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Abstract: This study examined the influence of different distances of traffic noise and sea sounds on
physiological indicators and subjective evaluation. Scene re-creations employed three types of distance:
actual close sounds (close to the sound source recorded on site), actual distant sounds (distance
attenuation recorded on site) and artificial distant sounds (reduction of the same decibel level across
frequencies). Participants displayed higher heart rate, amplitude of the R-wave ( △ R), heart rate
variability, respiration rate, and skin conductance level (SCL) when close to the sound source. Actual
distance attenuation affected most subjective evaluation factors (except for Familiarity and Excitement).
The △R, electroencephalography alpha reactivity, and electroencephalography beta reactivity with actual
distant sounds were lower and SCL was higher, relative to those with artificial distant sounds. These
findings provide a reference for governments and urban planners when working to improve quality of life
in urban areas.
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1 Introduction

Road traffic noise is the most common source of environmental noise and can cause human diseases,
such as cardiovascular and cerebrovascular diseases (Seidler et al., 2016), diabetes (Roswall et al., 2018),
insomnia (Vallet et al., 1983; Finegold et al., 1994; Miedema and Vos, 1998; Muzet, 2007; Basner et al.,
2010) and atrial fibrillation (Monrad et al., 2016). The basic method of controlling traffic noise is to
increase the distance between the road and residential buildings. However, due to urbanisation and
shortage of land resources, there is rarely enough retreat distance; alternatives in an urban environment
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include controlling traffic speed and changing traffic mode, building noise barriers, and placing sensitive
rooms on the quiet side of a building. At present, as a standard to control noise, the traffic noise index still
takes the sound pressure level (SPL) as the main assessment indicator (Griffiths and Langdon, 1968), but
the spectral characteristics of sound are seldom considered. In the study of acoustics, the attenuation
mode can affect the frequency spectrum of sound, influencing the perception of sounds. The spectrum of
a sound changes with distance from the sound source, even if the interference of other sound sources or
barriers is excluded, because the attenuation rates of high- and low-frequency components differ. This is
mainly due to the different sound absorption coefficients of air and ground for different frequencies of
sound, the higher the sound frequency, the easier it is for the frequency to be obscured and absorbed, so
the high-frequency components are more likely to attenuate. The spectrum also plays an important role in
subjective perception (Versfeld and Vos, 1997; Nilsson, 2007; Joynt and Kang, 2010; Hongisto et al.,
2018). Different noise control methods lead to different kinds of sound attenuation, which changes the
frequency spectrum of sound. Using real recordings from different locations to examine differences in
individuals’ psychological and physiological responses to sound is worth to study.

The study of soundscape provides a new direction for noise control research by focusing on
individuals’ perceptions within the acoustic environment, rather than on just the physical characteristics of
sound (Kang et al., 2016; Aletta et al., 2016). Soundscape studies pay attention to the classification and
evaluation of soundscape attributes. Numerous studies have shown that natural sounds (particularly the
sound of water) exerted a masking effect on traffic noise (Watts et al., 2009; Coensel et al., 2011). The
results of laboratory experiments showed that fountain sounds reduced the subjective loudness of traffic
noise and other subjective evaluation factors, such as levels of annoyance, significantly. These effects
were most significant when the SPL of water sounds were three decibels (dB) lower than that of traffic
noise; however, low-frequency components, similar to that of road traffic, should be avoided in water
sounds, as it alters the masking effect (Jeon et al., 2010; Nilsson et al., 2010; Galbrun and Ali, 2013).
Both sea and highway traffic sounds are subjectively experienced as a constant roar; they have a strong
similarity in the spectrum (Hunter et al., 2010). In contrast, the sound of sea waves is considered soothing
or hypnotic in the field of disease rehabilitation and insomnia treatment (Cerwén et al., 2016). Why do sea
and traffic sounds, which have similar acoustic characteristics, produce different results in subjective
evaluation? The similarities and differences between the two sounds are worthy of examination with
respect to both physiological and psychological factors.

Most laboratory experiments have examined participants’ feedback on soundscapes via
questionnaires and interviews, and few have collected data using physiological measurements (Erfanian et
al., 2019; Torresin et al., 2019). In the existing physiological research examining soundscapes, values for
physiological indicators in the human body are usually collected using stimulus-locked designs and
passive listening to study changes in those indicators with different types of sound and differences in
restoration effects (Bradley et al., 2001; Alvarsson et al., 2010; Irwin et al., 2011; Hume & Ahtamad,
2013; Li and Kang, 2019). Medvedev et al. (2015) compared the restorative potential of sea and traffic
sounds and showed that sound type did not exert a significant effect on changes in heart rate (HR) or skin
conductance levels (SCLs), although this experiment revealed that there is a certain relationship between
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subjective evaluation of sound type and physiological response. Hunter et al. (2010) used functional
magnetic resonance imaging to examine neural responses to sounds of sea waves and speedways. The
results demonstrate that visual context can modulate the connectivity of the auditory cortex with regions
implicated in the generation of subjective states. However, at present, physiological research on
soundscapes has seldom focused on changes in sound attributes. More research about the perception of
spectrum difference between real and artificially attenuated recordings are required in the field of
soundscape.

Overall, few studies have analysed the effects of individuals’ perceptions of sound environments in
terms of the distance of sounds, on physiological indicators. To address this issue, it is necessary to
consider traffic and sea sounds under different conditions. Therefore, the purpose of this study was to
measure participants’ physiological responses and subjective evaluations by re-creating sea and traffic
sounds in the laboratory. By comparing the differences in physiological indicators and subjective
evaluation factors between actual and artificially attenuated sounds, on the one hand, we can know
whether the change of spectrum will affect human perception. On the other hand, from a methodology
perspective, we can discuss the difference between the actual recorded sound and the artificially
processed sound when reproducing the soundscape in the laboratory. Considering this, we proposed two
main research questions: (1) Does the distance of traffic and sea sounds affect physiological indicators? (2)
Does the distance of traffic and sea sounds affect individuals’ subjective evaluations? The answers to
these questions could help to provide policy suggestions for local governments and guidance for
experimental methods such as recording and re-creation of sounds in the laboratory.

2 Method

A combination of physiological measurements and subjective evaluation was used in the study.
Participants were divided into three groups according to different types of distance from sea and traffic
sounds (presented randomly), and physiological indicators were monitored using attached detectors. After
each sound, participants were asked to complete a questionnaire pertaining to their subjective evaluations
of the sounds.

2.1 Participants

Participants were 180 unpaid undergraduates and graduate students (98 men and 82 women). Their
mean age was 26.29 (SD = 3.171 range: 18–34) years. In accordance with previous research, this sample
was large enough to pass the power analysis, and the amount of data obtained was sufficient to facilitate a
follow-up correlation and dimensionality reduction analysis. Participants had no hearing problems and did
not use psychotropic medication. They were required to wear comfortable clothing and, to avoid fatigue,
did not perform strenuous exercise during the two hours preceding the experiment. The study was
approved by the Degree Committee of the School of Architecture, Harbin Institute of Technology (this
governing body includes an ethical review board). Participants’ names were not included in the
questionnaire, and all participants provided written informed consent to participate in the study.
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2.2 Stimuli

To record attenuated sound, two sound sources, one each from the natural and mechanical sound
categories, were selected as sound stimuli: sea waves (unpopulated beaches on a calm sunny day) and
highway traffic (a sunny afternoon on a suburban expressway) (Axelsson et al., 2010; Hunter et al., 2010;
Ba and Kang, 2019a). There was no interference from other sound sources within 300m of the relevant
sound sources.

The stimuli were captured using video and audio recording techniques for a variety of reasons:
vision and hearing often cooccur, and although the soundscape is mainly dominated by auditory, the
context is also very important. Further, multi-sensory interaction allows for a more immersive experience,
avoiding scene unrecognition and associations that are inconsistent with the actual scene when listening
to sound only. For each sound source, two different sites were selected for recording: close to the sound
source (at the edge of the sea waves or road) and far from the sound source (60 m from the sea waves or
120 m from the edge of the road). Both scenes represent suburban regions (more than five kilometres
from the nearest factory and urban area). The wind speed on the recording days were within 2 m/s, and
there was no considerable interference of human and biological sounds. Given the difference of the sound
absorption coefficient between the sand in the sea sites and the ground in the traffic sites, the distant
position is different in the two scenes in order to achieve relatively equivalent attenuation conditions.
Each sound was recorded for more than five minutes at the two scenes, and a one-minute video clip was
recorded as stimulation material for each site.

Sound stimuli are usually played back via binaural or ambisonic audio methods in the laboratory.
Although ambisonic audio creates a better sense of immersion for participants, because they can receive a
more realistic sound experience by rotating their heads during the experiment (De Gelder and Bertelson,
2003; Hermida Cadena et al., 2017), binaural recording is widely used in the study of physiological
indicators because most indicators, such as electroencephalogram (EEG) values, are sensitive and require
participants to avoid moving their bodies and heads. Since human beings determine the position of sound
based on variances between the input of each ear when receiving sound signals, binaural recording can
truly restore the soundscape and provide the experience of immersion. Therefore, in experiments that do
not require sound interaction, binaural recording, as a fixed direction recording, is closest to human
hearing (Hong et al., 2017). In the current experiment, the dummy heads (Head Acoustics HMS III) were
used to record the sounds, and headphones (BHS II) were used in playback. The headphones match the
Dummy Head, which simulates the human ear to record the auditory characteristics of the spectrum, and
the headphones can realistically play back the recording without calibration. The video stimuli were
recorded using GoPros and presented via a TV screen (Samsung H6400： 166.030cm * 93.375cm (75
inches), resolution: 1920 * 1080p).

As shown in Figure 1, in the sea condition, the sound close to the sound source (actual close sound)
was recorded at 72.1 dB (A) and that far from the sound source (actual distant sound) was recorded at
51.3 dB (A), and in the traffic condition, they were recorded at 74.8 dB (A) and 56.5 dB (A), respectively
(Figure 2). The A-weighting equivalent continuous sound levels (LAeqs) of the actual close sounds were
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compressed to create the artificial sound stimuli (artificial distant sound) for both sounds. The LAeqs for
the artificial distant sounds were equal to those of the actual distant sounds but had similar spectral
characteristics to those of the actual close sounds.

Figure 1 Visual stimuli and sound spectrum of sea sound
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Figure 2 Visual stimuli and sound spectrum of traffic sound

Figure 3 Frequency spectrums of traffic sound and sea sound

As shown in Figure 2, while the overall SPL decreased, the time variability of the actual distant
sounds weakened. There was a strong similarity between sea and traffic sounds with respect to frequency
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spectrum values, while the regularity of the sea sound was more obvious relative to that of the traffic
sound. For the sea sounds, the regular pattern of the frequency spectrum changed with time, because the
regular sound produced by the spray flapping onto the beach and the interval between the waves was
about 5 s. For the traffic noise (in which large transport vehicles account for about 40% of all vehicle
density), because the interval between vehicles was random, the traffic noise sounded irregular. As shown
in Figure 3, there is little difference in the frequency spectrum of actual close sounds between sea and
traffic, mainly reflected in the relatively large low-frequency components of traffic sound. With an
increase in distance, high-frequency components decreased and the proportion of low-frequency noises
increased for traffic sounds. In addition, although the SPL of artificial distant sounds were equal to actual
distant sounds, given that the artificial sounds were compressed by the real sounds at close sites, they
sounded closer to the sound source and were more vivid. There was no significant difference in frequency
spectrum values for each recording between the left and right ears.

2.3 Physiological measurements

Physiological signals were monitored using a BIOPAC MP160 system. The physiological sensors
measured included electrocardiogram values (positive and negative poles were alternated between the left
and right wrists, while the grounding electrode was attached to the right foot); EEG values (the F7, F8, T3,
T4, T5, T6, C3, C4, and Cz electrodes were attached at their proper positions, and the reference electrodes
were placed on the participant’s left and right earlobes); respiratory waves (the sensor was fixed to the
chest through a respiratory band); SCLs (measured on the medial surface of the non-dominant 2nd/3rd
finger); and body surface temperature (measured at the back of the non-dominant hand). The sampling
rates of all sensors were 2000Hz.

Physiological signals were analysed using AcqKnowledge 5.0 software. The 10 physiological
indicators measured included HR, amplitude of the R-wave (ΔR), heart rate variability (SDNN-HRV;
calculated using the SDNN (standard deviation of NN intervals) method), high-frequency band in the
HRV power spectrum (HF-HRV), EEG alpha reactivity (α-EEG; determined via filtering at the main
frequency of 8–13 Hz), EEG beta reactivity (β-EEG; determined via filtering at the main frequency of
14–30 Hz), respiration rate (RR; calculated from the peak-to-peak distance of the respiratory wave),
respiration depth (RD; calculated from the amplitude of the respiratory wave), SCL, and skin temperature
(ST).

The cardiovascular response, respiration and skin electrical signals involved in this experiment are
controlled by the autonomic nervous system (ANS) and related to psychological factors such as emotion
(Zhao et al.,2018), and the ANS is coordinated by sympathetic and parasympathetic nerves (McCorry,
2007; Kreibig, 2010). Sound as a signal stimulates sympathetic activity generating dynamic homeostasis
imbalance, while the parasympathetic nerves are continuously active to maintain balance in human body.
HR is the most frequently reported cardiovascular response variable, followed by HRV and body surface
temperature. In the indicators of HRV, the SDNN, as a time-domain parameter, reflects the overall activity
of the ANS and can be used to evaluate the regulatory ability of the ANS. HF is a frequency domain
indicator, reflecting the activity of parasympathetic nerves. The α-EEG appears with relaxation (Klimesch,
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1999; Fachner et al., 2013), while β-EEG is closely related to behaviour, active, effortful or anxious
thinking, and active attention (Fernández et al. 1995; Prinsloo et al., 2013).

2.4 Subjective evaluations

Participants were asked to describe the sounds using pairs of comparative words. Existing research
has provided a wealth of semantic evaluation indicators, which can be divided into four categories
according to different soundscape attributes: satisfaction, strength, fluctuation, and social factors (Kang
and Zhang, 2010; Zhang et al., 2018). The questionnaire in this study included 11 pairs of comparative
words describing evaluation factors of different dimensions, including Comfort, Harshness, Pleasantness,
Loudness, Liking, Familiarity, Strength, Excitement, Eventfulness, Chaos, and Congruency, which can be
used to evaluate sounds comprehensively (Ba and Kang, 2019b). We used a 7-point Likert scale (taking
Comfort as an example, scores ranged from 1 to 7: 1 = very uncomfortable, 2 = uncomfortable, 3 = a little
uncomfortable, 4 = neither comfortable nor uncomfortable, 5 = a little comfortable, 6 = comfortable, 7 =
very comfortable).

2.5 Procedure

The participants were randomly divided into three groups (60 in each group). They were required to
watch videos, listen to sounds, and imagine themselves in the corresponding real environment. Each
group of experiments presented the sounds in different kinds of distance: actual close (actual close sounds
+ close videos), actual distant (actual distant sounds + distant videos), and artificial distant (artificial
distant sounds + distant videos).

The experiment was performed in a soundproof audiometric room with no objects to interfere with
attention except the required experimental equipment (Hermida Cadena et al., 2017; Lindquist et al.,
2016). Participants were asked to sit comfortably at a distance of 1.5 m from the screen. The investigator
explained the entire experimental procedure. Once participants indicated that they understood and agreed
to all the terms, the investigator connected the BIOPAC MP160 system. After the connection process was
complete and the physiological signal was calibrated, the E-prime software was initiated. As a commonly
used psychological and behavioural software, E-prime can transmit edited audio-visual stimuli to
BIOPAC signal modules with millisecond accuracy in the form of digital numbers and time markers.

The experiment started with participants being asked to relax. When the investigator observed a
tendency of physiological indicators to stabilise, the investigator left the audiometric room and went to
the observation room, and the experiment properly began. The participants were asked to relax fully in the
first five minutes. During this period, the subjects would not receive any external stimulation, and their
resting states were recorded as baseline for later analysis. The two sounds (sea and traffic) then each
appeared once at random (the duration of each sound was one minute). After listening to the first sound,
participants subjectively evaluated the sound they had just heard. They were then instructed to relax for
90 s (considering that extremely long intervals can make subjects feel tired or irritated, the interval time
in the experiment was shortened to 90 s), listen to the subsequent sound, and subjectively evaluate the
second sound. When both sounds had been presented and participants had completed the subjective
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questionnaires, the investigator re-entered the audiometric room, removed the headphones and electrodes,
and ended the experiment.

2.6 Data analysis

Because of the significant differences between individuals, all physiological indicators were
normalised. The data obtained during the first five minutes of the experiment in the resting state were
recorded as baseline data, and each physiological dataset was converted into a relative deviation from the
baseline value according to the following formula:

Percentage change (%) = ([raw value – baseline value] / baseline value) * 100.
Baseline is the benchmark value of the physiological indicators obtained by the subjects without

stimulation. The purpose of the above formula is to normalise the data of all people through baseline, so
that the data between different people are comparable.

SPSS 25.0 was used to establish a database containing all results. The data were analysed using the
following methods: (1) Differences between the physiological indicators measured for different distances
and sound type were analysed using an analysis of variance (ANOVA). (2) The ANOVA was used to
detect differences in subjective data for different distances and sound type. (3) Correlations between
physiological indicators and subjective evaluation factors were analysed. Because the covariance of each
index is not equal (Box’s test p<.01), a multivariate analysis of variance was not carried out.

ANOVAs were performed with the 10 physiological indicators as dependent variables, and distance
(actual close, actual distant, and artificial distant) and sound type (sea and traffic) as independent
variables, to examine the effects of distance and sound type and the interaction between them (Distance *
Sound) on various physiological indicators. Like physiological indicators, the evaluation factors were
used as dependent variables, and distance and sound type were included as independent variables to
analyse the influence of sound type and distance on subjective evaluations.

As the actual distant group was the control group, and the sample size in each group was the same,
the Dunnett test, which is useful for comparing several treatments via a single control, was performed to
make a fixed comparison between the actual close and actual distant groups. Similarly, the difference
between artificial distant and actual distant groups was tested via Dunnett tests to analyse the effect of
artificial distance attenuation on physiological indicators. The processing of subjective evaluation data
was like that of physiological indicators.

3 Results

3.1 Effects of distance on physiological indicators

3.1.1 ANOVAs examining the effects on physiological indicators
The results of the ANOVAs with 10 physiological indicators as dependent variables, distance (actual

close, actual distant, and artificial distant) and sound type (sea and traffic) as independent variables are
shown in Table 1. The estimated marginal means for the cross-terms of the factors in each model are
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shown in Figure 4.

Table 1ANOVAs examining differences in the effects of distance and sound type on physiological
indicators

Indicator Effect
Type III Sum of

Square
df Mean Square F Sig.

HR
Distance 260.757 2 130.379 5.576 .004

Sound Type 2.388 1 2.388 0.102 .749
Distance* Sound 33.721 2 16.86 0.721 .487

ΔR
Distance 674.25 2 337.125 14.019 <.001

Sound Type 1.259 1 1.259 0.052 .819
Distance* Sound 6.472 2 3.236 0.135 .874

SDNN-HRV
Distance 60,527.881 2 30,263.941 7.969 <.001

Sound Type 2,080.826 1 2080.826 0.548 .460
Distance* Sound 20,693.121 2 10,346.561 2.724 .067

HF-HRV
Distance 1,200.771 2 600.385 1.48 .229

Sound Type 1,212.604 1 1,212.604 2.989 .085
Distance* Sound 474.661 2 237.33 0.585 .558

α-EEG
Distance 3,797.559 2 1,898.78 3.626 .028

Sound Type 10,298.466 1 10,298.466 19.666 <.001
Distance* Sound 446.382 2 223.191 0.426 .653

β-EEG
Distance 2,775.323 2 1,387.661 6.602 .002

Sound Type 856.439 1 856.439 4.075 .044
Distance* Sound 307.491 2 153.745 0.731 .482

ST
Distance 123.865 2 61.932 2.302 .102

Sound Type 23.475 1 23.475 0.873 .351
Distance* Sound 124.21 2 62.105 2.309 .101

RR
Distance 4,997.347 2 2,498.673 4.775 .009

Sound Type 34.383 1 34.383 0.066 .798
Distance* Sound 1,967.416 2 983.708 1.88 .154

RD
Distance 1,881.000 2 940.500 1.813 .165

Sound Type 2,215.327 1 2,215.327 4.271 .040
Distance* Sound 775.234 2 387.617 0.747 .474

SCL
Distance 47,757.768 2 23,878.884 29.692 <.001

Sound Type 5839.215 1 5,839.215 7.261 .007
Distance* Sound 2,686.333 2 1,343.166 1.67 .190
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(a) HR (b) ΔR (c) SDNN-HRV

(d) HF-HRV (e) α-EEG (f) β-EEG

(g) ST (h) RR (i) RD

(j) SCL
Figure 4 Changes in physiological indicators according to distance and sound type.

Note: The ordinates represent the percentage of change in each physiological indicator relative to the
resting state. Because the change ranges for different physiological indicators differed, the ranges of the
ordinate in the diagrams also differ. ** p < .01, * p < .05

As shown in Table 1, distance exerted effects on HR, ΔR, SDNN-HRV, α-EEG, β-EEG, RR, and
SCL values and sound type influenced α-EEG, β-EEG, RD, and SCL values (p < .05). The effects of the
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interaction between distance and sound type in all indicators were not significant, showing the same
trends for sea and traffic.

3.1.2 Effect of actual distance attenuation of sound on physiological indicators
Because the ANOVA model can test only whether one factor affects the dependent variable and

cannot specify the changing trend in dependent variables at different levels, differences between the
actual close and actual distant groups were compared in post-hoc tests to analyse the effects of actual
distance attenuation on physiological indicators. The results of the Dunnett tests examining the effect of
actual distance attenuation on physiological indicators are shown in Table 2.

Table 2 Dunnett tests examining the difference in physiological indicators between the actual close and
actual distant groups

Indicator
Mean Difference

(%)
Std. Error Sig.

95% Confidence Interval

Lower Bound Upper Bound

HR 2.070* 0.624 .002 0.683 3.456

ΔR 3.096* 0.633 <.001 1.690 4.502

SDNN-HRV 20.625* 7.956 .019 2.955 38.295

α-EEG 5.636 2.980 .107 -0.985 12.258

β-EEG -0.763 1.888 .889 -4.958 3.431

RR 8.801* 2.978 .006 2.184 15.418

SCL 17.536* 3.661 <.001 9.405 25.667

Note: The table does not show the indicators that were not affected by distance in Table 1.

Table 2 shows significant differences in HR, ΔR, SDNN-HRV, RR, and SCL values. Specifically, the
actual close group showed higher HR, ΔR, SDNN-HRV, RR, and SCL values relative to those of the
actual distant group, indicating that for both sea and traffic sounds, higher SPL led to faster HR, shortness
of breath, and increased SCL. Actual distance attenuation exerted an effect on HR and ΔR values; the
differences between the two groups were only 2.070% and 3.096%, respectively. In addition, it exerted
effects on RR, SCL, and SDNN-HRV values, at 8.801%, 17.536%, and 20.625%, respectively. The
change of RR, SCL, and SDNN-HRV is larger than that of HR and ΔR, this could have occurred because
RR, SCL, and SDNN-HRV were more sensitive. Notably, actual distance attenuation did not exert a
significant effect on α-EEG or β-EEG values.

3.1.3 Effect of artificial distance attenuation of sound on physiological indicators
Similar to the results shown in Section 3.1.2, the results of the Dunnett tests examining the

difference in physiological indicators between the artificial distant and actual distant groups are shown in
Table 3.
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Table 3 Dunnett tests results for the difference in physiological indicators between the artificial distant
and actual distant groups

Indicator
Mean Difference

(%)
Std. Error Sig.

95% Confidence Interval

Lower Bound Upper Bound

HR 0.817 0.624 .320 -0.569 2.204

ΔR 2.661* 0.633 <.001 1.255 4.067

SDNN-HRV -10.606 7.956 .308 -28.276 7.064

α-EEG 7.744* 2.980 .019 1.123 14.365

β-EEG 5.561* 1.888 .007 1.367 9.756

RR 2.004 2.953 .721 -4.557 8.564

SCL -10.372* 3.661 .009 -18.503 -2.240

Note: The table does not show indicators that were unaffected by distance in Table 1.

Table 3 shows that Δ R, α-EEG, and β-EEG values in the artificial distant group were higher and
SCLs were lower relative to those in the actual distant group. The differences between ΔR and SCL
values was 2.661% and-10.372%, the difference of ΔR was slightly smaller than 3.096% in Table 2, and
the change caused by SCL in Table 3 (10.372%) was also smaller than that shown in Table 2 (17.536%),
indicating that the influence of artificial distance attenuation (change of spectrum) on ΔR and SCL values
was weaker relative to that of actual distance attenuation (change of sound source distance). Only the
artificial distance attenuation exerted a significant effect on α-EEG and β-EEG values (see Table 3), and
actual distance attenuation exerted no effect on these same indicators (see Table 2). This suggests that at
the same SPL, people might be more comfortable with artificially attenuated sound (α-EEG increased and
SCL decreased, which indicated that people are more relaxed in these scenes). A possible reason was that
there were many low-frequency components in the natural attenuated sound, which might cause physical
discomfort. It has also been mentioned in other studies (Nilsson, 2007; Jeon et al., 2010) that too much
low-frequency in sound may lead to an increase in annoyance.

3.2 Effects of distance on subjective evaluation factors

3.2.1 ANOVAs examining the effects on subjective evaluation factors
The results of the ANOVA examining the effects of distance and sound type on subjective evaluation

are shown in Table 4. The estimated marginal means for the cross terms of the factors in each model are
shown in Figure 5.

Table 4 shows that the influence of sound type was significant for all factors, indicating that
subjective evaluations of sea and traffic differed between all 11 dimensions. Distance exerted a significant
impact on most evaluation factors, except for Familiarity and Eventfulness. In addition, the interaction
between distance and sound type was significant for all factors (except for Liking and Eventfulness),
which shows that in most evaluation factors, the changing trends in sea and traffic differed.



Zhongzhe Li, Jian Kang, Meihui Ba: Transportation Research Part D: Transport and Environment
[https://doi.org/10.1016/j.trd.2020.102538]

Transportation Research Part D: Transport and Environment, Volume 87, October 2020, 102538

Table 4ANOVAs examining differences in the effects of distance and sound type on evaluation factors

Factors Effect
Type III Sum of

Square
df Mean Square F Sig.

Comfort
Distance 107.089 2 53.544 38.251 <.001

Sound Type 422.5 1 422.5 301.826 <.001
Distance * Sound 18.2 2 9.1 6.501 .002

Harshness
Distance 126.156 2 63.078 46.669 <.001

Sound Type 317.344 1 317.344 234.792 <.001
Distance * Sound 14.156 2 7.078 5.237 .006

Pleasantness
Distance 60.467 2 30.233 21.052 <.001

Sound Type 321.111 1 321.111 223.59 <.001
Distance * Sound 10.422 2 5.211 3.629 .028

Loudness
Distance 148.956 2 74.478 46.098 <.001

Sound Type 266.944 1 266.944 165.226 <.001
Distance * Sound 28.289 2 14.144 8.755 <.001

Liking
Distance 102.689 2 51.344 28.256 <.001

Sound Type 431.211 1 431.211 237.302 <.001
Distance * Sound 2.956 2 1.478 0.813 .444

Familiarity
Distance 1.734 2 0.867 0.45 .638

Sound Type 181.492 1 181.492 94.141 <.001
Distance * Sound 8.142 2 4.071 2.112 .123

Strength
Distance 73.837 2 36.918 35.252 <.001

Sound Type 27.957 1 27.957 26.695 <.001
Distance * Sound 26.784 2 13.392 12.787 <.001

Chaos
Distance 103.267 2 51.633 31.888 <.001

Sound Type 328.711 1 328.711 203.0077 <.001
Distance * Sound 16.422 2 8.211 5.071 .007

Eventfulness
Distance 7.267 2 3.633 1.564 .211

Sound Type 360 1 360 154.986 <.001
Distance * Sound 0.867 2 0.433 0.187 .830

Excitement
Distance 39.022 2 19.511 12.581 <.001

Sound Type 214.678 1 214.678 138.426 <.001
Distance * Sound 9.689 2 4.844 3.124 .045

Congruency
Distance 2.212 2 1.106 0.469 .626

Sound Type 157.717 1 157.717 66.811 <.001
Distance * Sound 27.356 2 13.678 5.794 .003
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(a) Comfort (b) Harshness (c) Pleasantness

(d) Loudness (e) Liking (f) Familiarity

(g) Strength (h) Chaos (i) Eventfulness

(j) Excitement (k) Congruency
Figure 5 Changes in evaluation factors according to distance and sound type

Note: ** p < .01, * p < .05

3.2.2 Effect of actual distance attenuation of sound on subjective evaluation
The subjective data for the actual distant and actual close group tested via Dunnett tests are shown in

Table 5. Due to the significant influence of the interaction in the ANOVAs for subjective evaluation, the
post-hoc test was performed with separate data for sea and traffic.
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Table 5 Dunnett tests examining the difference in evaluation factors between the actual close and actual
distant groups

Factor Sound type
Mean

Difference
Std. Error Sig.

95% Confidence Interval

Lower higher

Comfort
Sea -1.53* 0.208 <.001 -2.00 -1.07

Traffic -0.53* 0.224 .034 -1.03 -0.03

Harshness
Sea 1.60* 0.212 <.001 1.13 2.07

Traffic 0.67* 0.213 .004 0.19 1.14

Pleasantness
Sea -1.00* 0.234 <.001 -1.52 -0.48

Traffic -0.33 0.203 .178 -0.79 0.12

Loudness
Sea 1.97* 0.234 <.001 1.44 2.49

Traffic 0.60* 0.230 .019 0.09 1.11

Liking
Sea -1.13* 0.232 <.001 -1.65 -0.62

Traffic -.070* 0.260 .015 -1.28 -0.12

Familiarity
Sea 0.07 0.299 .964 -0.60 0.73

Traffic 0.14 0.199 .707 -0.30 0.58

Strength
Sea 1.77* 0.187 <.001 1.35 2.18

Traffic 0.45* 0.190 .036 0.03 0.87

Chaos
Sea 1.53* 0.239 <.001 1.00 2.07

Traffic 0.53* 0.226 .036 0.03 1.04

Eventfulness
Sea -0.20 0.276 .691 -0.82 0.42

Traffic -0.43 0.280 .214 -1.06 0.19

Excitement
Sea -1.00* 0.205 <.001 -1.46 -0.54

Traffic -0.20 0.248 .634 -0.75 0.35

Congruency
Sea -0.58* 0.228 .021 -1.09 -0.08

Traffic 0.50 0.326 .218 -0.23 1.23

Although the results of the ANOVAs (in Table 3) showed that the interaction between distance and
sound type is significant in all factors, the results of the post-hoc test showed that the trends of some
subjective factors, including Comfort, Harshness, Chaos, Liking, and Strength, were the same for both sea
and traffic (see Table 5). Therefore, participants perceived higher Comfort and Liking and lower
Harshness, Chaos, and Strength for the actual distant sounds of both sea and traffic. Regarding
Pleasantness, Excitement, and Congruency, actual distance attenuation exerted no significant influence on
traffic sounds but a significant influence on sea sounds. Participants found the actual distant sound of the
sea more pleasant, exciting, and congruent relative to the actual close sound of the sea. Overall, the actual
distant sounds appeared to be perceived more positively relative to the actual close sounds, indicating that
actual distance attenuation exerted a significant effect on most subjective evaluation factors except
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Familiarity and Eventfulness.

3.2.3 Effect of artificial distance attenuation of sound on subjective evaluation factors
The results of the Dunnett tests examining the differences between artificial distant group and actual

distant group on subjective evaluation are shown in Table 6.

Table 6 Dunnett Tests examining the difference in evaluation factors between the artificial distant and
actual distant groups

Factor Sound type
Mean

Difference
Std. Error Sig.

95% Confidence Interval

Lower higher

Comfort
Sea -0.23 0.208 .425 -0.70 0.23

Traffic 0.67* 0.224 .006 0.17 1.17

Harshness
Sea -0.10 0.212 .851 -0.57 0.37

Traffic -0.33 0.213 .206 -0.81 0.14

Pleasantness
Sea -0.07 0.234 .942 -0.59 0.45

Traffic 0.70* 0.203 .001 0.25 1.15

Loudness
Sea 0.13 0.234 .793 -0.39 0.66

Traffic -0.43 0.230 .110 -0.95 0.08

Liking
Sea 0.20 0.232 .595 -0.32 0.72

Traffic 0.50 0.260 .101 -0.08 1.08

Familiarity
Sea 0.23 0.299 .652 -0.43 0.90

Traffic -0.37 0.197 .115 -0.81 0.07

Strength
Sea 0.87* 0.187 <.001 0.45 1.28

Traffic -0.03 0.188 .977 -0.45 0.39

Chaos
Sea 0.20 0.239 .613 -0.33 0.73

Traffic -0.57* 0.226 .024 -1.07 -0.06

Eventfulness
Sea 0.00 0.276 1.000 -0.62 0.62

Traffic -0.07 .280 .959 -0.69 0.56

Excitement
Sea -.07 .205 .926 -.52 .39

Traffic .40 .248 .189 -.15 .95

Congruency
Sea -.10 .226 .868 -.60 .40

Traffic -.27 .326 .625 -.99 .46

As shown in Table 6, there was no significant difference between actual distant and artificial distant
sounds in most evaluation factors. Although studies have shown that the frequency spectrum of sound can
affect people’s comfort and annoyance (Versfeld and Vos, 1997; Nilsson, 2007; Hongisto et al., 2018),
only a few subjective factors were affected by spectrum in this experiment. In the traffic condition,
Comfort and Pleasantness levels were significantly higher and Chaos levels were significantly lower in
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the artificial distant group relative to the actual distant group. In the sea condition, the differences
between actual and artificial attenuation were non-significant for these three factors. Strength levels were
significantly higher in the artificial distant group relative to the actual distant group only in the sea
condition.

3.3 Correlation between physiological indicators and subjective evaluation

As explained by Erfanian et al. (2019), physical and psychological methods are complementary. A
very important reason for studying physiological responses in soundscape research is the establishment of
a relationship between these physiological results and commonly used psychological approaches. The
correlations between physiological indicators and subjective evaluation factors are shown in Table 7.

Table 7 The correlation between physiological indicators and subjective evaluation factors
Comfort Harshness Pleasantness Loudness Liking Familiarity Strength Chaos Eventfulness Excitement Congruency

HR -0.118* 0.057 -0.033 0.054 -0.010 -0.058 -0.001 0.016 -0.019 -0.070 0.028

ΔR 0.020 0.043 0.009 0.116* 0.012 -0.004 0.190** 0.103* 0.042 0.014 -0.106*

SDNN-HRV -0.048 0.030 -0.006 0.045 -0.057 0.012 -0.006 0.047 0.077 -0.137** -0.086

HF-HRV -0.062 0.049 -0.032 0.011 0.008 0.066 -0.049 0.030 0.052 0.003 0.003

α-EEG 0.162** -0.127* 0.112* -0.148** 0.164** -0.076 -0.048 -0.183** -0.023 0.080 0.095

Β-EEG 0.162** -0.181** 0.082 -0.176** 0.173** -0.037 -0.147** -0.207** -0.113* 0.063 0.097

ST -0.062 0.063 0.022 -0.005 -0.052 0.194** 0.171** 0.061 0.138** 0.006 -0.092

RR -0.082 0.159** -0.010 0.150** -0.120* 0.010 0.155** 0.118* 0.086 -0.009 -0.023

RD 0.094 -0.203** 0.074 -0.151** 0.136* -0.081 -0.081 -0.162** -0.127* 0.043 0.061

SCL -0.216** 0.215** -0.171** 0.137** -0.136** 0.139** 0.097 0.159** 0.085 -0.071 -0.068

Note: ** p < .01, * p < .05

Table 7 shows the correlations between ΔR, α-EEG, β-EEG, RR, RD, and SCL values and subjective
evaluation factors. In particular, there was a significant correlation between β-EEG and eight subjective
factors. There have been suggestions that β-EEG relates to negative emotion (Ray and Cole, 1985;
Güntekin and Basar, 2007), but in this experiment, β-EEG was positively correlated with positive
soundscape. This may be because we chose only two scenes, and the sea β-EEG was higher than that of
the traffic. Therefore, it may be the characteristics of sounds that affect β-EEG (almost all the subjects
gave a more positive assessment of sea sound). Regarding subjective evaluation factors, there were
correlations between physiological indicators and Comfort, Harshness, Loudness, Liking, Strength, and
Chaos levels. Increases in Comfort and Liking levels were associated with increases in α-EEG and β-EEG
values and reductions in RR values (only for liking) and SCLs. Harshness, Loudness, and Chaos levels
showed the opposite effects on these physiological indicators. This indicates that positive evaluation was
often related to a relaxed state, and physical and psychological trends were synchronised. However, all
the coefficients for the correlations shown in Table 7 were exceptionally low (mostly between 0.1 and
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0.2), showing very weak correlations. Therefore, it is both difficult to speculate on subjective evaluations
using physiological indicators and estimate changes in physiological indicators using subjective
evaluation data. In an ongoing follow-up study, examining a wider range of soundscape stimuli could help
establish a more comprehensive relationships between physical and psychological factors.

4 Discussion

4.1 The difference between sea and traffic

Table 1 shows that the effect of sound type on physiological indicators was non-significant, with the
exception of α-EEG, β-EEG, RD, and SCL values. As shown in Figure 2, participants in the sea condition
showed higher α-EEG, β-EEG, and RD values and lower SCLs relative to those in the traffic condition.
According to these four indicators, participants appeared to relax more with sea sounds, relative to traffic
sounds, which was most obvious in the α-EEG values (see Figure 4e), which were higher with the sea
sound relative to those recorded in a resting state, while those with the traffic sound were lower than
baseline values. This is consistent with a previous study finding that showed sea sound can increase
α-EEG and decrease RD, and SCL, compared to other sound environments (Li and Kang, 2019). In
addition, various studies have repeatedly shown that natural sounds such as sea waves and birdsong have
better physiological restorative effects (Ratcliffe et al., 2013; Ma and Shu, 2018). Although some
physiological indicators showed differences between the two scenes, the influences of sound type on the
indicators were much weaker than that of distance (in Table 1, the F values of most indicators under
Distance were much higher than those under Sound Type, except for HF-HRV, α-EEG, and RD). The
reason for this finding could be that there was a strong similarity in the acoustic characteristics of sea and
traffic sounds. Most indicators may not be able to detect the spectral difference between the two sounds,
as the spectrum change caused by distance is larger than that caused by sound type in some aspects.
Therefore, the physiological indicators (except for HF-HRV, α-EEG and RD) may be more sensitive to
the physical characteristics of sound, rather than to the sound type. The reason for this finding could be
that there was a strong similarity in the acoustic characteristics of sea and traffic sounds, which reduced
the strength of the physiological distinction between them. In contrast, the change in sound spectrum
values according to distance was greater relative to that according to sound type.

The difference in subjective evaluation factors between sea and traffic sounds was highly significant.
As shown in Figure 5, for all factors, the difference between the two sounds was considerable, and the
influence of sound type on subjective evaluation was much stronger relative to that of distance. The sea
sound was affected more strongly by actual distance attenuation relative to the traffic sound, and the
difference in subjective evaluations between the actual close and actual distant sea sounds was generally
greater relative to that for traffic sounds, indicating that participants were more sensitive to sound source
distance in the sea condition. However, with respect to artificial distance attenuation, participants’
sensitivity to traffic sounds was greater than that for sea sounds (in Table 6, the mean difference in traffic
sounds was greater and the significance of the traffic sounds was higher, relative to those for the sea



Zhongzhe Li, Jian Kang, Meihui Ba: Transportation Research Part D: Transport and Environment
[https://doi.org/10.1016/j.trd.2020.102538]

Transportation Research Part D: Transport and Environment, Volume 87, October 2020, 102538

sounds). This could have occurred because people are more familiar with traffic noises. At the end of the
experiment, many participants in the artificial distant group reported being clearly aware that the traffic
noise they heard was very close to them, that the vehicles sounded as though they had passed right in
front of them, but the sound was not very loud. However, only a few participants in this group realised
that the source of sea sound was very close to them. Therefore, the familiarity of the sound sources could
explain the difference between subjective sensitivity to sea and traffic sounds. These results show that the
influence of SPL on subjective evaluation is much greater than that of spectrum, and that people may be
more sensitive to the noise sources that they are familiar with. In addition, visual factors may have a
greater impact on subjective evaluation, because vision plays a more a leading role among the senses
(Carles et al., 1992; Godfroy-Cooper et al., 2015). People have completely different subjective feelings
about the sea sound and traffic sound which are similar in hearing, which is probably mainly due to the
influence of visual factors on the scenes.

4.2 Sensitivity of physiological indicators and subjective evaluation factors

Which is more sensitive to soundscapes, physiological indicators or subjective evaluation factors?
According to the current data, the sensitivity of physiological indicators and subjective evaluation factors
were reflected in different respects. It was clear that subjective evaluation factors were more sensitive to
sound type. As shown in Figure 5, the difference between the sea and traffic sounds was considerable for
all evaluation factors. However, similar significant differences in physiological indicators were not
observed. Actual distance attenuation exerted a stronger impact on subjective evaluation factors relative
to physiological indicators. Differences between the actual close and actual distant groups were observed
from only some physiological indicators, including HR, ΔR, SDNN-HRV, RR, and SCL values. The
effects of artificial distance attenuation on subjective evaluation factors was very weak, but the difference
could still be observed in other physiological indicators including ΔR, α-EEG, β-EEG, and SCL values.

Therefore, participants were more subjectively sensitive to sound type, and different physiological
indicators showed different degrees of sensitivity to distance. This indicates that physiological indicators
tended to be more sensitive to the physical characteristics of sound, while subjective evaluation factors
were based on the meanings underlying the sounds. People's perception of sound is not only determined
by the bottom-up signals, but also modulated by the change of individual states (top-down signal) (Huang
and Elhilali, 2017; Kaya and Elhilali, 2017). In the physiological data, the subjects listened to the sound
passively, their attention was mainly determined by the characteristics of the sound and visual stimuli.
However, in the subjective evaluation, perception of sound was further influenced by top-down factors,
which mainly depends on the subjects' psychological state and their understanding of the sound. In
addition, the perception in the experiment was properly integrated under different modes (visual and
auditory) input. The multi-sensory processing is dynamically adjusted, leading to a unique and subjective
perceptual experience (Choi et al., 2018). Finally, it is important to remark that the perception of attention
(salience) by sound spectrum and the influence of audio-visual interaction on auditory perception are
worthy of further research.
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5 Conclusions

In the current soundscape study, the effects of distance on physiological indicators and subjective
evaluation factors were examined through three types of distance of sea and traffic sounds in a laboratory.
The main conclusions of the study were as follows.

(1) Actual distance attenuation (with different SPLs) affected some physiological indicators: people
showed higher HR, ΔR, SDNN-HRV, RR, and SCL values when close to the sound source. In addition,
artificial distance attenuation (with the same SPL) affected some physiological indicators: ΔR, α-EEG,
and β-EEG values with actual distant sounds were lower and SCLs were higher relative to those with
artificial distant sounds.

(2) Actual distance attenuation affected most subjective evaluation factors (except for Familiarity
and Excitement). People perceived high levels of Comfort and Liking and low levels of Harshness, Chaos,
and Strength with actual distant sounds. The influence of artificial distance attenuation on subjective
evaluation values was relatively weak: with traffic sounds, Comfort and Pleasantness levels with artificial
distant sound were higher and Chaos levels were lower relative to those with actual distant sound; with
sea sounds, only Strength levels were lower with actual distant sound, relative to artificial distant sound.

Further, once the sound level was reduced, the influence of spectrum on subjective evaluation was
not significant. Subjective evaluation factors were most sensitive to sound type, and physiological
indicators were most sensitive to the characteristics of sounds. In addition, there were weak correlations
between physiological indicators and subjective factors.

Although the current study was based on outdoor environments, the results regarding sea and traffic
sounds represent other playback sound source functions that could be installed in indoor public spaces. In
future laboratory experiments, when it is necessary to restore the sound environment, especially when
focusing on subjective perception of sound, the real recording method should be used in place of artificial
adjustment of parameters such as SPL and loudness. Although in this experiment, most of the subjective
factors were not sensitive enough to detect the spectrum difference caused by the attenuation mode (this
may be due to the fact that the differences between different conditions in the experiment was relatively
small), some physiological indicators could detect differences. These differences, which cannot be
examined via questionnaires, are meaningful. The sensitivity and threshold of subjective factors to
spectrum changes are worthy of further study. In addition to controlling the SPL in the environment, we
also need to consider more about low-frequency sounds, to avoid their impact on human physiology. The
effects of distance and spectrum of sound on behaviour, sleep, and other health-related factors are worth
studying.
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