of SRM on soundscape. Specifically, this study assumes

that a target traffic noise is fixed at the frontal direction (0° azimuth) of a participant and the
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directions of the fountain sound are changed. However, the changes in SRM on soundscape
might occur in different spatial scenarios between target noise and fountain sounds. Thus,
further studies are still necessary to explore the effects of spatial factors of maskers on
soundscapes with various spatial configurations. For instance, the cases of target noise and
fountain sound can be swapped; the location of the fountain sound could be fixed, and the target
noise position is rotated by a given azimuth angle.

In addition, one type of water fountain was used in this study. There are diverse types of water
features generating various water sounds with different acoustic characteristics [7,14].
Moreover, it has been found that sociocultural factors (e.g., nationality, ethnicity, or age group)
affect appreciation on waterscapes [49,50]. Thus, to build on the findings in this study, the
influence of spatial separations between target noise and water sound on soundscape should be
examined with a larger set of water features as well as wide ranges of participants with various
socio-cultural backgrounds.

Since visual cues play an important role in both SRM [51] and the soundscape [8,15,52], it is
necessary to explore audio-visual interactions on SRM in soundscape assessment. Furthermore,
this study only focused on directions of masker in a horizontal plane as a spatial acoustic factor
of a masker. In addition to the azimuthal separations, future studies could investigate other

spatial factors of maskers such as width, elevation, and distances of maskers on soundscapes.

5. Conclusions

The effects of the spatial separations between target traffic noise and water sound on the
perceived loudness of noise and overall soundscape quality were examined at five azimuth
separations (0°, 45°, 90°, 135°, and 180°) through a VR laboratory experiment. The spatial

release effects were quantified by the difference in SPL necessary to induce the corresponding
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differences in soundscape assessment of the collocated and separated conditions. It was found
that the azimuth separations between the target noise and water sound significantly affected
both reduction in perceived loudness of the target noise and improvement in overall soundscape
quality. In particular, a 135° separation between the water sound and target noise increased the
PLN by an amount quantified to be equivalent to a target noise level increase of ~1-2 dB.
Similarly, a 135° or 180° separation between the water sound and target noise also decreased
the OSQ significantly, by an amount quantified to be equivalent to an increase in target noise
level by ~2-5 dB. Since the typical field of view of users in space is less than 135°, the findings
suggest that placing water features out of a user’s field of view could reduce its effectiveness

in soundscape design.
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