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Abstract

:

Featured Application


This study is expected to be applied in the improvement of soundscape quality in urban open spaces, especially in commercial pedestrian streets.




Abstract


The acoustic environment in urban open spaces has played a key role for users. This study analyzed the different effects of contextual factors, including shop openness, season, and commercial function, on the soundscape in two typical commercial pedestrian streets. The following observations were based on a series of measurements, including crowd measurements, acoustic environment measurements, and a questionnaire survey. First, the number of talkers in Central Avenue was greater than the number of talkers in Kuan Alley in cases with the same crowd density, while there was no significant difference in the sound pressure level. When the crowd density increased, acoustic comfort trended downward in Kuan Alley, while the value of acoustic comfort in Central Avenue took a parabolic shape. Second, there was no significant difference between the number of talkers in summer and the number of talkers in winter; however, when crowd density increased by 0.1 persons/m2, the level of sound pressure increased by 1.3 dBA in winter and 2.2 dBA in summer. Acoustic comfort took a parabolic shape that first increased and then decreased in both winter and summer. Regarding commercial function, as the crowd density increased, the number of talkers and the level of sound pressure both increased, while acoustic comfort decreased in three zones with different commercial functions. In addition, a cross-tab analysis was used to discuss the relationship between the number of talkers and the level of sound pressure, and it was found to be positive.
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1. Introduction


The context of urban open spaces, especially the acoustic environment, has played an indispensable role in the experience of users of those spaces since residents and tourists pay more attention to acoustic perception than visual satisfaction [1]. With the spread of urbanization, urban open spaces will be increasingly multifunctional and integrated, and crowds will be exposed to noise because of complex acoustic contexts [2,3]. Many previous studies focused on how to prevent and control noise, using tools such as predictive models, noise maps and noise barriers [4,5,6,7,8], while the quality of the sound environment had not been improved effectively. Currently, there is a tendency to shift the focus from purely noise control to overall soundscape design, which brings a change to the field of sound environment design. Soundscape, an important aspect of evaluating an acoustic environment, has been widely applied to studies of acoustic environments in urban open spaces [9,10,11,12]. Different from noise control engineering, the soundscape is the acoustic environment as perceived or experienced and/or understood by a person or people, as defined by the ISO. It represents a timely paradigm shift in that it considers environmental sounds like a ‘resource’ rather than a ‘waste’ [13].



Acoustic factors such as sound sources, absorption coefficient, sound pressure level and reverberation time are of primary importance in a wide range of studies [13,14,15,16]. Regarding sound sources, some studies prefer to discuss the types, the masking effects, and the perception of sound sources as a general rule. Yu and Kang considered that the sound sources mainly included 4 types: natural, human, mechanical, and instrumental sounds based on 19 urban squares [17]. Among these types of sound sources, natural sounds and traffic noise have been increasingly considered in recent years, especially their effects on perceptions from citizens [2,18,19,20]. Several works still attempted to explore the effect of using natural and artificial sounds to reduce the impact of traffic noise [14,21,22]. Additionally, other studies aimed to improve the acoustic environment by using vegetation to absorb sound in urban open spaces. Lai and Ghosh carried out a study to determine the effect of roadside vegetation on the reduction of road traffic noise under varying planting intensities [23]. Traditionally, sound pressure level and reverberation time were frequently used as acoustic factors to estimate a given acoustic context in urban open spaces [10,24,25,26]. Kang noted that the reverberation time and the early decay time are significantly longer and the sound pressure level attenuation with distance is generally smaller in urban squares unless the height/side ratio is high compared to diffuse boundaries with geometrical boundaries [24].



Soundscape studies have contained both acoustic and contextual factors affecting human perception of the acoustic environment. Now, contextual factors such as spatial, temporal, and functional factors are receiving great attention [10,22,27,28]. A number of studies have noted that spatial locations and regions can change the diversity of sound sources, acoustic environments and sequentially affect citizens’ evaluation of acoustic quality [4,8,29]. Temporal factors could refer to the time of a day or the seasons of a year. Kang, Song et al. proposed that subjective and objective evaluations of acoustic environments were different in different seasons [18,30]. Some related studies explored the seasonal effect of the temperature difference on soundscape [31,32,33,34,35]. In terms of functional factors, many previous studies indicated that soundscape assessments were influenced by the functions of places, including commercial, residential, business, and recreational places. [12,29,36]. Hong and Jin pointed out that places with different functions might be evaluated differently, even if the same sound sources existed in a place [29]. In particular, a crowd is considered a special type of sound source. While a crowd may be a source of noise, a crowd also has a sound-absorption effect. In some typical urban open spaces, crowd density, to some extent, can affect speed articulation, reverberation time, and acoustic comfort [22,28]. Certain works proposed that crowd density and the level of sound pressure in urban open spaces were strongly relevant [22,28]. Thus, the influence of crowd density was also taken into account in this study.



As we discussed above, contextual factors have played key roles in soundscape studies. However, these factors were not studied in a systematic way, and there were also many gaps in related studies. The spatial factor was generally investigated in many cross-cultural soundscape research studies, but it has still not been compared in southern and northern China. On the other hand, the openness of shops (to be explained in detail in Section 2.1 in this paper) was significantly different in commercial pedestrian streets in southern and northern China, which may influence soundscape to a different extent. In addition, the temperature difference between winter and summer was relatively high in many cities of northern China, where the highest temperatures could reach 50–60 °C [37]. This factor in northern China had also never been considered in related studies. In addition, a pedestrian street in China generally includes certain commercial establishments, such as restaurants, stores, recreational spaces, and so on. The effects of different commercial functions on soundscape in a pedestrian street in southern China were also investigated by few studies. Consequently, the aim of this study was to identify the influence of contextual factors on the soundscape in commercial pedestrian streets in China. First, the study assessed the influence of semi-open and closed shop openness on the soundscape in two commercial pedestrian streets. Second, the study investigated the difference in the soundscape in a commercial pedestrian street between summer and winter. Finally, this study examined how commercial function influences the soundscape in a commercial pedestrian street.



Some key terms used in this paper are explained as follows: (1) Crowd density. The acoustic environment and users’ acoustic perceptions can be affected by crowd density since a crowd is a special sound source as it gives rise to certain sound absorption effects [22,28]. It is calculated as the total number of signal users divided by the area of survey sites, which gives the average number of persons per square meter [27]. The unit of crowd density is persons/m2. (2) Conversation behavior. In this study, this factor was quantified as the number of talkers, specifically the average number of people who talked for more than two seconds. (3) Sound pressure level. This value is a logarithmic measure of the effective pressure of a sound relative to a reference value. The unit of sound pressure level is dB [38,39]. (4) Acoustic comfort. This measurement is the subjective evaluation of a user in the sound environment according to a five-point scale in this study: 1, very uncomfortable; 2, uncomfortable; 3, neither comfortable nor uncomfortable; 4, comfortable; 5, very comfortable [40].




2. Methodology


2.1. Survey Sites


As an important component of urban open spaces, commercial pedestrian streets have developed into public places for consumption, sightseeing, leisure, and recreation. Typical commercial pedestrian streets are usually considered landmarks and the economic and cultural centers of cities. Therefore, this study selected two typical commercial pedestrian streets as survey sites, Kuan Alley and Central Avenue (shown in Table 1) for the following reasons. The first reason is the sites’ long history. These two commercial pedestrian streets are 100–300 years old and are important cultural heritage sites in the world. Second, the sites are in the central city. These two commercial pedestrian streets are local landmarks, tourist resorts, and shopping spaces that attract large crowds, which provide a good basis to make the investigation comprehensive. Furthermore, commercial models in these two commercial pedestrian streets are similar to commercial streets in Europe and Asia. The contextual factors, such as the shop openness and mode of operation, were significantly different in typical commercial pedestrian streets within many districts in northern and southern China as a result of the differences in climate, traditional culture, and economic level. The shop openness means the open degree of the envelope of the shops. For instance, the shop openness in Kuan Alley was generally in a semi-open mode, namely, doors and windows were usually open during the business period. In contrast, the shop openness was in a closed mode in Central Avenue, namely, the doors and windows in this commercial pedestrian street were usually closed, especially in winter.



In an urban environment, there are often different functional zones. In each zone, there may be a dominant sound [20]. These dominant sound sources differ because of the different commercial functions in a commercial pedestrian street. Considering the influence of different dominant sound sources on the soundscape [25], a commercial pedestrian street is divided into three commercial functional zones: the Di (dining) zone, the Sp (shopping) zone, and the Pe (performance) zone (shown in Figure 1). In the Di zone, hawking was a dominant sound source users usually paid more attention to (shown in Figure 2). In the Sp zone, background music is played by the PA system for customers to increase the economic benefit ratio. In the Pe zone, live instrumental music is played for customers by folk artists with instruments. The speech that is a general sound source among all the zones should also be considered. However, other sounds, such as taking footsteps, can be neglected because they do not significantly affect the soundscape [41]. To avoid the interference of traffic noise from the motorway and sound sources in other zones, the distance between the survey zone and the motorway and between the two survey zones was at least 20 m [22]. The length of each survey zone was set at 30 m. In order to avoid the influence of commercial functions, the difference of shop openness in Sp zone in two pedestrian streets was compared as an example.




2.2. Survey Planning


The survey was carried out in two seasons [12]: winter and summer. In Central Avenue, 18 days were chosen as the survey days from 1 June 2017 to 30 July 2017 and from 1 December 2016 to 30 January 2017. These days were chosen because they are typical, with the daily mean temperature from 14 to 25 °C in summer and from −18 to −7 °C in winter. In Kuan Alley, 8 days were chosen as the typical survey days from 1 December 2016 to 30 January 2017, with the daily mean temperature ranging from 6 to 12 °C in winter. A total of 26 days were required to perform the soundscape measurements during clear weather. In these days, both weekdays and weekends were considered for data collection to make crowd density samples more sufficient. In addition, there were no significant differences with regard to demographic composition and distribution between weekdays and weekends in the two pedestrian streets in a preliminary study [10,42]. On each survey day, data on crowd characteristics, sound pressure level, acoustic comfort, and individual characteristics were collected by 10 volunteers from 8:00 am to 6:00 pm on weekdays and weekends. The crowd measurement contained two parts: the crowd density measurement and the number of talkers. Most importantly, in crowd measurement, each participant’s facial features were recorded as mosaics, and the participant’s vehicle information recorded on video was also processed in order to protect confidentiality [43,44]. In the questionnaire part, participants volunteered to participate in the questionnaire survey. Their private information would not be recorded for the same reason [42].




2.3. Crowd Density Measurement


To study the effect of a crowd on the acoustic environment and acoustic perception in commercial pedestrian streets, crowd density was measured using a photographic method with a small remote drone (type: DJ inspire 2) [45]. To avoid the interference of leaves and architectural shadows on the results, the shooting angle was set to 65° vertical to the ground (Figure 3). To avoid the influence of the small drone on the visual and aural perception of users, the distance between the small drone and the ground was set at 10 m. Measurements were taken every 25–30 min between the hours of 8:00 am and 6:00 pm. One photograph was taken every 30 s continuously for 5 min [27]. To calculate the statistics of the number of persons, a red dot was used to mark user location within survey zones in the photos (shown in Figure 3) to reduce measurement error. The total number of red dots in 5 min was divided by the number of photos and then divided by the measurement area to obtain a mean value of crowd density; the unit was persons/m2 [22,27,28].




2.4. Conversation Behavior Measurement


Previous studies have suggested that the sounds produced by humans in conversation are of primary importance to soundscapes [46]. Thus, the study of the effect of conversation behavior on the sound environment is also very important. In previous behavioral research, the methods of investigation were classified as self-report measures and naturalistic observations [47,48]. In effect, the evidence showed that self-reports failed to provide an objective account of observed behavior, instead producing data reflective of respondents’ subjective interpretations of reality [49]. Generally, self-reports were impacted by reporting errors, such as response bias, acquiescent responding [50], and socially desirable responding [50,51]. Compared to self-reports, naturalistic observations hold the benefit of providing a direct measurement of behaviors and have been demonstrated to be a reliable representation of crowd behavior [52]. Therefore, it was utilized in this paper to measure the conversation behavior of the crowd. To quantify the conversation behavior, the number of talkers was recorded as an indicator of conversation behavior by an HDV (high definition video camera, type: DJ OSMO+). The observations were made under completely natural conditions since the subjects generally did not know that they were being observed. Thus, their behaviors were genuine and the data from observations were reliable. Considering that the visual angle of an HDV is 94° and the focal length is 22–77 mm, each survey zone was divided into three equal sections. There were HDVs in two corners of each section, to avoid blind areas such as the red section shown in Figure 4. To reduce measurement error, the recording of the HDV and the measurement of the small drone were taken at the same time continuously for 5 min [11]. The video collection was also carried out every 25–30 min between the hours of 8:00 am and 6:00 pm. The number of videos was approximately 18–21 groups in each survey zone to capture the entire distribution of measurement [11]. The laboratory used an approach of replaying video to count the number of talkers. It usually took an average of 30 s to walk from section A to B (shown in Figure 4), so the number of talkers was computed every 30 s to avoid the impact of changes in crowd traffic. Then, the average number of talkers per 5 min in each survey zone was calculated. In the statistical considerations of the number of talkers, subjects with a duration of conversation less than 2 s were eliminated because short-duration behavior (<2 s) would make a negligible impact on the sound environment [53,54].




2.5. Acoustic Environment Measurement


Previous studies have suggested that different aggregate crowd states and behavior patterns influence the sound environment and acoustic perception of users in open spaces [55,56,57]. Therefore, in field acoustic measurements, the level of sound pressure in every survey zone was measured with the following methods to study the characteristics of sound emission from a crowd. The sound pressure level was recorded immediately after each measurement of crowd density and conversation behavior. The sound pressure level meter was set to the slow-mode and A-weight, and a reading for instantaneous data was taken every 10 s. The probe of the sound level meter was positioned 1 m away from walls and other main reflectors and 1.2–1.5 m off the ground [58]. A total of 5 min of data [59] were obtained at each measurement position, and the corresponding A-weight equivalent sound pressure level was derived. To reduce measurement errors, each measurement in each survey zone was taken from at least five random points (R1-R5 are shown in Figure 5), with a distance of at least 5 m [16]. To avoid the interference of speech in the measurement, there were no persons talking within 3 m of the scope [22]. The A-weight sound pressure levels measured at each point were then averaged [27].




2.6. Questionnaire Survey


Acoustic comfort is a common evaluation index for the sound environment in urban open spaces. It describes the subjective psychological perception of sound by the human ear [60] and has been recognized by ISO [61]. Although there is currently much debate in progress about the best methods to gather information on sound perception by the public, a questionnaire survey is still a frequently used approach to investigate acoustic comfort [3,15,62,63]. In addition, before the formal investigation, the reliability and validity of the questionnaire were tested. The values of Cronbach’s Alpha and KMO were 0.86 and 0.81, respectively, which meant our questionnaire is reliable [64,65]. Thus, in this study, a questionnaire survey was carried out to study the effects of contextual factors on acoustic comfort. The questions covered users’ social characteristics and acoustic comfort [66]. On acoustic comfort, interviewees answered using the following five-point Likert-type scale: 1, very uncomfortable; 2, uncomfortable; 3, neither comfortable nor uncomfortable; 4, comfortable; 5, very comfortable. After the measurement of crowd density, conversation behavior, and sound environment, selected users were immediately extracted and invited to take a questionnaire survey. The questionnaire was anonymous and the form of the questionnaire distribution was random. The interviewers were instructed to explain the questions and ensure that interviewees understood them. Previous studies have also indicated that an interview of more than 5 min may decrease the reliability of the investigation [27,67], so the questionnaires in this study were all delivered and finished within 2–3 min. A total of 5153 individuals aged from 18–55 years were invited to participate from two pedestrian streets in China (Table 2). Approximately 40% of the respondents were male, and 60% of the respondents were female. The sample was stratified for age according to the following age strata: 18–30, 31–45, 46–55 years [68].




2.7. Data Analysis


Based on the collections of crowd data and soundscape data, the software SPSS [69] was used to analyze the relationship between crowd density and the soundscape in two typical commercial pedestrian streets. First, the distribution of the samples was analyzed. The values of skewness (<1), kurtosis (<1) and variance for the samples are shown in Table 3. A Kolmogorov–Smirnov Test was used to analyze the normality of the data, indicating that all p values are more than 0.05. Therefore, all samples followed the normal distribution [68]. Second, Pearson correlation was used to calculate the relationship between crowd density and the number of talkers, the relationship between crowd density and sound environment (sound pressure level and loudness), and the relationship between crowd density and acoustic comfort, whilst considering the difference of shop openness, season and commercial function (Table 4); a t-test at p < 0.01 and p < 0.05 was used to test for significant differences. Additionally, an analysis of variance (ANOVA) was used to test for significant differences between the two shop openness values, two seasons, and three commercial functional zones. The linear and nonlinear regression analyses were used to establish the regression equations of crowd density and the number of talkers, crowd density and sound environment, and crowd density and acoustic comfort.



Figure 6 shows the relationship between crowd density and the number of talkers, taking the Di zone as an example, along with the corresponding regression curves, the coefficient of determination R2, and p < 0.001. Different regression curves, including linear, quadratic and cubic, were used to determine the best fit to show the relationship between crowd density and the number of talkers, as measured by the value of the coefficient of determination R2 and statistically significant differences. The value of R2 with quadratic regression in the Di zone is highest; however, the value of p is higher than 0.1. The linear regression for the Di zone is better than the cubic regression, with the value of R2 = 0.727 and with p < 0.001. Thus, this linear regression is used to explain the relationship between crowd density and the number of talkers.





3. Results


In this section, the effects of crowd density on soundscape were analyzed, considering cases with different shop openness, season and commercial function.



3.1. The Influence of Shop Openness


3.1.1. The Influence on the Number of Talkers


Figure 7a shows the relationship between crowd density and the number of talkers: when crowd density increased, the number of talkers increased in both Kuan Alley and Central Avenue, with R2 = 0.519 in Kuan Alley and 0.716 in Central Avenue (p < 0.001). The number of talkers in Central Avenue was more than the number of talkers in Kuan Alley when the crowd density was the same. For instance, when the crowd density was 0.1 persons/m2, the number of talkers in Central Avenue was 6.5 more talkers than in Kuan Alley, and when the crowd density was 0.3 persons/m2, the number of talkers in Central Avenue was 19.7 more talkers than in Kuan Alley. One possible reason may be that the spatial capability of Central Avenue was larger than that in Kuan Alley.




3.1.2. The Influence on the Sound Environment


Figure 7b shows the relationship between crowd density and A-weight sound pressure level: when crowd density increased, the level of sound pressure also increased in Kuan Alley and Central Avenue, with R2 = 0.527 in Kuan Alley and 0.470 in Central Avenue (p < 0.001). It is interesting to note that the number of talkers in Central Avenue was higher than the number of talkers in Kuan Alley, in which the crowd density was the same; however, there was little difference between the sound pressure levels in Kuan Alley and Central Avenue. One possible reason may be that the voices of users in Kuan Alley were higher than the voices of users in Central Avenue when the crowd density remained the same.



To study the influence of crowd density on a typical psychoacoustic parameter, loudness, the relationship between crowd density and loudness was calculated. The loudness was calculated using Artemis [70]. It is revealed that crowd density is significantly correlated with loudness (p < 0.001), as shown in Table 4. Figure 7c shows the relationship between crowd density and loudness. It can be seen that when crowd density increased, loudness also increases in both Kuan Alley and Central Avenue, with R2 = 0.490 and 0.427 (p < 0.001) respectively.




3.1.3. The Influence on Acoustic Comfort


Figure 7d shows the relationship between crowd density and acoustic comfort: when crowd density increased, the value of acoustic comfort decreased in Kuan Alley, while the value of acoustic comfort in Central Avenue took a parabolic shape that first increased and then decreased, with R2 = 0.448 in Kuan Alley and 0.485 in Central Avenue (p < 0.001). The possible reasons are as follows. The first reason is the spatial perceptions of users in these two commercial pedestrian streets, which resulted in the different evaluations of acoustic comfort when crowd density was 0–0.2 persons/m2. The shop openness was semi-open in Kuan Alley, while the shops in Central Avenue were closed. When crowd density was lower, such as 0–0.2 persons/m2, the users in commercial pedestrian streets with semi-open state shops preferred quieter sound environments, and therefore, the acoustic comfort of users was higher. The users in Central Avenue would feel deserted when crowd density was 0–0.2 persons/m2, even if there was no significant difference in the sound pressure level in these two commercial pedestrian streets. Furthermore, the difference in acoustic comfort in these two commercial pedestrian streets resulted from cultural differences in Central Avenue and Kuan Alley. The voices of users in southern China were louder than the voices of users in Central Avenue when crowd density remained constant. When the number of talkers was equal, the level of sound pressure in Kuan Alley was higher than that in Central Avenue. Thus, the acoustic comfort in Kuan Alley decreased when crowd density increased because users in Kuan Alley liked a quiet environment. However, users in Central Avenue liked a busy environment, such as 0.1 to 0.3 persons/m2, and they felt comfort from it.





3.2. The Influence of Season


3.2.1. The Influence on the Number of Talkers


Figure 8a shows the relationship between crowd density and the number of talkers: when crowd density increased, the number of talkers also increased in both winter and summer, with R2 = 0.716 in winter and 0.719 in summer (p < 0.001). The results showed that although the number of talkers in winter was slightly higher than the number of talkers in summer (with the same crowd density in each case), there was no statistically significant difference between the seasons and the number of talkers (p > 0.05).




3.2.2. The Influence on Sound Environment


Figure 8b shows the relationship between crowd density and A-weight sound pressure level: when crowd density increased, the level of sound pressure also increased in both winter and summer, with R2 = 0.470 in winter and 0.505 in summer (p < 0.001). The level of sound pressure was higher in winter than in summer, with an average difference of 1.6 dBA when crowd density ranged from 0 to 0.3 persons/m2. However, when crowd density ranged from 0.3 to 0.4 persons/m2, the level of the sound pressure was lower in winter than in summer, with an average difference of 0.2 dBA. The effects of crowd density on the range of the sound pressure level in these two seasons were also significantly different. When the crowd density increased by 0.1 persons/m2, the level of sound pressure in winter increased by 1.3 dBA and 2.2 dBA in summer. Considering that there was no statistically significant difference between seasons and the number of talkers, differences in the crowds’ clothing may influence the sound environment in pedestrian streets, especially in winter.



Figure 8c shows the relationship between crowd density and loudness. It is seen that when crowd density increases, loudness increases in both winter and summer, with R2 = 0.427 in winter and 0.438 in summer (p < 0.001). The loudness is higher in winter than in summer, with a difference of 0.87 sone, with a crowd density range from 0 to 0.4 persons/m2.




3.2.3. The Influence on Acoustic Comfort


Figure 8d shows the relationship between crowd density and acoustic comfort: when crowd density increased, the value of acoustic comfort took a parabolic shape that first increased and then decreased in both winter and summer, with R2 = 0.485 in winter and 0.434 in summer (p < 0.001). The results indicate that the range of crowd density in which the acoustic comfort was higher (> 3.0) was 0.15–0.3 persons/m2 in winter. When crowd density ranged from 0.15–0.3 persons/m2 in summer, acoustic comfort increased even an even higher value, with a value of 3.4.





3.3. The Influence of Commercial Function


3.3.1. The Influence on the Number of Talkers


As Figure 9a shows, when the crowd density ranged from 0–0.4 persons/m2, the number of talkers increased when the crowd density increased, with different commercial functions. Meanwhile, the slopes of these three curves of regression were also similar. As the crowd density increased by 0.1 persons/m2, the number of talkers increased by 3.4 persons in the Pe zone and was higher by 0.01 and 0.2 persons than that in the Di zone and Sp zone, respectively. Thus, the numbers of talkers, with different crowd densities in the three dominant sound source zones, are not significantly different (p > 0.1).




3.3.2. The Influence on Sound Environment


Figure 9b shows the relationship between crowd density and A-weight sound pressure level: R2 was 0.638 in the Di zone; 0.527 in the Sp zone; and 0.621 in the Pe zone (p < 0.001). In these three zones, the level of sound pressure takes a linear trend of continuous increase as the crowd density increases. The level of sound pressure indicates significantly different ranges when the crowd density ranges from 0 to 0.4 persons/m2, with three commercial functions. In the Di zone, the sound pressure level ranged from 68 to 77 dBA, while the ranges were 70–75 dBA and 71–77 dBA in the Sp and the Pe zone, respectively. When the crowd density is constant, such as a crowd density of 0.1 persons/m2, the sound pressure level in the Pe zone was higher than that in the Di zone (2.9 dBA) and Sp zone (1.0 dBA). The sound pressure level in the Pe zone was higher than that in the Di zone (2.8 dBA) and the Sp zone (1.7 dBA) when the crowd density was 0.3 persons/m2. When the crowd density ranged from 0.1 to 0.3 persons/m2, the level of sound pressure in the Di zone and Pe zone increased more quickly than that in the Sp zone. Considering that the number of talkers in the three zones was not significantly different (p > 0.1), the reason may be that the voices of persons in the Di zone and Pe zone increased when the crowd density increased. In the Di zone, when the crowd density increased, the sound pressure level of speech increased, and the sound of hawking was masked by speech and other sounds. To attract more customers, the volume of the hawking produced by sellers may be enhanced. In the Pe zone, instrumental music was unusual in commercial pedestrian streets, which may arouse users’ curiosity, and the conversation produced by users may increase. However, in the Sp zone, background music was common in commercial pedestrian streets so users pay little attention to background music.



Figure 9c shows the relationship between crowd density and loudness, where it is seen that R2 is 0.644 in the Di zone, 0.490 in the Sp zone, and 0.621 in the Pe zone (p < 0.001). In these three zones, the loudness has a linear trend of continuous increase as the crowd density increases. The loudness in the Pe zone is considerably higher than that in the Di zone (1.83 sone) and the Sp zone (1.12 sone), when the crowd density ranges from 0 to 0.4 persons/m2.




3.3.3. The Influence on Acoustic Comfort


Figure 9d shows the relationship between crowd density and acoustic comfort: when crowd density increased, the value of acoustic comfort decreased, with R2 = 0.418 in the Di zone; 0.448 in the Sp zone; and 0.434 in the Pe zone (p < 0.001). Comparing the value of acoustic comfort in three zones, it was interesting to note that although the sound pressure level was highest in the Pe zone, the acoustic comfort was also highest in the Pe zone. This may indicate that a lower sound pressure level does not enhance the evaluation of users that may be influenced by dominant sound sources that can attract users. Acoustic comfort in the Pe zone was higher than that in the Di zone (0.2–0.4) and Sp zone (0.3–0.4), when the crowd density was 0.1–0.3 persons/m2. When the crowd density ranged from 0 to 0.2 persons/m2, the acoustic comfort in the Sp zone was higher than that in the Di zone. However, the acoustic comfort in the Sp zone was lower than that in the Di zone when the crowd density ranged from 0.2 to 0.4 persons/m2.






4. Discussion


It has been demonstrated that the level of sound pressure can increase as the crowd density increases. However, evidence of how the crowd density changes the sound field and whether the conversation behavior of users can influence the sound field has not been found in previous studies [27,64]. In fact, the number of talkers will also increase when crowd density increases. However, the issue of whether the number of talkers can affect the sound pressure level has not been determined prior to this study. Thus, in this section, we discuss some statistical methods that were used to determine the effect.



First, a Pearson’s correlation analysis was used to calculate the relationship between the number of talkers and the level of the sound pressure, and a two-tail t-test was used to test the significance of the difference. As Table 5 shows, the results demonstrated a positive association between the number of talkers and the sound pressure level (p < 0.001). As the number of talkers increases, the level of sound pressure also increases. Secondly, we also attempted to use a linear regression to explain the relationship between the number of talkers and sound pressure level. The value of R2 in the regressions ranged from 0.292–0.520 (p < 0.001), which meant that some models were not fit to explain the relationship between the variables accurately [71,72]. Thus, a crosstab analysis was used to explain the correlation extent and a chi-square test was used to test the significance of the difference. Cross-tabulation presents a table in matrix form that displays the frequency distribution of the variables. A crosstab was used to examine the correlations between survey data based on cross-tabulation [73]. In Table 6, as the number of talkers increased, the data in the range of 68–70 dBA and 70–72 dBA followed a decreasing trend, while the data in the range of 72–74 dBA and 74–76 dBA followed an increasing trend (p < 0.001). When the number of talkers increased from 0–10 persons to 10–20 persons, the data decreased by 16.0% in the range of 68–70 dBA and 70–72 dBA, and increased 16.0% in the range of 72–74 dBA and 74–76 dBA. When the number of talkers reached 30–40 persons, the level of the sound pressure did not increase because 72.0% of data focused on the range of 72–74 dBA, and only 20.0% of the data reached the range of 74–76 dBA.



In order to analyze the influence factors of acoustic comfort, a multiple logistic regression analysis was used to establish the relationship among acoustic comfort and other factors, including shop openness, season, commercial function, crowd density, sound pressure level, and the number of talkers, as shown in Table 7. The results indicated that some factors, such as shop openness, commercial function, and crowd density, were significantly correlated with acoustic comfort (p < 0.001), while there was no significant influence on the acoustic comfort from the season, number of talkers, sound pressure level, and loudness (p > 0.1).




5. Conclusions


Based on crowd measurements and a questionnaire survey of two commercial pedestrian streets, this study examined the different influences of contextual factors on soundscape considering the shop openness, season and commercial function. The following conclusions can be drawn from the results:



First, regarding the influence of shop openness, the number of talkers in Central Avenue was greater than the number of talkers in Kuan Alley when the crowd density remained constant. The average deviation of the number of talkers between Kuan Alley and Central Avenue was 13.0 persons. Nevertheless, it was interesting to note that there was no significant difference in the sound pressure level in these two commercial pedestrian streets. When crowd density increased, acoustic comfort trended downward in Kuan Alley, while the value of acoustic comfort in Central Avenue took a parabolic shape that first increased and then decreased.



Second, in terms of the influence of season, there is also no significant difference between the number of talkers in summer and the number of talkers in winter. However, when the crowd density increased by 0.1 persons/m2, the level of the sound pressure increased by 1.3 dBA in winter and 2.2 dBA in summer. When the crowd density increased, the value of acoustic comfort took a parabolic shape that first increased and then decreased in both winter and summer.



Third, regarding the influence of the commercial function, as the crowd density increased by 0.1 persons/m2, the number of talkers increased by 3.4 persons in the Pe zone, 3.4 persons in the Di zone and 3.6 persons in the Sp zone, respectively. The sound pressure level in the Pe zone was higher than that in the Di zone (2.9 dBA) and Sp zone (1.0 dBA) with a crowd density of 0.1 persons/m2 even when the numbers of talkers in the three zones were not significantly different. Additionally, acoustic comfort in the Pe zone was highest among these three zones and the value was 3.3, which was not consistent with our expectations.



In addition, the relationship between the number of talkers and the sound pressure level was also discussed in this paper. It also presented a positive trend where, as the number of talkers increased, the frequency of the recordings in the low range (68–72 dBA) decreased, while the times of recordings in the high range (72–76 dBA) increased.



Being that this study is carried out only in commercial pedestrian streets of typical cities in China, commercial pedestrian streets in other regions of China were not analyzed in this study. Moreover, the findings in this study were limited to northern and southern China; the effects of contextual factors on the soundscape in eastern China and western China may also be different. Furthermore, the difference in the conversation frequency and duration of users between southern China and northern China may influence the soundscape experience in urban open spaces. Thus, these issues should be further examined in future studies. Finally, the results in this study is also of relevance for indoor soundscaping, especially long spaces [74,75].
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Figure 1. The survey areas of commercial pedestrian streets: (a) Kuan Alley; (b) Central Avenue, and A refers to the Di zone, B and D refer to the Sp zone, C refers to the Pe zone. 
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Figure 2. Photos of the Di zone (a), the Sp zone (b) and the Pe zone (c) in Kuan Alley. 
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Figure 3. The crowd density measurement. 
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Figure 4. The conversation behavior in each section of the survey zone. 






Figure 4. The conversation behavior in each section of the survey zone.



[image: Applsci 08 02524 g004]







[image: Applsci 08 02524 g005 550] 





Figure 5. The acoustic environment measurement in the survey zone: S means sound source and R means receptions. 
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Figure 6. The relationship between crowd density and the number of talkers with three regression curves in the Di zone. 
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Figure 7. The influence of shop openness: (a) the relationship between crowd density and the number of talkers; (b) the relationship between crowd density and the level of sound pressure; (c) the relationship between crowd density and loudness; (d) the relationship between crowd density and acoustic comfort. 
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Figure 8. The influence of the season: (a) the relationship between crowd density and the number of talkers; (b) the relationship between crowd density and the level of sound pressure; (c) the relationship between crowd density and loudness; (d) the relationship between crowd density and acoustic comfort. 
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Figure 9. The influence of commercial function: (a) the relationship between crowd density and the number of talkers; (b) the relationship between crowd density and sound pressure level; (c) the relationship between crowd density and loudness; (d) the relationship between crowd density and acoustic comfort. 
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Table 1. The fundamental state of the survey sites.
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Commercial Pedestrian Street

	
Kuan Alley

	
Central Avenue






	
Location

	
In southern China

	
In northern China




	
Dating from

	
In 1718 A.D.

	
In 1898 A.D.




	
Architectural style

	
Archaize quadrangle style

	
Mission revival, Chinese Baroque style




	
Shop openness

	
Semi-open

	
Closed




	
Survey season

	
Winter

	
Summer

	
Winter




	
Commercial function

	
Di

	
Sp

	
Pe

	
Sp




	
D/H

	
Height B

	
1.15:1

	
1.36:1




	
Height A

	
1.3:1

	
1.43:1




	
Section/Truncation surface

	
 [image: Applsci 08 02524 i001]

	
 [image: Applsci 08 02524 i002]




	
View photograph

	
 [image: Applsci 08 02524 i003]

	
 [image: Applsci 08 02524 i004]




	
Music style

	
-

	
pop

	
pop

	
pop




	
Music tempo

	
-

	
95–100 bpm

	
95–100 bpm

	
95–100 bpm
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Table 2. The fundamentals of the state of the investigation population.
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Number/Percentage




	
Commercial Pedestrian Street

	
Kuan Alley

	
Central Avenue






	
Survey season

	
Winter

	
3030 (100%)

	
1130 (53.2%)




	
Summer

	
-

	
993 (46.8%)




	
Commercial function

	
Di

	
966 (31.9%)

	
-




	
Sp

	
1024 (33.8%)

	
2123 (100%)




	
Pe

	
1040 (34.3%)

	
-




	
Gender

	
Male

	
1231 (40.6%)

	
833 (39.2%)




	
Female

	
1799 (59.4%)

	
1290 (60.8%)




	
Identity

	
Tourist

	
2272 (75.0%)

	
1179 (55.5%)




	
Resident

	
758 (25.0%)

	
944 (44.5%)




	
Age

	
18–30 years

	
1256 (41.5%)

	
952 (44.8%)




	
31–45 years

	
1031 (34.0%)

	
755 (35.6%)




	
46–55 years

	
743 (24.5%)

	
416 (19.6%)




	
Total

	
3030 (100%)

	
2123 (100%)
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Table 3. The normality of samples.
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Commercial Pedestrian Street

	
Kuan Alley

	
Central Avenue




	
Commercial Function

	
Di

	
Sp

	
Pe

	
Sp




	
Survey Season

	
Winter

	
Summer

	
Winter






	
Crowd density

	
Skewness

	
0.217

	
0.128

	
0.119

	
0.171

	
−0.727




	
Kurtosis

	
−0.764

	
−0.535

	
−0.129

	
−0.782

	
0.276




	
Variance

	
0.008

	
0.007

	
0.007

	
0.004

	
0.005




	
The number of talkers

	
Skewness

	
0.577

	
0.610

	
−0.003

	
0.287

	
0.053




	
Kurtosis

	
−0.089

	
0.458

	
−0.827

	
−0.485

	
−0.810




	
Variance

	
12.924

	
15.662

	
13.170

	
44.252

	
68.872




	
Sound pressure level

	
Skewness

	
0.069

	
−0.058

	
0.301

	
0.274

	
−0.744




	
Kurtosis

	
−0.234

	
−0.657

	
−0.282

	
−0.592

	
0.528




	
Variance

	
2.438

	
1.586

	
2.165

	
1.443

	
4.547




	
Acoustic comfort

	
Skewness

	
0.086

	
−0.387

	
−0.492

	
−0.600

	
−0.992




	
Kurtosis

	
−0.417

	
−0.919

	
−0.683

	
-0.395

	
0.877




	
Variance

	
0.213

	
0.380

	
0.309

	
0.313

	
0.183
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Table 4. The relationship between crowd density and the number of talkers, between crowd density and sound pressure level, and between crowd density and acoustic comfort.
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Commercial Pedestrian Street

	
Kuan Alley

	
Central Avenue




	
Commercial Function

	
Di

	
Sp

	
Pe

	
Sp




	
Survey Season

	
Winter

	
Summer

	
Winter






	
R/Sig

	
Crowd density and the number of talkers

	
0.853

0.000 **

	
0.720

0.000 **

	
0.797

0.000 **

	
0.846

0.000 **

	
0.848

0.000 **




	
Crowd density and sound pressure level

	
0.798

0.000 **

	
0.723

0.000 **

	
0.788

0.000 **

	
0.710

0.000 **

	
0.685

0.000 **




	
Crowd density and loudness

	
0.803

0.000 **

	
0.700

0.000 **

	
0.788

0.000 **

	
0.662

0.000 **

	
0.653

0.000 **




	
Crowd density and acoustic comfort

	
−0.647

0.000 **

	
−0.669

0.000 **

	
−0.659

0.000 **

	
0.697

0.000 **

	
0.658

0.000 **








** means p < 0.01.
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Table 5. The relationship between the number of talkers and the sound pressure level.
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Commercial Pedestrian Street

	
Kuan Alley

	
Central Avenue




	
Commercial Function

	
Di

	
Sp

	
Pe

	
Sp




	
Survey Season

	
Winter

	
Summer

	
Winter






	
R/

Sig

	
0.721

0.000 **

	
0.541

0.000 **

	
0.680

0.000 **

	
0.670

0.000 **

	
0.606

0.000 **








** means p < 0.01.













[image: Table] 





Table 6. The cross-tabulation of the number of talkers and sound pressure level.
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The Number of Talkers

	
Sound Pressure Level




	
68–70 dBA

	
70–72 dBA

	
72–74 dBA

	
74–76 dBA

	
Total






	
0–10 persons

	
a

b

	
25

13.9%

	
65

36.1%

	
66

36.7%

	
24

13.3%

	
180

100.0%




	
10–20 persons

	
a

b

	
7

3.6%

	
59

30.4%

	
83

42.8%

	
45

23.2%

	
194

100.0%




	
20–30 persons

	
a

b

	
3

3.9%

	
19

25.0%

	
35

46.1%

	
19

25.0%

	
76

100.0%




	
30–40 persons

	
a

b

	
0

0%

	
2

8.0%

	
18

72.0%

	
5

20.0%

	
25

100.0%




	
Total

	
a

b

	
35

7.4%

	
145

30.5%

	
202

42.5%

	
93

19.6%

	
475

100.0%








a and b refer to the count and percentage of the number of talkers within the sound pressure level.
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Table 7. The relationship between acoustic comfort and influence factors.






Table 7. The relationship between acoustic comfort and influence factors.





	Influence Factors
	Model Fitting Criteria
	Chi-Square
	df
	Sig





	Shop openness
	301.857
	12.103
	3
	0.007 **



	season
	291.479
	1.725
	3
	0.631



	Commercial function
	321.074
	31.320
	6
	0.000 **



	Crowd density
	384.414
	94.659
	9
	0.000 **



	The number of talkers
	307.046
	17.291
	12
	0.139



	Sound pressure level
	300.004
	10.249
	12
	0.594



	Loudness
	293.694
	3.939
	9
	0.915







** means p < 0.01.
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