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Relationship between street scale and subjective
assessment of audio-visual environment comfort
based on 3D virtual reality and dual-channel acoustic
tests
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Abstract: We examine the influence of street scales (the street width, buildigigthand
street-widthto-building-height ratioreferred to as ‘width-to-height ratio’ in the paper) on
visual, acoustic, and audio-visual comfort evaluation (as evaluated by a sdtaifqoas) in
urban areas. In addition, we examine the relationships between the sound level and the
abovementioned subjective comfort evaluation except the visual one. After mgathai
street scales and recording the street visual information with a 3Booden, the virtual 3D
models of the streets were generated. Meanwhile, dual-channel acoustic signaktrekthe
were collected. Subsequently, subjective tests were carried out using a 3Dreativalwith
corresponding sounds using 164 participants. The analysis shows that subjettiesadtre
directly related to the street scales. In particulargtlsea strong positive correlation between
audio-visual comfort and the street widthheight ratio. In contrast, the three indicators
(visual, acoustic, and audio-visual comfort) are strongly negatively cedelatthe height
and this type of negative correlation is also observed between subjectiv@orsli(except
the visual one) and the sound lev@lverall, the respondents found the audio-visual level
most comfortable when the street widthkeight ratio is greater than 1, street width is within
20 m, height of street buildings is less tham2@&nd the sound level is less than 58 dBA. It is
expected that these findings can aid designers in predicting the ide@-vesugl
environment quality for urban streets.
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1 Introduction
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According to data from the United Nations (UN), 396 million people will be caddethe

cities of East Asia and Southeast Asia from 2015 to 2040 [1, 2]. This increttse urban
population requires a drastic expansion of the urban living and transportation spaceidlhe rap
development of large-scale buildings in new urban areas can bring in changesrin urb
structures which are quite different from those in the old towns becafusnany new
functional constructions, heavy transportation, and multiply scaled stregtbuddings
which can subsequently change the overall perceptive audio-visual comforesitlent or
pedestrian. Whether the nemurban space (for example, its street and square) can meet the
demand of satisfactory audio-visual perception forms a key issue for explpratidn
understanding the correlation between the width and heighst&et and the indicators of
visual comfort, acoustic comfort, and audio-visual comfort would be beneficidb&gning
liveable cities.

Sound propagation ia street was first measured in 1965 by Wienealefor detecting the
noise level and reverberation [3]. Schrdder et al. observed a change in rewarizdoalg the
length of the street [4]. Kang established an acoustic model by using the enerd\soirtoa
method for enclosed streets and enclosed squares with gieomietor reflection boundary
surfaces, and they proposed to increase the use of audio-visual interactionglifyg Bim

simulation process [5].

Sounds in an environment are normally evaluated by analysing the acoustic comfort or
annoyance in the subjective evaluation aofsoundscapg6-8]. Annoyance is generally
associated with acoustic comfort. The concept of annoyance is defined feeling of
displeasure associated with any agent or condition, known or believed by an individual or
group to adversely affect thépand it is clearly a negative environment situation [9]. In this
backdrop, Guski et al. explored the concept‘mdise annoyanée concluding that noise
annoyance can be regarded as a multifaceted psychological concept addressing thetémm
behavioural (disturbance and interfering with intended activities) and evelumdpects
(nuisance, unpleasantness, and getting on one's nerves) [10]. The relationship between
exposure to noise and noise annoyance has been studied via an integrated meta-analysis, and
the relationships between noise level and noise annoyauedéen further investigated [11,

12]. Background noise levels were found to be an important index in evaluating the urban
soundscape open public spaces. For example, low background levels can allow a person to
feel quieter and more peaceful [6]. Furthermore, the subjective evaluatisoohdscape is

not limited to the study of acoustic comfort and noise annoyance but also thbksitu
aspects of acoustic perception, acoustic memory, sound sentiment, and aesthetics [13].

The audio-visual environment has also been considered as a total environmentithele st

For example, Hong and Jeon have suggeksitat audio-visual interactions may affect the
environmental quality, and as a result, these interactions should be considered in urban
planning [14, 15]. Some researchers have determined that an individual experiences the
surrounding environment as a whole, through all the sensory forms at thersarfitsji. The

sum of these inputs produces physiological and psychological effects which I¢ld to
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feeling of happiness or distress. The complex interplay between the auditory and visual senses
has also been reseaechin neuroscience [17, 18]. Total environmental consciousness
involves the combination of all the senses, and a reasonable assessment of an environment
should be based on an overall evaluation of multiple parameters. For example, Preis et al
found that there could be many different interactions between feeling, heamihgision,

and as a result, the subjective evaluation of the urban environment should be included [19]
Here, we note that interactions can also be multisensory. Other studieshstiaserisory
stimulation can transfer from one individual to another [20-22].

Although the relationship between scale and sound propagation has been studied tthie effec
the 3D scale o# street on visual, acoustic, and audio-visual comfort lelwvadsnot thus far

been systematically explored. In addition, acoustic and visual factors are always
interconnected and not independently controlled in the real world, and eachhaseits
unique audio-visual environment. Due to inherent limitations, main effect gfholmgical
factors of urban street on audio/visual perceptions cannot be calculbagsinTof this work

is to examine the influence of the street width (W), building height (H), aktion visual
perception, acoustic perception, and audio-visual comfort evaluation in urban ahea
observations and findings in this paper are based on 164 individuals who participated in
audio-visual tests to evaluate the visual, acoustic, and audio-visubdrtdevels usinga
5-point scale, via the application of 3D dynamic virtual simulations and dual-cheomestic

tests forafield acoustic environment of 10 streets. Significant correlations bettheescales

of W/H, W, H and visual, acoustic, and audio-visual comfort were observed. lioadthe
relationship between sound levéLl) and the abovementioned subjective indicators except
the visual one is also discussed.

2. Methodology

The study methods included the selection of survey sites, 3D simulation, questisnnaiye
and analysis of acquired statistical data.

2.1 The selection of survey site

In this study, the field survey includes measuring the street and building scalesandiihg

the sound environment of the sample. Our survey was carried out in Type 2-Environmental
Noise Function Regioni& Harbin, China, which refer to the areas with maximum SL of 60
dBA during the daytime (6 a.m.-10 p.m.) and 50 dBA at night (10 p.m.-6 aaspgctively

[23]. These areas, including the Haxi new town and Daowai old town (Figure 1), are maj
commercial and residential areas in the city where a significant number of redidenand

they form the most common areas in the urban environment. By measuring W and H of the
buildings in three dimensions with a laser range finder (Trueyard SP1500), acienbltlata

for 10 differenly scaled streets which were not influenced by noise from the railway and
factories in the city. Usually, the buildings comprise tarothree floors and the streets
comprise two to four lanes in the old town. In comparison, in the new town, mddingsii

Building and Environment, Volume 129, 1 February 2018, Pages 35-45



Fangfang Liu, Jian Kang: Building and Environment [DOI:10.1016/j.buildenv.2017.11.040]

have 18 to32 floors, while the streets follow the 8-, 10-, and 12-lane models, which is
representativef a common characteristic of the streets in the new town.

S~——— N . The old town
N\ O
3 O The new town
,-r‘“//
\\ /

Figure 1.New- and old-town locations in Harbin chosen for the study.

Next, the acoustic signal data for the 10 streets were collected over dual chamweBEnusi
acoustic signal data collector (ZODIAC/DIC10). The acoustic signals ves@ded at a
height of 1.5 m above the ground on pedestrian roads at a distance of >50 moawyef
intersection in order to avoid noise interference from pedestrian/bike myes& obtain
high-fidelity stereo recordings [5]. We recorded the acoustic signals on workdayatér
(when no leaves were on the trees) in order to avoid sound attenuation by the Thaves
traffic flow and speed are shown in Table 1.

Table 1. Traffic data.

Street No. Traffic flow/h? Heavy veh./% L./dBA Lane Road width/m  The speed of
the car/km h!

1 102 10 56.13 2 15 40

2 91 12 52.29 2 15 40

3 99 12 54.57 2 10 40

4 101 11 55.86 2 9 40

5 262 16 58.96 2 7 40

6 308 10 58.79 10 37 50

7 404 15 63.87 6 30 50

8 379 13 63.31 6 28 50

9 397 11 63.13 10 45 50

10 401 12 64.56 10 46 50
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2.2 3D simulation

Street images recorded by a 3D camera/camcorder are realistic; howeverinfistoadtion
such as color, architectural style, and degree of congestion in images wouldamnigttigihe
responses of the subjective attitude towards street scales. In additiaim w@search results
show that the simulation of a 3D landscape with the coupling of the correspondingcaaund
deliver a more accurate and life-like experience.[Z#Erefore, the visuals of the 10 streets
were recorded with a 3D camcorder (Panasonic HDC-Z10000), and modelled in Unity 3D
using the software CadnaA. The 3D visual roaming model was constructed by considering t
combination of the height of the buildings and the width of the streets thik street styles
and other visual information are omitted, as shown in Figufetizight of about 1.5 m from

the ground is theypical ‘eye height of the landscape [25]. The camcorder of the virtual 3D
model of the street sets is based on this view height. Furthermore, the iategfatiynamic
vision and sound provides a realistic sense of presence in the environment foricipapart
and thus provokes responses and behaviours similar to those that would ottwiréal
environment.

No.l1 WH=2:1 No.2 W/H=1.5~2:1 No.3 W/H=1.3:1 No.4 W/H=1.2:1 No.5 W/H=1:1

I i I & i i i i
7.40m 7.40m 7.50m 10.00m 7.50m 7.50m 7.50m 7.50m 7.00m 7.00m
b Y (i ¥ T B L K] [ 1

+e15,00m Less.00ms!

No.6 W/H=0.7~0.8:1 No.7 W/H=0.4:1 No.8 W/H=0.4~0.5:1 No.9 W/H=1~1.5:1 No.10 W/H=0.9~1.6:1

78.30m 78.30m

ta--30.00m le——28.00m—» - N be— ~46,00m

Figure 2. Scale measurements and virtual 3D models of the 10 selected streets.

2.3 Questionnaire survey

Previous studies have shown that in the study of perception on audio-visual stirauli in
controlled laboratory setting,subject sample size of around 20 is often used [26, 27]. In this
study, we increase the sample size to a total number of 164 to cover differenthige
keeping the balance of the matefemale ratio for participants. Based on the selection
criteria of previous studies [28-30], young adults with normal hearing egdlar or
correctedto-normal vision were selected as the study subjects. Participants were between 20
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and 55 years old and the mal¢e-female ratio was set to 1.05:1 (male 84, female 80) to
ensure that the sample sex ratio sedialance.

This study used the questionnaire survey method to measure visual comfort, @coofstic,

and audio-visual comfort, which are three important evaluation indicators. flinelest of
respondents were measured using Likert scale that has been widely used in surveyafesearch
environmental effects on subjective comfort, although ICBEN scale is applicableaand
been utilized in previous studies [31-33]. The parameters of visual, acoustic, angiswalio
comfort were graded as per the following linear scale: 1-very uncomfortable, 2-uncomfortable,
3-neither comfortable nor uncomfortable, 4-comfortable, and 5-very comfortable. In the
guestionnaire, the names and locations of the 10 streets in question were not diStlesed
acoustic tests were conducted using the in situ sound level without any equalaatiche

street soundtracks of the two SLs (The highest mean SL value is 64.6 dB&B, atttle the

lowest is 52.3 dBA at S2, ‘S’ indicates the street.) were played to the participants through a
BHS Il headset connected to the acoustic signal data collector (ZODIECODIfor 30
seconds, which allowed their ears to adapt the environment to avoid misjudgetremt. T
soundtracks for 10 differently scaled streets were played randomly to theppattciduring

which they were allowed to answer questions related to the acoustic comfort in the
guestionnaire. Next, the stereo playback was stopped, followed by turning on the PC monitor
(Lenovo IdeaCentre B520) that repeated playing the street video correspondingatelyhe |
played soundtrack mutely, during which the participants answered the questions related to the
visual comfort in the questionnaire. Finally, the stereo playback was turned otheand
participants can watch video and at the same time hear the stereo of the same street.
Meanwhile, they answered the questions related to the audio-visual comfort in the
guestionnaire.

2.4 Data statistics and analysis

80 i t e feet { t ; H ! oo idanse S2

=—S10
== The old town

607 === The new tow

50

Sound level (dBA)

O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120
Time (s)
Figure 3. The sound levels (SLs) in the selected streets.

The data from the questionnaire of the 164 participants were collected. Afteataiguihe
reliability coefficient of the questionnaire was estimated as 0.848 (Crasbagtha).A
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reliability coefficient 0.9 >a > 0.8 indicates that the questionnaire satisfies the reliability
requirement [34].

The analysis of A-weighted SL, which is a commonly suggested metric irvahsaton of

an aural environment [35], was performed using the Artemis-software-based asignstic
data collector to generate binaural recordings to create a realistic 3D solutite sdunds
were recorded in the WAV format with a sampling frequency of 44,100 Hz. The observatio
points and theSLs are illustrated in Figure 3, whereif indicates the street. The figure
shows theSL distributionin each street, and we note that the maximum SL is about 73 dBA,
while the minimum SL is 44.5 dBMMean SL values for old and new streets were plotted in
Figure 3, and the difference is about 10 dBA.

._8_ i N Acoustic comfort
% 4 M ‘ ’ [ X y - evaluation
5 3 §[ “J § J i 1] ‘[
i) L \ q Gl & Visual comfort
O B RE \
N\ BN RN R : \ ; ‘
§ 2 § § § § N\ N\ \J § evaluation
o &
gt B B B B B B B B B .
§ 1 § § § § § \§ § § § § ®  Audio-Visual
O N\ \ \ N\ N\ N N\
0 § § 1 § § § § § § § \§ : comfort evaluation
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

Street sample

Figure 4. Mean acoustic, visual, and audio-visual comfort levels along with standard
deviations.

Table 2. Street scales for the 10 street configurations.

Configu

rations S S, S3 Sy Ss S S; Sg Sy Sio

W/H i 203 2.00 1.33 1.20 1.00 0.78 0.38 0.53 1.46 1.64

W/H g 203 171 1.33 1.20 1.00 0.73 0.38 0.48 1.15 1.17

W/H,

max

2.03 1.50 1.33 1.20 1.00 0.70 0.38 0.43 0.95 0.91

W (m) 15.00 15.00 10.00 9.00 7.00 37.00 30.00 28.00 4500  46.00

Hyy(m) 740  7.50 7.50 7.50 7.00 47.60 7830  53.20 30.80  28.00

Hye(m) 740  8.75 7.50 7.50 7.00 50.40 7830  58.80 39.20 39.20

Hye (m) 740 1000 750  7.50  7.00 5320 7830 6440 47.60  50.40

Figure 4 depicts the mean of the visual comfort, acoustic comfort, and audio-visuaftcomf
which are the three important evaluation indicators. The means of the subgsetivation
do not oscillate significantly; and they vary between 2 and 4 with the subjest@uation of
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visual comfort level, acoustic comfort level, and audio-visual comfort lew.Highest and
lowest mean values differ by nearly one point, as shown in the figure.

The WH ratios of the streets are also shown in Figure 2. We note from the figtitheha
streets are not equial terms of height in reality. Therefore, a given street is set to have three
different W/H ratios via choosing the height from different sides of aihgildh this context

we considered three situations: (1) W/H is calculated based on the short gidel@at end),
denoted as WH,. (2) W/H is calculated based on the long side (at the high end), denoted as
W/Hnax (3) WH is calculated based on the average building height for both sides of the street
denoted as W/l The 3D scales for all 10 street configurations are listed in Table 2.

3. Resultsand analysis

Multivariate analysis of variance (MANOVA) was used to evaluate the effestatistically
significant mean difference in perceptual factors (visual, acoustic, anddsdad) in terms

of street scales of each configuration as well as SL. As shown in Table 8camininean
differences are observed in visual, acoustic, and audio-visual comfort ia tfrkV/Hy,,
W/Hae WIHmax Hmine Have » Hmax, @nd W, as well as in acoustic and audio-visual comfort in
term of SL (p <0.05 for all, Table 3).

Table 3.MANOVA results for street configurations and subjective comfort assessment.

Source SS df MS F Sig. 7,2
Wi/}]min

Visual comfort 205.737 9 22.860 30.093 0.000 0.142
Acoustic comfort 263.371 9 29.263 32.127 0.000 0.151
Audio-visual comfort 193.844 9 21.538 29.883 0.000 0.142
W/H .

Visual comfort 205.737 9 22.860 30.093 0.000 0.142
Acoustic comfort 263.371 9 29.263 32.127 0.000 0.151
Audio-visual comfort 193.844 9 21.538 29.883 0.000 0.142
W/H pax

Visual comfort 205.737 9 22.860 30.093 0.000 0.142
Acoustic comfort 263.371 9 29.263 32.127 0.000 0.151
Audio-visual comfort 193.844 9 21.538 29.883 0.000 0.142
Hmiu

Visual comfort 200.318 7 28.617 37.554 0.000 0.139
Acoustic comfort 250.152 7 35.736 38.935 0.000 0.143
Audio-visual comfort 193.828 7 27.690 38.465 0.000 0.142
HﬂVE

Visual comfort 200.097 7 28.585 37.506 0.000 0.139
Acoustic comfort 252.429 7 36.061 39.349 0.000 0.144
Audio-visual comfort 193.539 7 27.648 38.398 0.000 0.141
Hypax

Visual comfort 200.612 8 25.077 32.896 0.000 0.139
Acoustic comfort 253.115 8 31.639 34519 0.000 0.145
Audio-visual comfort 193.844 8 24.230 33.639 0.000 0.142
W?

Visual comfort 205.432 8 25.679 33.817 0.000 0.142
Acoustic comfort 258.734 8 32342 35418 0.000 0.148
Audio-visual comfort 193.405 8 24.176 33.550 0.000 0.141
SL

Acoustic comfort 263.371 9 29.263 32.127 0.000 0.151
Audio-visual comfort 193.844 9 21.538 29.883 0.000 0.142

SS = Type Il Sum of Squares; df = degrees of freedom; MS = Mean Square; F &; Bitate
significancey,? = partial eta squared (effect size). Significance (at 0.05)islth
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Figure 5.Relationship between WK and comfort-level evaluation (a); Relationship between
W/H..e and comfort-level evaluation (b); Relationship between W/End comfort-level

evaluation (c).

We analysed the various relationships among the variables in question under thedollow
classifications:

3.1 Effect of W/IH on comfort evaluation

To investigate the relationship between W/H and comfort-level evaluation, tressegr
analyses with using mean values of subjective assessment were performed. Thes®megr
curves demonstrate similar trends to their corresponding ones analyzed based on all
subjective data, and significant p values are less than 0.01 in all analyses, althvajle®

are substantially small in the latter. In addition, regression analyses based onatoesn v
have been used in many previous studies [5, 6]. Figure 5 illustrates the relpidretween

WH (W/Hmin, WiHmae WIHa9 and the subjective evaluation of the visual comfort level,
acoustic comfort level, and audio-visual comfort level, and each symbol represents the
average of the subjective evaluation of the visual, acoustic, and audio-casofalrt levels

for one specific value of W/H. Both linear and quadratic regression were performed to analyze
the relationship between W/H and the subjective comfort-level, and the residtste that
coefficients of determination”Rrom quadratic regression are closer to 1 than those from
linear regression. Furthermore, quadratic regression has been widelynusealyzing the
relationship between environmental factors and subjective comfort assessn@gntA$,a

result, quadratic regression was adapted in this study.

As for visual comforta W/H value > 0.9 corresponds 40 positive participant attitude (that

is, the comfort evaluation is greater than 3 in the scale defined previousig)vdlbe
corresponds ta critical point between positive anthegativé evaluation. Moreover, a
significant correlation was generally observed betweenW&hd the subjective visual
comfort level, with an Rvalue of 0.923 (Figuréb), thereby indicating that the W
variation accounts for 928 of the variability in the subjective visual-comfort level. In
addition, W/H,;, variation has an Rvalue of 0.853 (Figure 5a), which is similar to that of
W/Hmas With an B value of 0.942 (Figure 5¢).h€ Spearman’s correlation coefficients r and

p have been used to find significant correlation between the preferenctegpation of wind
park and aural annoyance [28]. From Table 4, we note that there is a significalstioorr
between visual comfort and Wi (r = 0.918, p < 0.01). Correlation is significant at the 0.01
level (two-tailed). This result is similar to the visual assessnesuits for WK, (r = 0.802,

p < 0.01) and WKLy (r = 0.909, p < 0.01), as listed in Table 4. The result is higher for this
correlation, buit is not the only factor affecting the visual comfort. We observed that the
living environment has a certain effect on the audio-visual evaluation of ttieigzant the
evaluation of visual comfort for streets with high-rise buildings is high by participaniagom
from Shenzhen, China (a city with many high-rise buildings).
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Table 4 Spearman’s correlation coefficient between street scale and acoustic, visual, and
audio-visual comfort levels, including the two-tailed significance levels. Significant atiored
are marked with * (p < 0.05) and ** (p < 0.01).

. Visual comfort Acoustic comfort Audio-visual comfort
Configurations . . .
evaluation evaluation evaluation
v 0.802%* r:0.372 r: 0.691%*
W/H i, p:0.005 p:0.290 p:0.027
r: 0.918%* r:0.518 r: 0.835%*
W/H e p:0.000 p:0.125 p:0.003
7. 0.909%* r: 0.768%* 7. 0.948%*
W/H ya p:0.000 p:0.010 p:0.000
w r:-0.353 r: -0.768** r: -0.587
p:0318 p: 0.009 p:0.074
I’ r: -0.669* r: -0.646* r: -0.846%*
mn p:0.034 p: 0.044 p: 0.002
I r: -0.652%* r: -0.664%* r: -0.853%*
ave p:0.041 p: 0.036 p:0.002
I r: -0.909** v -0.677* r: -0.844**
max p:0.000 p:0.032 p:0.002

The acoustic comfort also depends on W/H. As can be observed from Figure Simgueistic
show positive attitudes when W is greater than 1.2, and a correlation was generally
observed with an Rvalue of 0.470, thereby indicating that the Wariation accounts for
47.0% of the variability in the subjective acoustic comfort level. In addititve,
corresponding Rvalues for Wiy, WH.e and W/H,. are 0.272, 0.470 and 0.651,
respectively (Figure )5 There was no significant correlation between acoustic comfort and
W/H..e ascan be inferred from Table 4 (r = 0. 518, p > 0.05). In addition, the influence of
W/H,i» on the sound comfort is not significant (r = 0.372, p > 0.05). However, a significant
correlation between acoustic comfort and WHvas found to existascan be inferred from
Table 4 (r = 0.768, p = 0.01). Correlation is significant at the 0.01 level &ieolt It is to

be noted that the ratio W/H is calculated based on the long side (athhenkig and a strong
correlation can be found between acoustic comfort and\WH

In terms of the audio-visual comfort, a ratio of WHHL corresponds to positive participant
attitude, as can be observed in FigbioeA correlation was also observed between \W&hd

the audio-visual comfort level, with arf Ralue of 0.717. The corresponding vallfevRlues

for WH,» and W/H,.x are 0.545 and 0.868 in Figures 5a and 5c, respectively. As can be
inferred from Table 4 (r = 0.835, p < 0.01), similar results for MWKt = 0.691, p < 0.05)

and W/Hnax (r = 0.948,p < 0.01) were obtained. Thus, there exists a significant positive
correlation between audio-visual comfort and W/H.
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It is noted that the tendencies of the three regression curves arerdiffeFigure 5b. While
the regression is nearly linear for acoustic comfort, it is paraboticbbth visual and
audio-visual comfort. From Figures 5a and 5c, similar trends are observed assodiated wi
W/Hin and WiH,.x as well. Specifically, coefficients of determinatiohderived from linear
and quadratic regression have the same value of 0.651 for acoustic canfrigtiie 5c,
suggesting that attitudes of respondents towards the acoustic comfort coulaidigested
with the change the street scales. Moreover, the dependence of subjective comfdit,en W
as well as WK, shows both large R(Figure 5) and small Spearman’s correlation
coefficients p (Table 4), suggesting that attitudes of respondentcargistently influenced

by these scales relative to Wikl As shown in Figure 5a, subjective evaluations are very
scattered and fall apart from the regression line when values of;.\Vitd between 1.33 and
2.03. One possible explanation could be that individuattention was prone to be attracted
by buildings on the high end of a wide street.

3.2 Effect of Won comfort evaluation

3,60 Visual comfort

o
o | .
= evaluation
g 3.40
< 2
o A
O 3.207 ; ;
< Acoustic comfort
> .
o 3007 evaluation
=
S 280 . -
g
@) 2,607 Audio-Visual
2,401 R2=0.491 R2=0.564 7 comfort evaluation
n]
I I I I I
0.00 10.00 20.00 30.00 40.00 50.00
W (m)

Figure 6. Relationship betwe&and comfort-level evaluation.

When W is very large, it can give rise to comfort change in the ausliahvenvironment in
addition to inconveniences to pedestrians, particularly the elderly and childgeme B
shows the relationships between W and the comfort evaluation with the corresponding
quadratic regressions and correlation coefficiedtdrRFigure 6, each symbol represents the
average of the subjective evaluation of the visual, acoustic, and audio-visualtcimmir
specific value W. With an increase in W, the mean evaluation score decreases; hibugever
also interesting to note that when W approacd@sn, visual comfort begins to increase.
When W is ~38 m, the audio-visual evaluation level also begins tathise suggesting that
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the visual and audio-visual assessments are parabolic. However, acoustic casafsraat
is fairly linear; with an increase in W, the acoustic evaluation score always decreases.
As for visual comfort, a correlation was observed between W and the subjeisting v
comfort level, with an Rvalue of 0.491. This indicates that W variation accounts for 49.1%
of the variability in the subjective visual comfort levEhis value is not very large. Further,
no significant correlation between visual comfort and W was foasdan be inferred from
Table 4 (r = -0.353, p > 0.05). A possible explanation is that the correlatielated to the
participant living environment and social background. For instance, certain participiagts |
in rural areas said they preferred more spacious streets, but did nabfefrtable in
crowded places. In addition, for participants to exhibit positive attitudes regariding
comfort,Wshould be less than 15 m or greater than 43 m, as shown in Figure 6.

A correlation was generally observed between W and the acoustic comfort levehwith
value of 0.634 (Figure 6), indicating that Wevariation accounts for 63.4% of the variability
in the subjective acoustic comfort level. A significant negative correlatiasn ebserved
between acoustic comfort and W, as can be inferred from Table (768, p < 0.01). As
expected, this result is consistent with the fact that a wider rodd teathe movement of
more vehicles, leading in turn to more noise, which lowers the sound comfort leeedfdre,
from a sound-comfort perspective, Figure 6 indicates that people prefematinst of < 22
m.

Nevertheless, from the audio-visual comfort point of view, W should be lindtedthin 20
m. In this regard, a correlation between W and the audio-visual comfort wasaltyene
observed with an Rvalue of 0.564. This indicates that variation accounts for 56%4 of
variability in the subjective audio-visual comfort level evaluation. Nmificant correlation
between audio-visual comfort and W was fouasican beinferred from Table 4 (= -0.587,

p > 0.05).

3.3 Effect of H on comfort evaluation

Figure 7 depicts the relationships between H and the comfort level evaluationhwith t
corresponding quadratic regressions and correlation coefficiénis Rgure 7b, the comfort

level of 3 forms the critical point between positive and negative participénidas. The
participants preferred the visual, acoustic, and audio-visual comfort Ere¢sponding to H

<40 m, 20 m, and 26 m, respectively. From Figure 7, we note that when H s art$ ~70

m, the acoustic and audio-visual evaluation levels are the lowest. However, visual evaluations
always exhibit a decreasing trend. We could find a correlation betwgeani the subjective
audio-visual comfort level, with an’Ralue of 0.841. It is also interesting to note that all
three indicators exhibit similar trends (Figures 7a and 7c).

Here, it is noteworthy that a significant negative correlation exists between visual tcanafor
Have (r = -0.652, p < 0.05), between audio-visual comfort agd ¢d=-0.853, p < 0.01), and
between acoustic comfort and,kl (r = -0.664, p < 0.05), as can be inferred from Table 4
Similar relationships were observed to exist betwegpatd the three indicators ang,
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Figure 7 Relationship between ki and comfort-level evaluation (a); Relationship betwegn H
and comfort-level evaluation (b); Relationship betwegg,ldnd comfort-level evaluation (c).

and the three indicators, as can be inferred from Table 4. Therefore, H forms ataninpor
factor in comfort evaluation.

3.4 Effect of SL

Although the results presented thus far indicate a correlation betweera¥ Hhe indicators

of acoustic comfort, and audio-visual comfort, the SL is an important factoh whimot be
ignored [5, 11]. Fyure 8 shows the relationships between the meadukgdvalues and the
comfort level evaluation, with the corresponding quadratic regressions and the icorrelat
coefficients R In Figure 8, each symbol represents the average of the comfort level
evaluation for a specific value bA¢, With an increase ibA., the mean evaluation score of
the two abovementioned indicators decreases.

A -.

Acoustic comfort

2.807

A
g 3.60
= A .
= ° evaluation
S 340 °
§ 0 —
o P R2=0.720 .
g ’ Audio-Visual
O 3.00- : i
e o comfort evaluation
=
L
£
o
@)

2.60 A /\:\ ~ ‘
2407 R2=0.668 s
I 1 1 I I 1
52.50 55.00 57.50 60.00 62.50 65.00
Sound level (dBA)

Figure 8.Relationship between SL and comfort-level evaluation.

As regards acoustic comfort, we observed a significant negative correlation beteesticac
comfort andLA.q (Table §r =-0.717, p < 0.05), which is consistent with the previous study
[5]. However LA variation accounts for only 66.8% of variability in the subjective acoustic
comfort, with an Rvalue of 0.668, thereby indicating the presence of other possible factors of
influence. For example, the adaptability of the environment and lifestyle habitspmsgibly
affect the respondents, for e.g. people with driving habits show a high toldmankcigh

traffic noise while people who do not drive are sensitive to traffise and find themselves
very uncomfortable with high noise levels in the street. Living environments may Isave al
affeced the respondent responses: a respondent living near a highway is not likely very
sensitive to high decibel levels, and can show more tolerance or even raieotistic
comfort as positive.
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Furthermore, SL should be limited to within 58 dBA to obtain positive attituderins of
audio-visual comfort from participants, as shown in Figure 8. The influence of SL on
audio-visual comfort for the various cases discussed in the study can be infemethdr
entries in Table 5, where a significant negative correlation between audioeosui@irt and
LA¢q can be observed & -0.683, p < 0.05). This result is consistent with that of a previous
study indicating that the pleasantness of the environment can increaseduittian in the
traffic noise level [7]. However, an’Ralue of 0.720 suggesthat LAeq may not be the only
factor affecting the audio-visual comfort. Indeed, some respondents from HongaKkdng
Southeast Asia said that they preferred candd a life of peddling and marketingaca
noisy markets could be tolerated as long the environment did not feelota). This
indicates that the living environment could foarother important factor which influences
the evaluation of audio-visual comfort.

Table 5 Spearman’s correlation coefficient between SL and related variables, including the
two-tailed significance levels. Significant correlations are marked with * (p < 0.05) arul<* (
0.01).

Spearman's Acoustic  Audio-visual
DS e e N iy Hue Hue W Wiy WiHae Wi
r -0.717% -0.683%* 0.571 0.584 0.567 0.632* -0.426 -0.590 -0.774%**
SL
P 0.020 0.030 0.085 0.077 0.087 0.05 0.220 0.073 0.009
65.00]
_ o e Hmin
b
;5 62.50 o R -
3 R?=0.630 —
A
) =
4 60.00 R2 - 0719 Have
ki bl
2 s +
3 2
% R4=0.690 Hmax

55.007

5250 -
I I
0.00 20.00 40.00 60,00 80.00

H (m)

Figure 9. Relationship between ShdH.

The relationships between SL and street scale (H, W and H/W) were also exami@ed. Th
dependence dfA¢q on H is shown in Figure 9. AlthoudbA., increases with increasing, H
and the R values betweentA,; and H (Hmin, Have Hmay are 0.630, 0.690, and 0.719,
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respectively, significant correlations were not observed betv#en and H since the
Spearman’s correlation coefficient p is greater than 0.05 betwelef., and H (Table

66.00F-----=====-==-p=me e fronm e — S— — * OF’SCWCG
i - I === Linear
i 3 Pprd
64.00 7] : * : t _
* ok

<€ 62,00 SN T Tp—— e T
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Figure 10. Relationship betwe®whand SL.
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Figure 11. Relationship between 8hdW/H.

Figure 10 shows the relationship between Wlakg, including the linear regressions and the
correlation coefficients R. Parameter W increases with increaging with an Rvalue of
0.76. We observed a significant correlation betwkeag, and W,as can be inferred from
Table 5, according t8pearman’s correlation (r = 0.632, p = 0.05). Therefore, limiting the
width of the street can also limif, In addition, we found a significant negative correlation
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between acoustic comfort ahd\., Therefore, it can be concluded that restricting the width
of the street can improve the sound comfort level. Although our choice of streets @over
broad range of street widths from 7 to 46 m, the observed relationship b&useei A, in

the present work is consistent wilprevious study which compedithe streets in the UK and
Hong Kong (HK), where the mean values of W are 15.2 m and 26 m, respeclivel A
values for narrow streets in the UK are slightly lower than those forrdetsin the HK with

a line source [5].

Figure 11 depicts the relationship betwdek, andW/H with the corresponding quadratic
regressions and the correlation coefficients R\, decreases with increase in W/H. In
addition, the Rvalues between W/H (Wikh, WiH,e WIHmay) andLAgq are 0.268, 0.421, and
0.605, respectively, in Figure 11. Only one significant negative correlatitmeen Wk,

and LA, was observed. The correspondingedsman’s correlation coefficient is listed in
Table 5 (r= -0.774, p < 0.01). The field measurement results corresponding to the
relationship between Wk, and the acoustic comfort level agree with previous research
based on the coupled finite-difference time-domain-parabolic equation (FHEJDaodel
which suggestd that except for very narrow streets, the shielding of buildings between th
streets was insensitive to the W/H value of parallel streets for sound propdga86].

4. Conclusions

Pervious research has indicated that more than 80% of the human sensory input [8Alisual
and as a result, the audio-visual senses majorly contribute to obtainingdtiém from the
surrounding environment. This work demonstrates that street scales plampertant roles

in determining peopls overall audio-visual comfort. In particular, the correlations between
the three indicators (the visual, acoustic, and audio-visual comfort levelf)entieet scale
(WH, W, and H, and those between the two indicators (acoustic, and audio-visual comfort
levels) and SL, as well as the relationships between the SL and thessalegW/H, W, and

H) can be summansl as follows: Strong positive correlations are observed between (1)
visual comfort and W/H, (2) audio-visual comfort and W/H, and (3) W and SL, while
significant negative correlations are observed between (1) acoustic comfort &xdvisiial
comfort and H, (3) acoustic comfort and H, (4) audio-visual comfort and H, (5ftacou
comfort and SL, and (6) audio-visual comfort and SL.

Although the effect of the street scales on audio-visual perceptions cannotebty di
calculated since acoustic and visual factors are not changeable independérethegai world

our survey study suggests that subjective comfort evaluations are directly teldtedcales

of streets. A high quality of visual, acoustic, and audio-visual comfort can be edttigv
increasing W/H and reducing W and H, and the reduction in SL is ben&didath acoustic

and audio-visual comfort. To increase the audio-visual comfort, the followilessafastreets

are recommended: WH > 1, W< 20 m, H < 26 m, SL < 58 dBA. However, the influence of
the street scales on acoustic and visual comfort evaluation was investigated indgpenden
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the present study. Future work will be focused on revealing the effect of thesstaksst on
audio-visual interactions urban areas.

We believe that our study can be beneficial to urban desigind architectin reasonably
predicting and controlling the street environmémgtvarying the street scales [38)] to

design urban environments with high levels of audio-visual comfort in futiy@n planning
and construction.
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